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Editorial
This collection gathers all the articles that were submitted and presented at the 

20th European Conference on Composite Materials (ECCM20) which took place in 
Lausanne, Switzerland, June 26-30, 2022.
ECCM20 is the 20th edition of a conference series having its roots back in time, organized 
each two years by members of the European Society of Composite Materials (ESCM).
The ECCM20 event was organized by the Composite Construction laboratory (CCLab) and 
the Laboratory for Processing of Advanced Composites (LPAC) of the Ecole Polytechnique 
Fédérale de Lausanne (EPFL).
The Conference Theme this year was “Composites meet Sustainability”. As a result, even if all 
topics related to composite processing, properties and applications have been covered, 
sustainability aspects were highlighted with specific lectures, roundtables and sessions on a 
range of topics, from bio-based composites to energy efficiency in materials production and 
use phases, as well as end-of-life scenarios and recycling.
More than 1000 participants shared their recent research results and participated to fruitful 
discussions during the five conference days, while they contributed more than 850 papers 
which form the six volumes of the conference proceedings. Each volume gathers 
contributions on specific topics:
Vol 1 – Materials
Vol 2 – Manufacturing
Vol 3 – Characterization
Vol 4 – Modeling and Prediction
Vol 5 – Applications and Structures
Vol 6 – Life Cycle Assessment
We enjoyed the event; we had the chance to meet each other in person again, shake hands, 
hold friendly talks,  and maintain our long-lasting collaborations. We appreciated the 
high level of the research presented at the conference and the quality of the submissions 
that are now collected in these six volumes. We hope that everyone interested in the 
status of the European Composites’ research in 2022 will be fascinated by this publication.

The Conference Chairs
Anastasios P. Vassilopoulos, Véronique Michaud



Local Organizing Committee
Prof. Anastasios P. Vassilopoulos, EPFL
Prof. Véronique Michaud, EPFL
Angélique Crettenand and Mirjam Kiener, Lausanne Tourisme
And all those who helped, colleagues who reviewed abstracts and chaired sessions, and CCLab
and LPAC students and collaborators who worked hard to make this conference a success.

Hosting Organizations
Composite Construction Laboratory (CCLab)
Laboratory for Processing of Advanced Composites (LPAC)
Ecole Polytechnique Fédérale de Lausanne (EPFL)

Venue
Swiss Tech Convention Center (https://www.stcc.ch )

Conference Chairs
Chair : Prof. Anastasios P. Vassilopoulos, EPFL, Switzerland
Co-Chair: Prof Véronique Michaud, EPFL, Switzerland

International Scientific Committee
Prof. Malin Åkermo SE
Dr. Emmanuel Baranger FR
Prof. Christophe Binetruy FR
Prof. Pedro Camanho PT
Prof. Konstantinos Dassios GR
Prof. Brian Falzon UK
Prof. Kristofer Gamstedt SE
Prof. Sotiris Grammatikos NO
Prof. Christian Hochard FR
Prof. Marcin Kozlowski PL
Prof. Stepan Lomov BE
Dr. David May DE
Prof. Stephen Ogin UK
Prof. Gerald Pinter AT
Prof. Silvestre Pinho UK
Prof. Yentl Swolfs BE
Dr. Julie Teuwen NL
Dr. Panayota Tsotra CH
Prof. Wim van Paepegem BE
Prof. Dimitrios Zarouchas NL
Dr. Andrey Aniskevich LV
Prof. Christian Berggreen DK
Dr. Nicolas Boyard FR
Prof. Valter Carvelli IT
Prof. Klaus Drechsler DE
Prof. Bodo Fiedler DE
Dr. Nathalie Godin FR
Prof. Roland Hinterholzl AT
Prof. Ian Kinloch UK
Dr. Thomas Kruse DE

Prof. Theodoros Loutas GR
Prof. Veronique Michaud CH
Prof. Alessandro Pegoretti IT
Prof. Joao Ramoa Correia PT
Prof. Jose Sena-Cruz PT
Prof. Antonio T. Marques PT
Prof. Thanasis Triantafillou GR
Prof. Albert Turon ES
Prof. Anastasios P. Vassilopoulos CH
Prof. Martin Fagerström SE
Dr. Alexandros Antoniou DE
Prof. Lars Berglund SE
Prof. Michal Budzik DK
Prof. Lucas Da Silva PT
Dr. Andreas Endruweit UK
Prof. Mariaenrica Frigione IT
Dr. Larissa Gorbatikh BE
Dr. Martin Hirsekorn FR
Prof. Vassilis Kostopoulos GR
Prof. Jacques Lamon FR
Prof. Staffan Lundstrom SE
Prof. Peter Mitschang DE
Dr. Soraia Pimenta UK
Prof. Paul Robinson UK
Dr. Olesja Starkova LT
Prof. Sofia Teixeira de Freitas NL
Dr. Stavros Tsantzalis GR
Prof. Danny van Hemelrĳck BE
Prof. Michele Zappalorto IT
Dr. Miroslav Cerny CZ



Sponsors

Supporting partners



Contents
Contribution to the determination of thermal and chemical residual stresses in fiber reinforced com-
posites using the incremental hole drilling method: numerical and experimental approach . . . . . 1

A novel bio-inspired microstructure for progressive compressive failure in multidirectional composite
laminates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Fluorescent marking of fibre reinforced plastic for component andmaterial identification in the context
of material flow canalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Electrofusion welding of thermoplastic composite pipes . . . . . . . . . . . . . . . . . . . . . . . . 22

Mechanical characterisationof a long discontinuous fibre reinforced composite to evaluate the recycling
potential of carbon fibre in structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

Themass production ofMWCNTS/epoxy scaffolds using lateral belt-drivenmulti-nozzle electrospinning
setup to enhance physical and mechanical properties of CFRP . . . . . . . . . . . . . . . . . . . . 37

Thermo-mechanical modelling of UD composites to investigate self-heating and thermal softening ef-
fect of polymer matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Towards the development of LDPE multi-layered packaging films with enhanced bioactivity . . . . . 51

Investigation of 3D printed polymers and moulded composites in hot concentrated acid . . . . . . . 59

The effect of resorcinol bis(diphenyl phosphate) on the flammability and flexibility of flame retarded
epoxy gelcoats . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Carbon and glass SMC hybrids in a sandwich arrangement . . . . . . . . . . . . . . . . . . . . . . 75

Investigating the effect of interface angle and ply thickness on mode II delamination behaviour of car-
bon/epoxy laminated composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Ranking the influence of key uncertainties in the curing of thermoset laminates . . . . . . . . . . . 90

Investigation of themechanical properties of fuzzy CNT and CNT/CNC integrated glass fiber/epoxy com-
posites with different reinforcing strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Mechanical properties of epoxy/carbon fiber composite fabricated by filament winding under mono-
tonic and fatigue loadings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

Thermoset polymer scaling effects in the microbond test . . . . . . . . . . . . . . . . . . . . . . . 114

Ply orientation effects in multidirectional carbon/epoxy open-hole specimens subjected to shear load-
ing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

Carbon fibre foams: internal structure and mechanical properties . . . . . . . . . . . . . . . . . . 128

Study on the mode I fracture toughness of composite laminates based on the correlation between AE
signal and crack front shape . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

The influence of production wastes incorporation on the properties of thermoplastic matrices . . . 144

Extended failure models for global and local analyses of composite aerostructures . . . . . . . . . . 152

High strain rate characterization of twill woven carbon-polyamide laminate in longitudinal compres-
sion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

Damage characterisation in open-hole composites using acoustic emission and finite element, validated
by x-ray ct . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167



An investigation on the mechanical properties of SPCS . . . . . . . . . . . . . . . . . . . . . . . . 175

Hybrid testing for composite substructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

Mechanical characterization of 3R-repairable composites and 3R bonding techniques produced by dif-
ferent processes and their repair efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

A study to improve the efficiency of laminated heating module for electric vehicles . . . . . . . . . 195

Flexural behaviour of polyurethane foam filled high performance 3-d woven i-beam composites . . 203

Second life for aeronautical manufacturing materials . . . . . . . . . . . . . . . . . . . . . . . . . 211

Development of flame retardant coatings for e-caprolactam-based polyamide 6 composites . . . . 217

Development of a carbon fiber reinforced sheet molding compound for high temperature applications 225

Development of electric vehicle underbody shield using carbon fiber/poly(ethylene terephthalate) and
self reinforced polypropylene composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

Sustainable epoxy thermosets with potential applications in the aerospace sector . . . . . . . . . . 241

The influence of temperature and matrix chemistry on interfacial shear strength in glass fibre epoxy
composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

Ceramic spatial structures as a new method of reinforcing ferrous alloys . . . . . . . . . . . . . . . 257

Low velocity impact and residual tensile and compressive strength analysis of carbon fibre SMC com-
posites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

Influence of TEX linear density on mechanical properties of 3D woven i-beam composites . . . . . 271

Effect of fiber microstructure on kinking in unidirectional fiber reinforced composites imaged in real
time under axial compression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

Effect of heat/fire on structural damage to carbon fibres in carbon fibre-reinforced composites . . . 287

Use of carbon particles in fiber/epoxy UD laminates . . . . . . . . . . . . . . . . . . . . . . . . . 294

Validation of composite aerostructures through integrated multi-scale modelling and high-fidelity sub-
structure testing facilitated by design of experiments and BAYESIAN learning . . . . . . . . . . . . . 302

Easy-repairing of high performance fibre reinforced composites with multiple healing cycles and inte-
grated damage sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306

The effect of short carbon fibers on viscoelastic behavior of UHMWPE . . . . . . . . . . . . . . . . 314

Development of polypropylene melt-blown fine fiber interleaved single-polypropylene composites . 322

Tailored out-of-oven curing of high performance FRPS utilising a double positive temperature coefficient
effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 330

Remote activation of frontal polymerization for sustainable manufacturing of thermosets and compos-
ites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 337

Sustainablemultifunctional composites: from energy efficient manufacturing to integrated sensing and
de-icing capabilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 344

Improved energy absorption of novel hybrid configurations under static indentation . . . . . . . . . 348

Influence of brazier effect on GFRP thin circular cylinder - an experimental and numerical study . . 354



Multiscale interface behaviour and performance of GF-pc composite . . . . . . . . . . . . . . . . . 362

Two-dimensional mode II delamination growth in composite laminates with in-plane isotropy . . . 371

Effect of lightweight fillers on the properties of polymer concrete . . . . . . . . . . . . . . . . . . . 379

Non linear elastic behaviour of CFRP plies: material or geometrical feature? . . . . . . . . . . . . . 387

Evaluation of the shear behavior of PETG/cf and pc/cf coupons manufactured using large-scale additive
manufacturing processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393

3D-print path generation of curvilinear fiber-reinforced polymers based on biological pattern forming 401

Synchrotron radiation 3D computed tomography study on in-situ mechanical damage progression of
nanoengineered glass fiber reinforced composite laminates with integrated multifunctionality . . . 408

INSIGTH on induction welding of reactive PMMA carbon fiber composites . . . . . . . . . . . . . . 415

Litzwire-basedmultifunctional composites formanaging thermal andmechanical loadswithin electrical
systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423

Shift factor dependence on physical aging and temperature for viscoelastic response of polymers . . 431

Characterization of novel sustainable compositematerials based on ELIUM® 188 o resin reinforced with
a Colombian natural fiber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 439

Combined DIC-infrared thermography for high strain rate testing of composites . . . . . . . . . . . 447

Effect of gap defects on in-situ AFP-manufactured structures . . . . . . . . . . . . . . . . . . . . . 455

Polypropylene/flax fabric composite laminates: effects of plasma and thermal pre-treatments of rein-
forcing fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463

Improving the delamination bridging behaviour of z-pins through material selection . . . . . . . . . 471

Study on the effect of strain rate and temperature on the mechanical behavior of polypropylene-glass
fiber compound and thermoplastic olefin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479

Simultaneous spinning of recycled thermoplastics and glass fibers for hybrid yarns used in sustainable
composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 486

Reprocessable vitrimer composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493

Characterizing the tensile and compressive behavior of PETG/cf and pc/cf manufactured using large
scale additive processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501

Influence of mechanical properties of matrix on bending strength of uni-directional vinyl ester compos-
ite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 509

Strain sensing of complex shaped 3D woven composites using MXENE nanoparticles . . . . . . . . 516

Comparison of the fire reaction of a carbon-epoxy composite at small scale and large tests . . . . . 522

Efficient and versatile 3D woven composite manufacturing: novel approaches on the quality of com-
posite fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 532

Electrical conductivity as an instrument for damage diagnostic of nanomodified glass fiber reinforced
plastic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 539

Out-of-oven manufacturing for natural fibre composites with integrated deformation and degradation
sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 547



Controlling electrical percolation in thermoplastic composites through informed selection of fillers . 555

Macroscale magnetic alignment of multiple discontinuous ferromagnetic fibres in a polymer matrix 563

Laser-induced graphene carbon fiber reinforced composites for multifunctionality . . . . . . . . . . 569

Influence of fibre/matrix interface on gas permeability properties of CF/PVDF composites . . . . . . 577

Tribological study on wood and graphene reinforced high density polyethylene . . . . . . . . . . . 585

Structural health monitoring (SHM) on fibre reinforced composite t-joint geometry manufactured by a
novel 3R resin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 593

The use of recycled materials towards sustainability: biocomposites manufactured in melt compound-
ing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 600

Fully bio-based epoxy-amine resins from circular economy: conception, multiscale structural and me-
chanical behaviour characterization toward low carbon-footprint composites . . . . . . . . . . . . 608

Mechanism-based assessment of cellulose-based biocomposite cottonid for sustainable construction 616

Novel cellulose based composite material for thermoplastic processing . . . . . . . . . . . . . . . 624

Towards more efficient and environmental friendly flax-based eco-composite through direct F2 fluori-
nation as a compatibilization treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 632

Flax fibre sizings for fibre-reinforced thermosets - investigating the influences of different sizing agents
on fibre moisture content and composite properties . . . . . . . . . . . . . . . . . . . . . . . . . . 640

Elaboration of hybrid bio-composites with thermoplastic matrix: material formulation and modelling
of the quasi-static behaviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 648

Converting recycled glass fibre and polypropylene to feedstock (filament) formaterial extrusion additive
manufacturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 656

Turning oil palm waste into all-cellulose fibreboards utilising refined pulp fibres . . . . . . . . . . . 662

Soft composites from bio-based resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 668

All lignocellulose biocomposites for woody like materials . . . . . . . . . . . . . . . . . . . . . . . 675

Dilatometric and fracture mechanism investigations on poly (lactic acid) PLA-calcium carbonate bio-
composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 681

Effect of fibrillation of flax mat binder on the impact response of unidirectional flax/epoxy composites
and comparison with a glass/epoxy composite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 689

Morphological image analysis: a candid technique to determine density and geometric shapes of bio-
based fibers and permanent damage due to interaction with water molecules . . . . . . . . . . . . 697

Cost-effective hemp staple fibre yarns for high-performance composite applications . . . . . . . . . 705

Influence of wet/dry cycling on mechanical properties of hemp-reinforced biocomposites . . . . . . 713

Biodegradable polymer films to prevent biofilm formation for food packaging application . . . . . . 721

Life cycle assessment of natural fibre reinforced polymer composites . . . . . . . . . . . . . . . . . 727

Development of quasi-unidirectional woven fabrics with 100% hemp rovings for composite materials
applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 735



Effect of different natural fibres on mechanical and disintegration properties of compostable biobased
plastics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 743

High-strength rigid boards made from industrially produced bacterial cellulose . . . . . . . . . . . 750

Manufacturing and mechanical characterisation of unidirectional fique fibres reinforced polypropylene
composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 758

Behaviour and repair of flax/ELIUM biocomposites loaded in low velocity impact . . . . . . . . . . 766

On the flexural strength and actuation of wood branches – mechanisms useful in composite design? 773

Mechanical modelling of viscoelastic hierarchical suture joints and their optimization and auxeticity 779

Biobased glass fiber sizings for composites in medical and technical applications . . . . . . . . . . 788

The effect of humidity on themechanical properties of flax-polyester biocomposites with different fibre
architectures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 795

Functionalized wood composites for mechanical energy harvesting and vibration sensing . . . . . . 801

Development of bio-based CFRP laminates for strengthening civil engineering structures . . . . . . 807

Bio-based vacuum infused glass fibre reinforcedunsaturatedpolyester composites for high-performance
structural applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 815

Hygrothermal ageing of a GFRP composite produced by vacuum infusion with a novel bio-based unsat-
urated polyester resin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 823

Towards adhesives-free bio-based composites via UV-assisted interfacial cross-linking . . . . . . . . 831

Towards integrated health monitoring of bio-based composite structures: influence of acoustic emis-
sion sensor embedment on material integrity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 838

The emerging era of visionary composites by plant-grown matrix and reinforcing fibres: the cellular
adhesion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 847

Lemongrass plant leaf and culm as potential sources of reinforcement for bio-composites . . . . . . 855

A novel method to quantify self-healing capabilities of fibre reinforced polymers . . . . . . . . . . 863

Enabling repairability and reuse of epoxy composites: epoxy vitrimers . . . . . . . . . . . . . . . . 871

Low velocity impact response and post impact assessment of healable CFRPS modified with diels-alder
resin applied by melt electro-writing process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 879

Evaluation of the self-healing capability of a polycaprolactone functionalized interphase for polymer
composite applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 887

Highly conductive polypropylene based composites for bipolar plates for polymer electrolyte mem-
brane fuel cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 894

Conductive smart nanocomposite materials for structural health monitoring and motion detection . 901

The effect of conductive network on positive temperature coefficient behaviour for multifunctional
composites: from flexible sensing to sustainable manufacturing . . . . . . . . . . . . . . . . . . . 909

Graphite filled thermoplastics for thermally conductive pipes . . . . . . . . . . . . . . . . . . . . . 917

Recycling of graphitic bipolar plates for vanadium redox batteries . . . . . . . . . . . . . . . . . . . 925



Damage sensing based on electrically conductive nanoparticles in sandwich-structured composites 933

A novel lightning strike protection system comprising an all-polymeric conductive resin . . . . . . . 939

Low temperature growth of carbon nanotubes on fibers using copper as catalyst . . . . . . . . . . 945

Effect of nanoarchitecture on EMI shielding properties of nanocomposites at high content of graphite
nanoplatelets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 953

Rapid and facile preparation of multifunctional BUCKYPAPER nanocomposite films . . . . . . . . . 961

Investigationof the thermal andmechanical properties of compositematerialswith amine-functionalized
reduced graphene oxide inclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 967

The application of coated carbon nanotubes in lightweight metal matrix composites . . . . . . . . . 975

Nanoparticle reinforced lightweight metal composites . . . . . . . . . . . . . . . . . . . . . . . . . 981

Self-assembly of NBR and NOMEX via electrospinning: rubbery NANOFIBERS for improving CFRP de-
lamination resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 986

Chemical compatibilizers as an approach to improve the mechanical properties of poly(propylene) re-
inforced with graphene nanoplatelets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 994

Piezoresistivity of nanocomposites: accounting for CNT contact configuration changes . . . . . . . 1002

Ionic polydimethylsiloxane-silica nanocomposites: from synthesis and characterization to self-healing
property . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1010

Mechanical behaviour of ultrathin carbon nanomembranes for water purification . . . . . . . . . . 1018

Intense pulsed light welding process with simultaneous mechanical roll-pressing for highly conductive
silver nanowire/polyethylene terephthalate composites . . . . . . . . . . . . . . . . . . . . . . . . 1025

Surface functionalization of quartz fibres by direct growth of carbon nanostructures . . . . . . . . . 1032

Characterisation of graphene-enhanced carbon-fibre/PEEK manufactured using spray-deposition and
laser-assisted automated tape placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1040

High speed imaging of the ultrasonic deagglomeration of nanoparticles in water . . . . . . . . . . . 1048

Effects of microwave-assisted cross-linking on the creep resistance and measurement accuracy of the
coaxial-structured fiber strain sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1056

Mechanics of reinforcement of polymer-based nanocomposites by 2D materials . . . . . . . . . . . 1062

Enhanced mechanical properties of hierarchical MXENE/cf composites via low content electrophoretic
deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1069

Remote field induced response of polymer nanocomposites embedded with surface-functionalised di-
electric nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1079

Effects of hybridization and ply thickness on carbon/carbon composite laminates strength and tough-
ness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1091

Effect of weathering on the long-term performance of natural fiber reinforced recyclable polymer com-
posites for structural applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1097

Fibres hybridization for thermoplastic matrix composites . . . . . . . . . . . . . . . . . . . . . . . 1104

Mechanical characterization of a three-dimensional hybrid woven composites . . . . . . . . . . . . 1112



Design and characterization of tough architectured ceramic-based composites . . . . . . . . . . . . 1119

Bearing strength high performance fibre metal thin-ply laminates . . . . . . . . . . . . . . . . . . 1127

Visoelastic and VISCOPLASTIC creep modelling of short-glass fibre reinforced polypropylene compos-
ites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1130

3D printed short carbon fibres reinforced polyamide: tensile and compressive characterisation andmul-
tiscale failure analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1137

Estimation of interfacial shear strength of long glass fibre composites by x-ray computed tomography 1145

Material characterisation and fatigue data correlation of short fibre composites: effect of thickness,
load ratio and fibre orientation at elevated temperature . . . . . . . . . . . . . . . . . . . . . . . 1151

Local stress-strain behaviour in short glass fibre reinforced polymers - a comparison of different simu-
lation approaches with experimental results based on x-ray computed tomography data . . . . . . 1159

Effect of fibre orientation, temperature, moisture content and strain rate on the tensile behaviour of
short glass fibre-reinforced polyamide 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1167

A mode II testing method for hybrid composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1175

Deployable composite meshes – modelling, manufacture and characterisation . . . . . . . . . . . . 1183

Are pseudo-ductile all-carbon hybrid laminates notch insensitive in open hole tension? . . . . . . . 1191

Reparability as a new function for high-performance pseudo-ductile hybrid composites . . . . . . . 1197

On the optimal design of smart composite sensors for impact damage detection . . . . . . . . . . . 1205

Impact properties of flax-carbon hybrid composites under low-velocity impact . . . . . . . . . . . . 1213

Enhancement of thin-ply composites translaminar toughness through fiber-hybridization: towards a
discrimination with the ply thickness effect? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1220

Assessing the impact behavior of highly aligned fiber hybrid composites . . . . . . . . . . . . . . . 1228

Development and characterization of hybrid thin-ply composite materials . . . . . . . . . . . . . . 1236

Tensile fatigue performance of carbon-carbon hybrid quasi-isotropic laminate . . . . . . . . . . . . 1244

Variable stiffness lattice structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1251

Virtual-physical engineering of a graded CFRP/titanium aircraft suspension strut . . . . . . . . . . 1258

Manufacturing and properties of hybrid composites of continuous steel and glass fibers made by tai-
lored fiber placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1266

Anovel hybrid thermoset-thermoplastic robot-basedproduction concept for lightweight structural parts:
a special view on the hybrid interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1274

Tensile properties of deep drawn in-situ polymerized fiber-metal-laminates . . . . . . . . . . . . . 1282

Micro-scalemodelling of compositesmade of RCF/ PA6 staple fiber yarns with special emphasis on fiber
length distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1290

Micro-ct based assessment of 3D braided AL2O3 reinforcement uniformity and permeability of all-oxide
ceramic matrix composites production processes . . . . . . . . . . . . . . . . . . . . . . . . . . . 1296

Multi-scale modeling of the thermo-viscoelastic behavior of 3D woven composites . . . . . . . . . 1303



Advanced natural fibre textiles for composite reinforcement . . . . . . . . . . . . . . . . . . . . . 1311

Characterization of interlock 3D permeability tensor for c-RTM process . . . . . . . . . . . . . . . . 1318

Automated g-code to FE mesh conversion - modelling polymer penetration into a textile to generate a
polymer-textile composite made by additive manufacturing . . . . . . . . . . . . . . . . . . . . . . 1326

Micro-ct-based numerical validation of the local permeability map for the b-pillar infusion simulation 1333

Effect of temperature on damage onset in three-dimensional (3D) woven organic matrix composites for
aero-engines applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1341

Simulation of frictional contact interactions within jacquard harness of weaving looms for 3D interlock
fabrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1349

Laccase-enzyme treatment of flax fibres for improved interfacial strength in natural fibre composites 1357

DIC-based monitoring on DEBONDING crack propagation in wrapped composite joints . . . . . . . 1362

Ultrasoft and hyperelastic electrically conductive nanocomposites for strain sensing applications . . 1369

Mechanical, rheological and thermal evaluation of poly(lactic acid) (PLA) / micro fibrillated cellulose
(MFC) plasticized biocomposites produced with flat die extrusion and calendering . . . . . . . . . . 1377

Optimization of an exoskeleton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1384

Banana fibre as sustainable and renewable resource for reinforcement of polylactic acid . . . . . . 1391

Hybrid ratio effect on flexural properties for CFRP-natural fiber composite hybrid materials . . . . . 1398

Investigation of energy absorption capacity of novel 3D-printed glass fibre reinforced thermoplastic
bio-inspired structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1404

Rapid fatigue life prediction of CFRP laminates by combining the data of self-heating with stiffness
degradation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1412

Performance evaluation of e-skin for structural deformation detection . . . . . . . . . . . . . . . . 1420

Temperature detectable surface coating and self-sensing system with carbon nano-tube/epoxy com-
posites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1426

Solubility behavior of graphene-oxide with various solvents . . . . . . . . . . . . . . . . . . . . . . 1433

Biodegradable polymer-based composites filled with biochar for tunable release of carvacrol . . . . 1437

Designing bicontinuous silica-epoxy nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . 1445

Robust continuous production of carbon nanotube-grafted structural fibres: a route to hierarchical fibre
reinforced composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1451

Printed circuit boards made from cellulose fibrils . . . . . . . . . . . . . . . . . . . . . . . . . . . 1457

Sandwich type shape memory polymer composite actuators to increase the recovery moment and de-
formability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1465

Supercritical CO2 assisted foam extrusion for aeronautical sandwich structure manufacturing . . . 1472

Kinetic studies and its influence on phase transition behaviour of multicomponent amine-cured epoxy
blend . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1480



Non-isocyanate polyurethanes based composites: a new route to sustainable fully biobased structural
composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1486

MXENE nanoparticles to impart multifunctional properties to fibre reinforced plastic composites . . 1495

COMBOO – properties of a novel bamboo based honeycomb core material for composite sandwich
structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1500

Effect of aspect ratio and bulk density of carbon nanotube on the electrical conductivity of polycarbon-
ate/multi-walled carbon nanotube nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . 1508

Hierarchical solutions to compressive problems in fibre-reinforced composites . . . . . . . . . . . . 1512

Tough poly(ethylene glycol)-sized bacterial cellulose sheet for high impact strength laminated acrylic
composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1518

Experimental investigation andmodelling of themorphology and induced thermal properties evolution
by consolidation of flax fibres hybrid reinforced thermoplastic composite . . . . . . . . . . . . . . 1526

Avoiding complete failure of composite t-joints by embedding sacrificial cracks inside the BONDLINE 1536

Mechanical analysis of the indentation behavior of short fiber-reinforced composites using finite ele-
ment method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1542

Micro-scale measurements on epoxy using in-situ microscopic techniques . . . . . . . . . . . . . . 1549

Study on cure-dependent properties of epoxymolding compound andwarpage of semiconductor pack-
ages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1557

Thermoplastic coating on carbon fiber for the design of sustainable composite materials . . . . . . 1565

Fabrication of CNT aerogel composite through reactive infiltration of polyamide 6 . . . . . . . . . . 1571

Void reduction in graphene interlayer enhanced carbon fibre thermoplastic composites . . . . . . . 1579

Highly deformable and processable poly(3-hydroxybutyrate) in presence of FERULIC acid-based addi-
tives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1587

Chitosan nanoparticles with ginkgo BILOBA extract in an alginate carrier as a system for the slow release
of the active substance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1595



Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

Contribution to the Determination of Thermal and Chemical Residual 

Stresses in Fiber Reinforced Composites Using the Incremental Hole 

Drilling Method: Numerical and Experimental Approach 
 

A.S Ibrahim Mamanea, S. Giljeana, M.-J. Paca, and G. L’Hostisa 

a: Université de Haute-Alsace, Laboratoire de Physique et Mécanique Textiles (UR 4365),  F-

68093 Mulhouse, France – aboubakar-sedick.ibrahim-mamane@uha.fr 

 

Abstract: The incremental hole drilling method is widely used to determine the residual stress 

profile in composite materials. However, the effect of the drilling steps on the local residual 

stresses and on the raw acquisition data of the relaxation strains is very little studied. In this 

paper, the thermal and mechanical contributions of the drilling on the acquisition data are 

explained. The residual stresses of unidirectional carbon/epoxy composite laminates, 

manufactured by filament winding under different curing  conditions, are presented and 

compared.  

Keywords: Fiber reinforced composites; finite element simulation; incremental hole drilling 

method; residual stresses.  

1. Introduction 

Fiber reinforced composite laminates are particularly subject to residual stresses due to their 

heterogeneity and the complex chemical, mechanical and thermal mechanisms that occur 

during their processing (1). Residual stresses are known to cause damage accumulation, shape 

instability and behavior disturbance in composite parts (2). Therefore, residual stresses are 

important data to consider when sizing composite parts and predicting their behavior.  

The Incremental Hole Drilling is one of the most widely used method for measuring residual 

stresses. This method is semi-destructive and consists of drilling incrementally a hole through 

the thickness of the material, measuring relaxation strains around the hole for each increment 

and converting these strains into residual stresses using a matrix of coefficients called calibration 

coefficients (3). These coefficients are calculated using finite element simulations. 

In this paper, the Incremental Hole Drilling Method (IHDM) is used to determine the residual 

stresses in unidirectional carbon/epoxy composite laminates. The thermal and mechanical 

effects of drilling on the raw acquisition data of the relaxation strains are also discussed. 

2. Material and methods 

2.1 Material 

The material studied in this work is unidirectional carbon/epoxy composite fabricated by 

filament winding under industrial conditions. The samples are composite plates composed of 12 

layers with a thickness of approximately 0.33 mm each, i.e. a total thickness of 4 mm 

approximately. T700SC-24000-50C carbon fibers are used with Araldite 1564 epoxy resin. Aradur 

3474 hardner is used as curing agent. The fiber content of the composites is 70% by mass and 

60% by volume. The material was mechanically characterized by tensile tests in a previous work. 
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The longitudinal Ex and transverse Ey Young's moduli are equal to 143 GPa and 7 GPa 

respectively. In this study, three different composite plates were considered with various curing 

cycles summarized in Table 1. 

Table 1: Curing cycles used to manufacture the composite plates. 

Plates Curing cycle Cooling  

Plate 1 
1 hour curing at 80°C then 4 hours at 120°C in an oven 

(recommended by the manufacturer) 
Cooling in the oven 

Plate 2 10 hours curing at 70°C in an oven Cooling in the oven 

Plate3 10 hours curing at 70°C in an oven Ambient air cooling 

 

The dimensions of the manufactured plates are 300x300 mm. To avoid any influence due to the 

thickness variation, the samples are cut in such a way as to minimize the thickness variation in 

the same sample. For this purpose, the thicknesses of the plates are determined using a GOM 

scanner working with the fringe projection principle. The scan head (ATOS core 5M) is equipped 

with two cameras of 5 million pixels each and a fringe projector (for more details, the reader can 

refer to reference (4). The measured thickness for plate 3 is shown in Figure 1a. The samples are 

extracted in areas where the gradient of the thickness is low (Figure 1b and 1c).  

 

 

 

 

Figure 1. (a) Thickness of plate 3 determined by 3D scanning (b) Cut of samples from plate 3 in 

the areas where the thickness gradient is low, (c) Sample identification method as a matrix. For 

example, sample 1-3 is the sample for which p=1 and q=3 

(a) 

(b) (c) 
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2.2 Methods 

The residual stresses are determined by the Incremental Hole Drilling Method (IHDM). The 

principle of this method is to drill incrementally a hole through the thickness of the material. 

The removal of material induces a local redistribution of the residual stresses. The corresponding 

strains (called relaxation strains) are measured using strain gage rosettes (Figure 2). These 

strains are converted in residual stresses using calibration coefficients, which are calculated by 

finite element simulations of the IHDM (5) (Figure 3) . The residual stresses of a given increment 

are equal to the inverse of the calibration coefficients matrix multiplied by the relaxation strains 

corresponding to this increment, Eq.(1). The relaxation strains of the increment are obtained by 

subtracting the strains due the previous increments and the total strains recorded by the gages.  

                 

Figure 2. Measurement of the relaxation strains by the Incremental Hole Drilling Method (IHDM) 

using a strain gage rosette. 

 

      

Figure 3. Calculation of the calibration coefficients by finite element simulations: example for 3 

increments. {𝜎𝑙𝑖} = [𝐶𝑖𝑖𝑘𝑙]−1({𝜀𝑘𝑖 } − ∑ [𝐶𝑖𝑗𝑘𝑙]{𝜎𝑙𝑗}𝑖−1𝑗=1 ),  1 ≤ 𝑗 ≤ 𝑖,  1 ≤ 𝑘, 𝑙 ≤ 3               (1) 

Where:  {𝜎𝑙𝑖} are the residual stresses of the current increment “i”. The subscript “l”, 0 < l < 3, refers to 

the stress components (𝜎1𝑖 = 𝜎𝑥𝑖 , 𝜎2𝑖 = 𝜎𝑥𝑦𝑖 , 𝜎3𝑖 = 𝜎𝑦𝑖 ). [𝐶𝑖𝑗𝑘𝑙] is the matrix of calibration coefficients related to increment ”j” when the total number 
of increments is “i”. 
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{𝜀𝑘𝑖 } is the strain given by gage “k”, 0 < l < 3 , when the depth of the hole corresponds to “i” 

increments. ∑ [𝐶𝑖𝑗𝑘𝑙]{𝜎𝑙𝑗}𝑖−1𝑗=1  corresponds to the strains due to the previous increments. 

 

The experimental parameters of the IHDM performed in this study are given in Table 2. 

Table 2: Experimental parameters and conditions of the results presented in Figure 4. 

Increment depth Rotation speed Feed speed  Ambient temperature  Ambient humidity 

0.165 mm 5000 rpm 0.01 mm/s     22 ± 2°C  46 ± 2% 

 

3. Results and discussions 

3.1 Thermal and mechanical contributions of drilling on raw acquisition data 

Figure 4 presents the raw acquisition data obtained for sample 1-3 of plate 3. These data 

correspond to the strains measured by the gages of the rosette during the incremental hole 

drilling process. Gage 1 is oriented in the fiber direction (0 degrees), gage 2 at -135 degrees with 

respect to the fibers and gage 3 in the direction perpendicular to the fibers (90 degrees). 

 

 

Figure 4. (a) Raw acquisition data obtained for sample 1-3 of plate 3 (See Table 2 for the 

experimental parameters), (b) Detail of the drilling and relaxation steps for one increment. 

Each increment cycle is composed of a drilling step and a relaxation step (Figure 4b). The 

withdrawal of the milling cutter (end of the drilling step) is followed by an abrupt change of 

slope of curves. During the drilling, mechanical and thermal strains occur at the same time. Note 

that the mechanical strains are composed of the strains induced by the milling cutter and the 

ones induced by the residual stresses. Strains are competing for the gage 2 (oriented at -135 

degrees with respect to the fibers) and the gage 3 (oriented in the direction perpendicular to 

the fibers) and additive for the gage 1 (oriented in the fibers direction). In fact, the heat causes 
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negative strains in the fibers direction because of the negative longitudinal thermal expansion 

coefficients of the fibers. In the resin direction, the induced thermal strains are positive. In the 

other hand, material removal causes negative strains for all gages. These different strains 

occurring at the same time explain the particular shapes of the curves during the drilling as well 

as the jumps recorded for gage 2 and 3 at the onset of the relaxation step.  

3.2 Residual stresses in the composite plates 

The relaxation strains considered in the calculation of residual stresses are measured at the end 

of the relaxation time. This allows strains to stabilize after a local redistribution of residual 

stresses. In this part, one increment per ply is considered for the IHDM. In fact, small increment 

depths are interesting in areas where residual stress gradient is high. Close to the interfaces of 

cross-ply laminates for example. Since the material studied here is a unidirectional composite, 

it is not necessary to refine the depth.  

The residual stresses calculated for plate 1, 2 and 3 are presented in Figure 5. Means and 

dispersions are determined from 3 tests. Here, the calculation of the residual stresses is limited 

to a hole depth of 0.8 mm because the results become unstable above this depth. This is caused 

by the fact that the predominant calibration coefficients in the calculation of residual stresses 

(those of the diagonal) are lower and lower with depth. From a certain depth (0.99 mm here, 

which corresponds to the third increment), the inverse of these calibration coefficients becomes 

large enough to generate instability in the calculation. The onset of the instability depends on 

the material properties and the chosen increment depth. As shown by Zuccarello (6), small 

increment depths lead to larger instabilities in the residual stress calculation. 

In Figure 5, one can observe that the residual stresses σx (in the fibers direction, Figure 5a) and 

σy (in the transverse direction, Figure 5b) are lower for plate 1 (manufactured according to the 

manufacturer’s recommended cycle). The residual stresses of plate 3 are slightly higher than 

those of plate 2. As expected for unidirectional composite laminates, the residual stresses σxy 

are very low for the 3 plates. 

 

 

 

 

Figure 5. Residual stresses calculated for plate 1, 2 and 3: (a) σx , (b) σxy and (c) σy 

 

   

(a) (b) (c) 
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The results obtained for plate 1 may seem difficult to analyze since it has undergone the highest 

temperatures. However, this plate has been annealed (the second cure) at temperature higher 

than its first glass transition temperature, which can allow the residual stresses to relax while 

maintaining a high degree of cure. The difference between the results of plate 2 and 3 can be 

explained by the fact that plate 3 is cooled in ambient air. This rapid cooling generates higher 

residual stresses.  

4. Conclusion 

In this work, the residual stresses of unidirectional carbon/epoxy composite laminates 

fabricated by filament winding were estimated using the Incremental Hole Drilling 

Method. Investigations were carried out on the thermal and mechanical contributions 

of the drilling on the raw acquisition data of the relaxation strains. The drilling induces 

positive thermal strains for gage 2 and 3. However, thermal strains are negative for gage 

1 because of the negative thermal expansion coefficient of carbon fibers in the 

longitudinal direction. In the other hand, the mechanical strains due to material removal 

is negative for all gages. The combination of these thermal and mechanical strains that 

occur at the same time allowed to understand the shapes of the raw acquisition data. 

The residual stresses were determined for three composite plates manufactured in 

different curing conditions. The results showed a low level of residual stresses for plate 

1 which underwent two dwell temperatures during curing cycle. The residual stresses 

are believed to relax during the second cure (annealing). Higher residual stresses were 

obtained for plate 3. This can be explained by the rapid cooling of plate 3, which 

generates higher residual stresses. 
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Abstract: In this study we take inspiration from biological materials to design a modified 

microstructure for laminated multidirectional (MD) carbon fiber reinforced polymers (CFRP), with 

the objective of mitigating their compressive failure behavior.  We introduce soft inclusions in 

the form of thin longitudinal strips of foam in 0° load bearing layers, aiming at arresting kinkband 

propagation. We conceived a bespoke stacking sequence and developed a tailored procedure for 

manufacturing the microstructure. We then performed in-situ tests on small scale notched 

specimens from a baseline laminate and a modified one. Results are presented and discussed.  

Keywords: Bioinspiration; Compression; Damage diffusion; Microstructural design 

1. Introduction 

Longitudinal compressive failure is a major concern for CFRP. In most high-performance 

unidirectional (UD) composites, failure occurs by fiber kinking. In regions of fiber misalignment, 

the matrix undergoes shear, leading to further fiber rotation. With increasing load, either this 

mechanism becomes unstable, or shear fracture of the matrix/interface occurs, leading to 

unstable collapse and to kinkband formation [1]. In MD laminates, the failure process is more 

complex and may involve delamination and some progressive damage in the off-axis plies [2]. 

However, almost inevitably, sudden compressive fracture of load bearing (0°) layers is the final 

event leading to catastrophic failure, with negligible detectable warning. These complexities 

lead to a lack of strategies to mitigate the failure process and improve performance.  

In this work, we take inspiration from nature to design a novel microstructure for MD CFRP 

laminates. Several biological materials present alternating stiff and soft zones. The associated 

periodic stiffness variations are an effective strategy to enhance fracture resistance: a strong 

decrease in crack driving force occurs when the crack propagates from stiff to soft regions, 

eventually leading to crack arrest [3]. To replicate such a condition in a MD laminate undergoing 

compression, we modified its microstructure by replacing continuous 0° composite layers with 

alternating of stiff (0° composite) and soft (polymethacrylimide -PMI- foam) longitudinal strips, 

Figure 1, with the objective of creating regions where kinkbands may be arrested, favoring 0° 

composite strips to fail individually and independently, due to the soft strips isolating them. 

 

Figure 1. Simplified representation of the devised concept. 
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2. Material and methods 

2.1 Materials 

Since the soft inclusions are not load-bearing, a material with low specific weight is preferable 

for the soft inclusions. This, along with processing ease and compatibility, led to PMI foams being 

identified as optimal materials. PMI foam sheets, 0.07 mm thick, were provided by 

YoneshimaFelt Co. Ltd. Specifically, Rohacell® 200SL foam was used for this study (Table 1). The 

sheet thickness was chosen by considering commercial availability and compatibility in the 

design process. 

Table 1: Rohacell® 200SL properties from [3]. 

Density [g/cm3] Tensile Modulus [MPa] Compressive modulus [MPa]  Shear modulus [MPa] 

0.205 371 370 123 

 Tensile strength [MPa] Compressive strength [MPa]  Shear strength [MPa] 

 10.4 9.6 4.8 

 

A 15gsm MR70/TP402 prepreg, commercially available from North Thin Ply Technologies (NTPT), 

was selected for this study. MR70 is a high-performance intermediate modulus carbon fiber; 

TP402 is a 135 °C curing epoxy used for automotive and aerospace applications. Properties for 

this material are not readily available from open literature, so, for the purpose of this study, they 

were estimated using micromechanics or assumed, as reported in Table 2 (with the standard 

notation used in [1]). 

Table 2: MR70/TP402 properties. 

Density [g/cm3] E1 [GPa] (compressive) E2 [GPa] G12 [GPa] ν12 

1.55 153. 9.5 3.16 0.26 

Xt [MPa] Xc [MPa] Yt [MPa]  Yc [MPa] SL [MPa] 

3880. 1800. 39. 160. 60. 

 

2.2 Configuration design 

To test the concept, we developed a bespoke stacking sequence to be used as a baseline, which 

we called Baseline-No-Foam (BNF), and a modified version for the new microstructure, named 

Foam Laminate (FL). The two laminate stacking sequences are as follows: 

• BNF: [±45/(±75/90/±75/±319/0)S2]S 

• FL: [±45/(±75/90/±75/±319/02F)S2]S. Here the subscript F indicates the presence of the 

foam strips in the 0° layers 

The BNF laminate was designed to have elastic properties similar to those of a commonly used 

industrial reference laminate (i.e. [(±45/0/±45/90/0)n]S) and to contain a reduced number of 0° 
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layers. Also, the high number of ±31 layers was tailored to provide a strong support to the 

laminate at failure of the 0° layers. The FL sequence is obtained from the BNF one by doubling 

the number of 0° layers. In this case, however, 0° layers are intended as containing foam strips. 

Specifically, considerations of effectiveness and manufacturability led to the choice of having 

alternated 1 mm wide 0° composite and foam strips. Therefore, the BNF and FL laminates 

contain the same volume of composite material (and in the same orientations), the FL one being 

slightly thicker due to the presence of the foam. 

2.3 Manufacturing 

Prepreg sheets of the desired orientations were cut with a Blackman and White Genesis 2300 

cutting machine. The BNF laminate was laid up manually according to standard practices. To 

prepare materials for the FL laminate, an Oxford Lasers Diode Pumped Solid State (DPSS) micro-

machining system was used as follows: 

• 0° prepreg layers, after being laid up in groups of four, [04], were cut to have 1 mm wide 

rectangular slots in the fiber direction 

• Foam sheets were cut, in their central region, to be divided into 1 mm wide strips 

• PET sheets (125 µm thick) were cut to create templates for positioning of both the 0° 

prepreg layers and the foam strips 

Lay-up of the foam laminate followed standard practices until each of the [04] blocks, expected 

to contain foam strips, was reached; at this point a tailored procedure, exploiting the PET 

templates and involving multiple steps, was used to create the layer containing the foam strips. 

More in detail, the strips of 0° prepreg were laid first; afterwards, the foam strips were placed 

in the slots in between the prepreg. Figure 2 shows three stages of the process. 

 

Figure 2. Three phases of the foam laminate lay-up procedure: (a) right before laying up a [0]4 

block containing the foam strips, (b) after laying up 0° prepreg strips, (c) after having laid up 

both prepreg and foam strips. 

For this study, two small scale notched specimens for compression loading, Figure 3, were 

obtained from each of the two plates. The top and bottom faces of the specimens were ground 

parallel to ensure optimal loading during compression, while the notch was obtained by means 

of a disk saw; notch tip radius was found to be, by means of optical microscopy, consistently 

around 40-50 µm, figure 3 (c).  

Due to an incident during manufacturing, the specimens’ surface had to be slightly ground, 
which partially reduced their thickness (about 0.2 mm per specimen) and thus slightly modified 

their layup (by eliminating outer layers); this may have introduced some variability in the test 
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performed, but is not expected to have affected the qualitative observations presented here. 

Table 3 shows the ligament section dimensions and notch tip radii for the four specimens tested. 

 

Figure 3. Small scale specimens manufactured: (a) nominal dimensions and loading scheme, (b) 

actual specimen microscopy with dimensions, (c) detail of the notch tip. 

Table 3: Ligament dimensions and notch tip radii of the four specimens tested. 

Specimen ID Ligament length [mm] Ligament thickness [mm]  Notch tip radius [µm] 

BNF1 4.8 2.7 41 

BNF2 4.8 2.7 51 

FL1 4.9 2.9 43 

FL2 4.8 2.9 48 

 

2.4 Test method 

The specimens were manually polished and gold coated. They were tested in compression, 

under displacement control, inside a Hitachi S-3700N SEM by means of a 5 kN in-situ loading 

stage from Deben UK. The displacement rate was set at 0.1 mm/min and data relative to jaws 

displacement and load were acquired at 10 Hz. The test was stopped at 400 N intervals to take 

SEM images of the specimen at different magnifications. The test was run either until complete 

failure of the specimen or up to a load of about 4.5 kN, in which case it was stopped to prevent 

damage to the load cell. 

3. Results and discussion 

The load-displacement curves for the specimens tested are reported in Figure 4. In these curves, 

small load drops correspond to relaxation occurring during the time the tests are stopped to 

take images. Both specimens containing foam strips, FL1 and FL2, did not fail by the end of the 

test. On the other hand, out of the two baseline specimens, BNF1 failed completely at a final 

load of about 3.83 kN, while specimen BNF2 did not fail by the end of the test. 
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Figure 4. Load displacement curves for the four specimens tested. 

Figure 5 shows SEM pictures of all specimens immediately before testing (Figure 5 (a)) and 

immediately after end of the tests (Figure 5 (b)). For all specimens, surface plies tended to 

delaminate from the rest of the specimen, and damage in the form of ply splits and fiber fracture 

is evident on them. By the end of the tests, for specimens BNF1 and BNF2, this damage extends 

from the notch tip all the way to the opposite specimen’s side, and the superficial plies are 

completely delaminated in this region. In FL1 and FL2 specimens, the damage observed on 

surface plies is less extended: for FL1, it extends to about 2 mm away from the notch tip; for 

specimen FL2 a little amount of damage is observed extending from the notch tip toward the 

bottom side of the specimen.  

 

Figure 5. SEM pictures of the specimens’ ligament (a) before testing and (b) right after the test. 

Figure 6 shows X-ray images of the specimens after testing. One feature common to all the 

specimens is the presence of clear fracture lines emanating from the notch tip, at an angle of 

±31°. The clarity with which these features are observed suggests that they might be somewhat 

continuous through the specimen thickness, for several layers. Considering the stacking 

sequence of the laminate (having ±31° ply blocks), it is hypothesized that these may have formed 
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by initial splitting of the layer with fiber orientation parallel to the direction of the fracture line 

and subsequent translaminar fracture of the layers with the opposite orientation. It is worth 

mentioning that X-ray images of FL1 and FL2 specimens show the striped pattern caused by the 

presence of the foam strips; these latter appearing darker in the images. From this it can be 

observed that, for both FL specimens, the tip of the notch is located in the middle of a dark 

region, that is in a region with foam strips.  

Specimen BNF1, the only one that failed completely, shows a vast amount of damage going all 

the way from the notch tip to the opposite specimen’s side. Damage probably consists mostly 
of kinkbands in 0° layers and translaminar fractures in ±31° layers. Additional splits at ±31° are 

also visible, as well as a wide delamination, as already seen from SEM observations. In specimen 

BNF2, a narrow damage band extends from the notch across almost the entire ligament length, 

accompanied by several splits, especially in the lower part of the specimen. Comparing this with 

BNF1, and considering that by the end of the test specimen BNF2 was still carrying a significant 

load, may suggest that the damage observed is limited to a few plies through the thickness, 

while most of the ±31° layers may still be intact and able to carry load. Delamination is also 

visible in the image, in an area enclosing all other damage observed. Specimen FL1 shows a 

similarly narrow band of damage extending for about 2.5 mm from the notch tip. An initial wider 

and brighter band cross a region without foam (lighter colored in the image); possibly this 

includes kinkbands in 0° layers and additional damage in other layers. As this band reaches the 

next region with foam strips (darker in the image), it divides into a 31° split, which then deviates 

into a -75° split, and an almost horizontal narrower band. These two narrow bands then reach 

the beginning of the next region without foam, where they arrest. Interestingly, specimen FL2 

shows no damage at all, except for the already mentioned fracture lines originating from the 

notch tip. It is likely that these fracture lines and the foam strips present at the notch tip have 

acted as strong blunting factors, preventing significant stress concentration and damage 

initiation and propagation from the notch altogether. 

Additional fractographic activities will help to fully understand the fracture behavior of the 

specimens. 

 

Figure 6. X-ray scans of the four tested specimens. 

4. Conclusions 

The study presented is concerned with the preliminary design, manufacturing and testing of a 

bioinspired microstructure for MD CFRP laminates aiming at mitigating compressive failure. 
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After designing a suitable configuration, a tailored procedure for manufacturing of the desired 

microstructure was developed. The procedure features adoption of laser cutting for the 

preparation of the composite prepreg and of the foam sheets used for creating the soft 

inclusions. Additionally, PET sheets are adopted to create templates for precise positioning of 

the two former components, with alignment being ensured by means of a system of alignment 

pins. The developed procedure allows precise manufacturing of the microstructure. In-situ tests 

were performed on four small scale notched specimens, two baseline ones and two containing 

soft inclusions. After the tests, X-ray imaging of the specimens was performed to gain a deeper 

understanding of the specimens’ behavior. Out of the four specimens tested, only one baseline 

specimen failed completely; other tests had to be stopped to avoid damage to the rig’s load cell. 
Our results suggest that splitting and translaminar fracture in off-axis plies from the notch tip 

occurred and acted as a strong crack blunting mechanism, reducing the stress concentration and 

the propensity to fracture initiation and propagation from the notch. While the results shown 

have to be expanded on further experimental activities, it was observed that specimens 

containing the soft inclusions had a reduced amount of damage when compared to baseline.  

Further activities are underway to gain a deeper understating of the results obtained and 

produce further results to assess the effectiveness of the microstructure designed. 
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Abstract: For a circular economy, the ability of a precise identification of products and materials 

in all life cycle phases is an enabler. Markers can be used effectively for material identification 

and they can also be physically integrated into the semi-finished polymer. This paper focuses on 

the integration of fluorescent particles into fiber-reinforced composites (FRC) via VARI 

infiltration. Initial experimental studies show possibilities for the application of markers in FRC. 

Thereby, interaction between marker particles, FRC and manufacturing process variations are 

analyzed. Additionally, the influence of textile permeability on the particle distribution of markers 

within the composite is addressed. When processing these polymer mixtures within a VARI 

process, the reinforcement textiles and processing aids lead to the filtration of marker particles, 

which is why process execution must be adapted to achieve a more efficient marking process.  

Keywords: Tracer-Based-Sorting; fluorescent particles; continuous fiber reinforced polymers; 

thermoset polymers; VARI; marker technology 

1. Introduction  

For a functional and efficient circular economy, the ability to precisely identify products and 

materials in all life cycle phases is necessary. This is especially relevant for the End-of-Life phase 

where often no closed chain of information to identify products and materials for efficient reuse 

or recycling is available. For various product categories surface placed identification 

technologies are existing such as QR-codes or embossed labels. In addition to these 

technologies, material integrated solutions are emerging. One of these technologies is the 

integration of fluorescent particles into the material itself. These particles enable robust 

material and structure identification possibilities in all product life cycle phases for the 

realization of circular economies (cf. Figure 1). 

  

Figure 1: Fluorescent markers for material and structure identification in life-cycle phases 
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The market for glass fiber reinforced plastics (GFRP) and carbon fiber reinforced plastics (CFRP) 

is expected to grow significantly in the next years partly due to the rise in renewable energy 

activities [1]. While currently there is no widespread established universal recycling method for 

most of these materials, there is progress in research and development for different recycling 

technologies in this field [2]. Some of the problems faced are unknown material combinations 

and other contaminants in the composites. FRCs with continuous fiber reinforcement are 

expected to bring new challenges to the use of fluorescent particles compared to unfilled 

plastics, like optical absorption changes, refraction or inhomogeneous particle distribution due 

to filtration processes. Thus, the interaction between the markers, manufacturing parameters 

and reinforcement architecture has to be investigated.  

As of now there are various research activities for the use of tracer-based-sorting in unfilled and 

short fiber reinforced thermoplastics for food packaging and window frames, where they show 

a high potential for enabling circular economy models [3]. Currently there is no research 

available for the integration of fluorescent particles into fiber reinforced plastics (FRP) with 

continuous fibers such as CFRP or GFRP. 

2. Fluorescent marker technologies for individual product identification 

The fluorescent marker particles used in this paper are crystals with a grain size of more than 1 

µm. They glow in a characteristic color when excited with near infrared light. Consequently, the 

fluorescent particles are invisible in ambient light. In addition, the fluorescent particles are 

thermally and chemically stable and exhibit low solubility behavior. They show good 

biocompatibility with unobjectionable toxicological test results and are compliant with EU 

substance law requirements. Due to these properties, fluorescent particles can easily be 

integrated as an additive in polymeric materials and can be processed in existing production 

processes. Currently, two distinct technologies that use fluorescent particles are tracer-based-

sorting and particle fingerprints.  

Tracer Bases Sorting (TBS) opens the possibility of sorting according to arbitrarily definable 

criteria. It is independent of material properties, robust against deformation and contamination 

and can be used flexibly. Currently TBS relies on three markers with different spectral properties. 

To enable identification of more than three different categories, the three markers are mixed in 

predefined ratios. For example, a 20 % gradation of ratios can generate 21 marker codes. The 

particles (tracers) can be inserted into the material or applied to the product e.g., by printing or 

using labels. By mixing the tracers into the material, every part of the material get its own 

traceable information.  

Currently, neat polymers are well detectable by e.g. near infrared sorters and thus subsequently 

sorted. As this differentiation is usually not sufficient, TBS can be used as an additional decision 

criterion or as a standalone solution. For example, TBS can be used to separate composites from 

non-composites. These have the same main polymer on the surface and would thus fall into the 

same category of NIR sorting. One of the main advantages of material integrated traces for TBS 

is the robustness against wear and destruction, which enables identification of already crushed 

material, which is especially beneficial in the recycling industry. 

Particle Fingerprints is a technology to apply a unique marking into a product, that is forgery-

proof and that can be used to link the product to a database entry e.g., a digital product pass. 

The technology is based on identification of the geometric distribution of fluorescent particles 
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(markers), which have been added to the raw material (e.g. plastic, ceramic, metal or coatings) 

in advance and thus are arranged in a completely random manner within the production 

process. Due to the aspect of randomness, the resulting "fingerprint" cannot be copied or 

reproduced. In contrast, barcodes, RFID tags or digital watermarks are produced by 

deterministic processes. There is a kind of recipe according to which the codes are produced, 

which makes it possible to forge and replicate them. The PFP, on the other hand, is unique. 

Consequently, its use for product identification and authentication is particularly suitable for 

security and health-related objects and for products that are heavily affected by counterfeiting.   

The PFP is particularly suitable for mapping digital product passports because of its high level of 

protection against forgery and manipulation due to the role of randomization. This also means 

that an almost infinite number of different fingerprints can be generated.  

The main difference between PFP and TBS is that PFP considers the spatial distribution of the 

markers, while TBS detects the spectral properties of the markers, which is shown in Figure 2. 

For the best results of these technologies, PFP uses larger particles with a diameter between 30 

µm and 50 µm compared to TBS with particle diameters from 5 µm to 10 µm.  

 
Figure 2: Identification of different TBS markers by spectral analysis (left) and a PFP by spatial 

distribution analysis (right) 

3. Experiments on feasibility of marker integration into continuous fiber 

reinforced thermosets via vacuum assisted resin infusion  

Figure 3 shows the Vacuum Resin Infusion (VARI) process setup to investigate the processability 

of marker filled resin systems. The main advantages of using the VARI process are, that it enables 

fast and cost-efficient manufacturing of test specimens due to simple tooling, whilst still 

providing conclusions on preform related filtration effects for other infusion and injection 

processes as well as being a relevant manufacturing process for high performance structures.  

The preform consists of a layup of 10 layers of unidirectional glass or carbon fiber textiles, which 

are placed with the same orientation upon a solid glass ground plate.  
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Figure 3: VARI process setup for marker infiltration 

A peel ply is placed on top of the preform to ensure a damage free demolding of the FRP after 

curing. Due to low permeability of the unidirectional textiles, a flow media is used on top of the 

peel ply, to allow a homogenous resin infusion over the whole textile surface. The layup is 

covered by a vacuum bag, which is sealed against the glass plate. Vacuum is applied via an outlet 

tube that connects to a resin trap and vacuum pump. The resin is infiltrated via vacuum through 

the inlet tube on the other side that connects to a container filled with epoxy resin. The 

fluorescent particles will be mixed into the resin prior to the infusion.  

In the investigations, four combinations of fluorescent particles and preforms are examined, 

which are shown in Table 1Table 1. Thereby, GF-TBS means glass fiber textiles using TBS-

technology, CF-TBS means carbon fiber textiles and TBS technology. In case of GF-PFP glass fiber 

textiles were used in combination with PFP marking technology. 

Table 1: Overview of test specimens 

ID number Fiber Type Textile weight Textile ply thickness Marker type 

GF-TBS Glass fiber 250g/m² 0.2 mm TBS 

GF-PFP Glass fiber 250g/m² 0.2 mm PFP 

CF-TBS Carbon fiber 200g/m² 0.2 mm TBS 

 

For all test specimens the same resin (Epoxy L) and curing agent (W300) is used. A total 

combined weight of 300 g is mixed according to the manufacturer recommended ratio. For all 

marker types a particle concentration of 300 ppm is chosen, which results in a mass of 0.06 g of 

marker particles. The particles were mixed homogeneously into the resin before infusion.  After 

infusion, the resin is cured under room temperature. 

For evaluating the marker concentration and distribution in the final FRP, the specimens were 

analyzed using a hyperspectral camera. Therefore, an infrared laser is used for the excitation of 

the fluorescent particles within the FRP samples. The used setup is shown in Figure 4. Purely 

optically, the marker particles are not visible in the manufactured test specimen. 
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Figure 4: Test setup for the determination of the marker concentration (left) and visual 

impression of FRP specimen (right)  

For all further results, the specimens were excited by laser light showing a wavelength of 

980 nm. Additionally, for all specimens the light intensity of the fluorescent particles is measured 

for the wavelength of 550 nm. To enable the comparison between different specimens all 

intensities are normalized to the highest measured intensity of the first test specimen. 

4. Interpretation of the results   

First, the feasibility of mixing the particles into the resin have been analyzed. Therefore, the 

particles are mixed into the resin using a conventional stirrer. By using an infrared laser pointer 

with a wavelength of 980 nm, the distribution within the resin can be easily visualized. For both 

marker types no agglomerations could be identified. Furthermore, since the particle 

concentration is low, there is no measurable impact to the resin properties, such as viscosity. 

Thus, the infusion process itself will not be influenced not by the integration of marker particles 

with these concentrations. This is also shown by the finished FRP specimens, that show no visible 

quality differences to their counterparts without integrated marker particles. 

Afterwards the resulting concentration and distribution of marker particles within the FRPs is 

analyzed. Figure 5 shows the normalized light intensity at a wavelength of 550 nm for the 

fluorescent markers with the hyperspectral camera tests for GF-TBS on the tool and non-tool 

side. Tool side referring to the side oriented towards the glass plate during infiltration. 
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Figure 5: GF-TBS – normalized light intensity at 550 nm wavelength on the tool side (left) and 

non-tool side (right) 

The test setup is not able to measure exact length measurements, which is why the visual results 

are morphed and not in proper scale. The test specimen orientation can be seen in Figure 6 for 

comparison. This orientation is true for all further hyperspectral camera results. The TBS marker 

particles can clearly be identified from both specimen sides. Further analysis shows, that the 

particles are only situated on the non-tool side of the specimen. This means due to low 

permeability of the textiles all particles are filtered through it and don’t infiltrate through to the 
tool side. Due to the transparent properties of the glass fibers and thermoset matrix, the 

particles can still easily be identified on the tool side. 

Figure 6 shows normalized intensity results of the fluorescent markers with the hyperspectral 

camera tests for GF-PFP. 

 
Figure 6: GF-PFP - normalized light intensity at 550 nm wavelength on the tool side (left) and 

non-tool side (right)  

For PFP the particles can also clearly be identified through both sides, however the intensity is 

lower compared to TBS. This can be a result due to less PFP particle mass in the specimen as 

well as the larger size of the PFP particles compared to TBS, which can result in a lower 

luminescence intensity as a certain mass of bigger particles has lower intensity as the same mass 

of smaller particles due to volume effects. 

Looking at the peel ply and flow media through a PFP detection camera setup, it is apparent, 

that these aids filter the larger PFP particles, which can be seen in Figure 7. 
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Figure 7: Distribution of the marker particles: PFP particles (green) filtered in the peel ply (left) 

and the flow media (right) 

Thus, the lower intensity for the PFP specimens is caused by the filtration and thus a lower 

particle concentration in the FRP. 

Furthermore, the influence of the substitution of glass fiber with carbon fiber textiles is 

analyzed. Figure 8 shows the hyperspectral camera results for the CF-TBS specimens. 

 
Figure 8: CF-TBS- normalized light intensity at 550 nm wavelength on the tool side (left) and 

non-tool side (right) 

Looking at the tool side, the filtration effect of the textile layup is clearly shown. Particles only 

overflow on the sides but an infiltration through the textiles is not detectable. Since the carbon 

fibers are not transparent, identification through the textile layup is not easily possible. The 

normalized intensity of TBS particles on the top side is significantly lower for CF-TBS compared 

to GF-TBS. This is due to higher light absorption of carbon fibers which is results in their black 

color.  

5. Conclusions  

Within this paper methods and experimental investigations for the traceability of FRP during the 

whole life cycle considering circular economy are presented. The investigations show that the 

integration of fluorescent markers into FRPs during manufacturing via VARI process is possible. 

The markers can be homogenously mixed into the resin and show no significant impact on 

process parameters for the resin, thus having no direct influence on the infusion process. For 

both TBS and PFP the textile layups of unidirectional plies show a significant filtration effect 

resulting in insufficient particle concentrations on the tool side of the FRP specimens. For 

transparent or translucent fiber/matrix combinations this is a minor problem since the particles 

can still be identified via both sides of the FRP plates. For non-transparent fiber/ matrix 
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combinations, such as CFRP, the markers can only be identified from the non-tool side of the 

specimen.  

Due to larger particle size, the use of PFP within the VARI process is prone to filtration effects by 

process aids, such as peel plies and flow media. Therefore, the standard VARI process setup is 

not ideal for the use of PFP technology. Possible solutions for the integration of PFP technology 

could be PFP labels, which then will be integrated on top of the preform during infusion. 

The integration of TBS particles into transparent FRPs using the VARI process seems promising, 

but further research with regard to optimizing process parameters must be conducted. The 

integration of TBS particles into FRPs with high optical absorption, like carbon fiber reinforced 

composites results in poor detectability of the particles. A possible solution could be the 

integration of top layers with low absorption on top of the carbon fiber plies, which could 

improve the detectability.  
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Abstract: Oil and gas operators are attempting to switch from steel to fully non-metallic 

pipelines, which are less prone to corrosion and potentially more durable. Thanks to recent 

development in thermoplastic composite pipes (TCPs), products are now available that satisfy 

the pressure requirements for this application, however TCPs still use steel connectors. The 

purpose of the project described in this paper is to investigate the possibility of designing a 

dedicated electrofusion (EF) coupler for glass fibre reinforced polyethylene TCPs. The design 

process involved first building a finite element model of two TCPs joined with a standard EF 

coupler, for which the precise properties of the pipe and how it behaves when joined have to be 

researched. Such joints were then manufactured and two mechanical tests were performed on 

them in order to verify said model, giving unexpected results. This paper explains why the 

failures occurred in the way they did and suggests improvements to the testing procedure and 

setups, allowing for collecting the data required for the design process. 

Keywords: electrofusion welding; thermoplastic composite pipes; reinforced thermoplastic 

pipes; composite pipelines 

1. Introduction 

Polyethylene (PE) pipes are a very common solution in gas, water or sewage distribution 

systems installed nowadays because they are cheap to produce, easy to install, flexible, 

corrosion resistant and reliable. They are, however, limited in their pressure and temperature 

capacities compared to steel pipes, although their maximum operating pressure can be 

increased by reinforcing them with different materials, like glass, carbon or aramid fibre, or 

even metal. Figure 1 shows the structure of a thermoplastic composite pipe (TCP). The inner 

layer (liner) contains the fluid, the reinforcement layer provides the strength and the outer 

cover (jacket)protects the reinforcement layer from the environment. These layers are welded 

together to produce a solid walled pipe. 

 
Fig. 1 A cross-section through a thermoplastic composite pipe 
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Currently, TCPs are joined together using steel connectors, which are relatively complex, 

heavy, expensive and prone to corrosion.  

This project aims to determine whether it is possible to successfully electrofusion (EF) weld 

glass fibre reinforced PE TCPs and to develop a dedicated non-metallic electrofusion coupler 

for this purpose. 

Electrofusion welding is a technology widely used for connecting PE pipes. The advantages 

include maintenance-free service life of 50 years or more, easy installation, corrosion 

resistance and an axial load resistance better than mechanical joints. 

The principle of EF welding is that the ends of two PE pipes are scraped, cleaned and slid into 

an injection moulded coupler, which has resistance wire coils wound into bore (Fig. 2). Current 

is applied to the coils, which heat up, melting the surrounding plastic of the coupler and pipe 

within the fusion zone (FZ). When the plastic cools down and solidifies, a weld is formed. The 

function of the cold zones visible in the figure is to contain the molten material in the FZ in 

order to generate the melt pressure required to produce a good quality weld. Apart from melt 

pressure, the other two important factors influencing the EF welding process are temperature 

and heating time. 

To manipulate these three factors, EF fitting manufacturers can change the heating time, the 

layout of wiring and cold zones, the clearance between the pipe and coupler, and the material 

grade for the fitting. 

 
Fig. 2A cross section through an electrofusion joint 

Electrofusion joints can function for half a century or more, but they also can fail prematurely 

if they are not made correctly. In Fig. 3 four typical failure modes are shown. They all 

correspond to different loading modes. Failure modes 1 and 2 can happen when the weld is 

not made correctly, for example if the weld interface is contaminated or the weld is 

underheated or overheated. Modes 3 and 4 happen in correctly made joints which are 

subjected to excessive stresses or temperatures. Failure mode 3 happens when the internal 

pressure is too high; a crack forms at the notch formed at the inner cold zone and propagates 

through the fitting wall, and mode 4 when the axial load on the pipe is too high. 
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Fig. 3 Typical failure modes of an electrofusion joint. It is most convenient to show features of 

an EF weld on an axisymmetric cross-section. 

2. Simulations and testing 

To design a new coupler for joining glass fibre reinforced PE TCPs it is necessary to know how 

an EF joint using an existing coupler will respond to pressure and axial loads. In order to gain 

this knowledge, two whole pipe tests were chosen: a hydrostatic pressure test (similar to 

Annex D of BS EN 12201-3[1]) and whole joint tensile test (similar to Annex B of BS EN 12814-

3[2]). Both tests were performed at 65°C, which is the maximum operating temperature of the 

TCP used. The two tests were finite element (FE) modelled and performed physically with the 

intention to use the experimental data to verify the model. The samples for the tests were 

made by welding 60cm lengths of glass fibre reinforced PE TCPs with a standard (unreinforced) 

EF coupler (Fig. 4). The samples were strain gauged in order to gather data on the material 

behaviour in the elastic region. 33–35 gauges were used per sample, displaced on both pipes 

and on the coupler in a way that they could capture both global bending of the sample and 

local strains due to the applied stress. 

 
Fig. 4 One of three test samples – an electrofusion joint between two lengths of glass fibre 

reinforced polyethylene TCP 

The welding was successful even though the TCPs had noticeable ovality, resulting in an initial 

maximum gap between the pipe and coupler of 2mm. 

The same joints were recreated in Abaqus for FE analysis. Simulations were performed to 

predict the stresses in the pipe and joint for the two aforementioned tests (see Fig.5). The 

results suggested that the stress was highest in the cold zone notches in both cases (as 

suggested in the literature for conventional EF joints in PE pipe [3]). Simulations comparing  

joints in standard PE pipes with TCPs suggested that the presence of reinforcement in pipes 

reduces the stresses inside the joint significantly. Considering the yield limit of PE to be 
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23 MPa[4], then in the same testing conditions the joints in standard PE pipes would fail, and 

those in TCPs would not. 

 
Fig. 5 Results of simulations of the two mechanical tests performed on EF joints in standard PE 

pipes and TCPs 

Abaqus predicted that highest strains and failure should start within the joint at the cold zones 

notches. However, when the whole joint tensile test was performed, the strains in the coupler 

were only half those in the pipe in the proximity of the joint and the sample failed at a load of 

40-48kN with mode 4 from Fig. 3, through the outer jacket of the pipe – see Fig. 6. The reason 

for this was found to be that the EF weld was stronger than the weld between the 

reinforcement layer and the outer jacket, because, rather than having a fully welded structure, 

the TCP samples actually had cracks and/or weak interfaces between the three layers. As a 

result the load was mainly acting on the outside PE layer, so it was sheared off the TCP without 

substantially affecting the other two layers. 

 

Fig. 6 Photograph of the failed whole joint tensile test sample and a suggestion of the failure 

mechanism 

a 

b 

c 
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In the hydrostatic pressure test, initially at low pressure highest strains were recorded on the 

coupler, as expected from the simulations, but finally the sample failed in the pipe (see Fig. 7) 

at a pressure of 14 bar. 

 

Fig. 7 Photograph of the failed hydrostatic pressure test sample. A debonded strain gauge is 

visible on top. 

The most probable explanation for the failure is that the pressurized water entered between 

the reinforcement layer and outer jacket, travelled up the pipe, past the end of the coupler 

and then burst the outer jacket, as shown in Fig. 8. 

 

Fig. 8 Proposed failure mechanism for the hydrostatic pressure test: a) hydrostatic pressure 

separating the outer jacket from the reinforcement; b) water penetrating the crack and 

creating a bulge, and piercing it. 

3. Discussion 

The mechanical tests described above were meant to validate the FE model of an EF joint 

between two TCPs using a conventional unreinforced EF coupler, to allow the model to then 

a 

b 

water 
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be adapted to design a bespoke EF coupler specifically for joining TCPs. However, the 

assumption in the FE model that the TCPs provided were fully bonded was incorrect. In fact, 

the pipes more resembled semi-bonded reinforced thermoplastic pipes (RTPs), where the 

reinforcement layer is not bonded to the outside or inside thermoplastic layers. These findings 

suggest that it is not possible to electrofusion weld RTPs using a standard EF coupler and give 

some hints for the design process: 

 fluid ingress in between the reinforcement and cover has to be prevented to avoid 

premature failure of the cover near the EF connector; this could either be done by butt 

fusion welding the pipes before they are EF welded or by introducing a sleeve inside 

the coupler that would allow a weld to be created with the liner as well as the outer 

jacket, as shown in Fig. 9; 

 

Fig. 9 Proposed concept of an EF coupler to weld both the outer and inner plastic layers. 

 the weld interface between the coupler and outer jacket is likely stronger than the one 

between the outer jacket and reinforcement layer; therefore, the fusion zone must be 

extended in length to the point that this interface can transfer enough load to the 

composite layer, and avoid premature failure through shearing of the jacket-

reinforcement interface; however, it might be difficult to slide such a long coupler on 

the TCP if the latter is significantly oval. 

4. Conclusions 

The purpose of the mechanical tests on EF joints in TCPs was to verify the FE model of these 

joints under identical conditions. However, due to the unexpected failure modes produced, it 

was not possible to verify the current model using these tests. However, the two tests can still 

be modelled, using a low weld strength between the three TCP layers. This will require 

information about the normal and shear strength of these interlaminar interfaces, which can 

be obtained from lap shear and tensile tests. This work is planned to be done in the near 

future. It should then be possible to design an EF coupler that will successfully weld the pipes 

provided for the project and then give test results that would allow for verifying the relevant 

FEA model. 
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Abstract:  

In order to simulate a recycling process applied to a carbon/epoxy composite, thermal oxydation was 

performed on discontinuous virgin carbon fibres to remove sizing and binder from their surface. 

Differences between thermally treated and virgin fibres were evaluated by mechanical and chemical 

characterization both at the fibre scale and at the composite scale. It appeared that the thermal 

treatment had no major influence on the mechanical properties and wettability of fibres. Nonetheless, 

the composite based on thermally treated fibres suffered a significant loss in tensile strength 

compared to untreated fibres, while the interlaminar shear strength was not significantly impacted.  

Keywords: recycling; carbon fibre composite; discontinuous long fibre; mechanical 

characterization 

1. Introduction  

Technical composites materials and especially those made of carbon fibres and thermosetting matrix 

are of great interest today to produce high performance, stiff, lightweight and corrosion very resistant 

structures in aeronautics, aerospace and general transport sector [1] [2]. 

For several decades many studies have been carried out on the recycling of these composite materials 

in view of the large amount of composite structures reaching their end of life. 70% of all composite 

materials produced every year are made of thermosetting matrix, which means that they cannot be 

recycled by melting or moulded. According to Jiang [3], it can be expected that 15 000 aircrafts will 

need to be retired in the next 20 years and this represents at least 200 000 tons of composite materials. 

For this reason, different valorisation techniques were developed, such as mechanical and chemical 

recycling and thermal valorisation [4][5][6]. Carbon fibres are very high-quality fibres. The aim of 

recycling these fibres is to try to keep their physical and mechanical properties intact for re-use in high 

performance structures. In particular, the conservation of the fibre length is a priority in order to 

produce new composite materials reinforced with long recycled fibres, offering the best mechanical 

performance. Among the three valuation techniques mentioned above, only the chemical and thermal 

recycling can keep the fibre length intact since the mechanical shredding leads to important length 

reduction [7]. Even though recycling techniques exist to remove thermosetting resin from carbon 

fibres, it is still extremely difficult to obtain recycled fibres longer than 20 mm. 

For this reason, in this work, composite laminates made of long discontinuous carbon fibres of a 

specific length distribution is investigated. A thermal treatment was chosen to simulate the recycling 

of fibres. In order to fully characterize the behaviour of the composite, tests at the fibre scale, such as 

single fibre tensile tests, wettability measurements and atomic force microscopy characterizations 
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(AFM), were first carried out. Then, composites made of virgin of thermally treated long discontinuous 

carbon fibres and epoxy matrix were characterized by tensile tests and interlaminar shear strength 

tests (ILSS). Tests were performed on a continuous non-woven UD fabric used as reference and on 

both untreated and treated discontinuous non-woven UD fabrics. 

2. Materials and Methods  

 

2.1. Materials under investigation  

The material under investigation is an unidirectional carbon fibre reinforced epoxy matrix composite. 

The Infugreen SR810 epoxy resin and hardener SD 8824 used at a ratio of respectively 100/32 were 

provided by Sicomin. As reinforcements, two different non-woven fabrics were used. First, a non-

woven unidirectional carbon fibre reinforcement T700 Infusion (UD T700 I) provided by Sicomin was 

used as the reference. The second fabric (UDS) is a non-woven discontinuous STS 40 carbon fibre 

reinforcement made by Schappe Techniques which fibres length follow a distribution between 20 and 

170 mm with an average length of 45mm. The UD T700 I has an areal weight of around 300 g/m² while 

the areal weight of the UDS is 160 g/m².  

 

In order to simulate the recycling process of carbon fibres, the UDS was thermally treated in an 

Enitherm DP46 oxygen hoven. The temperature is increased from 30°C to 350 at a rate of 5°C/min, and 

then hold for 15 min. Finally, the temperature is increased from 350°C to 450°C at 5°C/min. This 

thermal process was adapted from the ISO 6964 standard. The fibres are hold for 30 min at 450°C in 

order to remove any organic sizing that can be found on the fibre surface. After thermal treatment, 

samples are cooled in the hoven at a slow speed. The treated non-woven fibres are reused for 

composite manufacturing by infusion process instantly after being taken out from the hoven. 

 

Unidirectional laminates of 4 and 10 plies using the UD T700 I with sizes of 150x600 mm² and 

150x150mm² respectively were produced by resin infusion at room temperature. The same process 

was repeated for UDS with 8 and 20 plies of 150x600 mm² and 150x150 mm² respectively. The number 

of layers was doubled for UDS in order to obtain a similar areal weight for both composites. After a 

curing time of 24 hours, the infused plates were demoulded and conditioned at 23°C. The composites 

plates were then cut with a water diamond saw for mechanical testing at the standard sample 

dimensions according to the ISO 527-4 (250x25mm2) for the larger plates and the NF EN 2563 

(40x10mm2) for the smaller ones. The porosity of each plate was determined thanks to a density 

characterization using a Micrometrics gas pycnometer (AccuPyc 1330 Model).  

  

2.2. Characterization methods 

  

2.2.1. Single fibre tensile strength test (STS) 

STS tests were performed to provide detailed information on the mechanical properties before and 

after a treatment of fibres. First, the diameter of each carbon fibre was determined using a Diastron 

FDAS 770 machine that allows to determine the diameter of the fibre on all its length. Then the fibre 

was placed into a Diastron LEX 820 apparatus to carry out the tensile test according to the standard 

ISO 11566:1996. The minimum number of tested samples was set to 20. The Young’s Modulus was 

corrected using a compliance calculated on 12 and 30-mm fibre gauge length.  All samples were 

analysed according to a Weibull model for both gauge lengths of 12 and 30 mm. All fibre ends were 

glued on plastic tabs with a Dymax Ultra-light weld 3193 UV glue. 
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During their manufacturing and/or the simulated recycling process performed in this study, defects 

may appear on the surface or in the core of fibres. Considering a constant diameter for all fibres, the 

Weibull approach treats these two types of defects indifferently. These flaws may lead to a dispersion 

of break strength of carbon fibres. For this reason, it was decided to analyse these data using the 

Weibull’s probabilistic model. In a volume V, the flaw population is modelled by the parameter λ 

corresponding to a density of flaw activation under a certain load σ as follows: 𝜆 = 1𝑉0 ( 𝜎𝜎0)𝑚 (1) 

for which 𝑚 is the Weibull’s modulus. 

The failure probability of the fibre can be written as followed:  𝑃𝑓 = 1 − exp(− 𝑉𝑉0 ( 𝜎𝜎0)𝑚)  (2) 

To determine the Weibull’s modulus of the fibres, a large number of fibres (superior to 20 according 

to the literature) must be tested. A non-linear optimisation procedure based on the Generalized 

Reduced Gradient (GRG) algorithm was used to adjust the material parameters.  

2.2.2. Wettability measurements 

 A single carbon fibre was attached to one plastic tab using the same UV glue used in single fibre tensile 

test. A high precision force tensiometer, the K100SF from Krüss, was used with different liquids: water, 

diiodomethane and the Infugreen SR 8100 epoxy resin. During the procedure, the carbon fibre is 

dipped into the liquid at a speed of 1mm/min, reaching a defined immersion depth. This allows to 

determine an advancing capillary force. Then the fibre remains at this position for 60 s in order to 

obtain a static force.  Finally, the fibre is withdrawn up to the initial position at a speed of 1mm/min 

and a receding force is measured. The static force will be used in this work to determine the static 

contact angles and then the surface energies as made in previous works of Garat et al [8]. The contact 

angle between the fibre and the liquid is calculated using the Wilhelmy’s law as follows:   𝜃 = arccos(𝛾𝑙×𝑝𝐹 ) (4) 

where F is the measured force, , γL is the surface tension of the liquid and p is the fibre perimeter. Once 

the contact angle  is calculated for each liquid, the Owens-Wendt’s [9] formula which is a 2nd degree 

linear equation can be used to determine the fibre surface energy.  

𝛾𝐿×(1+cos(𝜃)2×√𝛾𝐿𝑑 =  √𝛾𝑠𝑝 × √𝛾𝐿𝑝√𝛾𝐿𝑑 + √𝛾𝑠𝑑 (5) 

where γL
p is the polar component and γL

d is the dispersive component of liquid surface tension and the 𝛾𝑠𝑑 𝑎𝑛𝑑𝛾𝑠𝑝 are the dispersive and the polar component of fibre surface energy respectively. 

In order to obtain the surface energy of the fibres, a fit of the equation for four different liquid was 

done according to previous work by Pucci et al [10]. 

2.2.3. Topographical Analysis 

The nanoroughness of fibres was characterized with an Oxford Asylum Research MFP-3D Infinity AFM 

using a tapping mode. In order to observe the fibre surface, each end of the fibre was stuck to a glass 

sheet using a silver glue. Each sample was scanned on 5 x 5 µm2 area at a scan speed 3.8 µm/s. All 
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measurements were performed with an AC160TS-R3 silica tip. Thanks to the IGOR Pro 6.37 Software 

the roughness of the topography can be characterized by the means of two values. The first one is Ra 

which represents the average roughness of the surface as the second one, Rq, is the quadratic value 

roughness of the whole surface sample.  

2.2.4. Mechanical Tensile Test  

Axial tensile test specimen of 250 x 25 x 1.5 mm3 were produced from the composite plates using a 

water-cooled diamond saw. Aluminium tabs of 50 x 25 x 2 mm3 were bonded on each composite end 

using one-component cyanoacrylate Loctite Super Glue 3. All tests were performed with an MTS 

Criterion C45.105 tensile machine equipped with a 100 kN load cell at a crosshead speed of 1mm/min 

according to ISO 527-4 standard requirements.  An additional high-resolution camera is placed in front 

of the sample, and images of its speckled surface are recorded at frequency of 1 Hz. A digital image 

correlation technique allows measuring the in-plane plane strain tensor and thus the Poisson’s 

coefficient. 

2.2.5. Short beam shear test (SBS)  

The SBS test is a well-known and used method to study the interlaminar shear strength (ILSS) of 

laminates. For this test, specimens were cut from the 8 plies plate of UD T700 I and 20 plies plate of 

UDS in order to have a span of around 20 mm. A Z010/TH Zwick-Roell testing machine equipped with 

3 points bending device and a 10 kN load cell was used to apply a load at 1mm/min. The apparent ILSS 

τ, expressed in MPa is calculated using the following equation:  𝜏 = 34 × 𝑃𝑚𝑏×ℎ  (6) 

Where Pm is the maximum load observed during the test (N), b and h are the measured width and 

thickness (mm) respectively.   

3. Results and Discussion 

 

3.1. STS tests 

Single fibre tensile test results are shown in Table 1 as average value for at least 20 tests. All the tests 

were carried out in the pure elastic domain of the fibre. Differences between the treated and 

untreated fibres are not very significant. There was no change on the diameter of the fibres but a loss 

of 5% of the tensile strength was observed for thermally treated fibres. Considering the Young’s 
modulus, the corrected one is a bit higher than the provider value (around 290 GPa against 250GPa for 

12k STS40 EP) but this could be explained by a difference in the fibre holding.  In the ISO Standard 

11566:1996 the fibre is stuck onto by a paper frame whereas in this work each fibre is glued onto 

plastic tabs.  

Table 1: STS results for UD T700 I, UDS Untreated and TT fibres 

Sample Name d [µm] σmax [MPa] Ecorr [GPa] m 

UD T700 I 

UDS Untreated 

6.61 ± 0.33 

6.51 ± 0.35 

4150 ± 920 

4000 ± 1200 

278 ± 20 

286 ± 18 

5.3 

3.3 

UDS TT 6.45± 0.37 3800 ± 870 292 ±17 4.4 

 

The TT seems to have little impact on the mechanical behaviour of fibres except on the standard 

deviation of the maximum strength which is a bit lower for treated fibres. A Weibull’s analysis also 
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reveals interesting differences with a slight decrease of the fibre strength at Pf = 50% and of the 

Weibull modulus as it can be seen on the Figure 1. 

 

Figure 1. Probability of failure as a function of tensile stress for TT and untreated UDS carbon fibres 

The plotted point and solver calculation of the Weibull modulus show that the treated and untreated 

fibres have a close slope which is observable on the small differences of the Weibull modulus. 

Nonetheless the deviation of the values is a bit lower for the treated fibres which could be a result of 

a surface change. It is possible that the heat treatment has made the surface flaws more uniform but 

these must be proven using surface characterization as with AFM measurements for example. 

3.2. Wettability measurements results 

 

3.2.1. Determination of the contact angle 

The average results of the tests carried out with the K100SF Tensiometer for 8 single carbon fibres can 

be found in Table 2. Since the UD T700 I and UDS are not made of the same reference fibres, only 

untreated and treated UDS fibres were analysed with this method. It appears that treated and 

untreated have slight differences on contact angles especially with water and diiodomethane, whereas 

the contact angles values for the Infugreen epoxy shows similar results.  

Table 2: Contact angle of treated and untreated fibre for various liquid 

Sample Name Water  

contact angle [°] 

SR 8100 Infugreen 

Contact angle [°] 

Diiodométhan  

Contact Angle [°] 

UDS untreated 51.91 ± 8.5 50.19 ± 5.5 49.94 ± 7.97 

UDS TT 61.0 2± 5.2 52.42 ± 5.1 53.94 ± 4.03 
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3.2.2. Determination of the fibre surface energy  

According to the Owens Wendt equation (Eq.6), the static contact angle of the three liquid was used 

to obtain the fibre surface energies and components. The dispersive component of fibres after 

treatment remained the same but a small change was observed in the polar component. Nonetheless 

the values are really close taking the standard deviation in consideration.  

Table 3: Surface energy of UDS Untreated and UDS TT 

Sample name Polar component 

[mJ/m²] 

Dispersive component 

[mJ/m²] 

Total component 

[mJ/m²] 

UDS untreated 27.3 ±6.6 22.0 ±1.5 49.3 ±5.8 

UDS TT 20.9 ±4 21.6±1 42.5±3.4 

 

3.3. Topographical Analysis 

The variation of surface roughness after a desizing treatment have been studied by Yao et al [11] who 

demonstrated that sizing removal conducts to an increase in roughness. Some topographical analysis 

were performed by means of AFM on untreated and thermally treated carbon fibres. Measured 

roughness on both fibres seems to be coherent with results found in the literature. These results will 

be discussed during the oral presentation. 

 

3.4. Mechanical tensile test  

In order to investigate the influence of both the fibre distribution length and the TT on fibre, tensile 

tests were conducted at composite scale on UD T 700I laminate and both untreated and treated 

material. To ensure possible differences in the mechanical property tests were carried out on at least 

5 samples until failure. 

Table 4: Mechanical tensile tests results for Reference, UDS Untreated and UDS TT composites materials 

Sample name Tensile strength 

Re 

[MPa] 

Young modulus 

[GPa] 

Poisson coefficient Porosity  

[%] 

UD T700 I 

UDS Untreated 

2145.172 

1403 ± 85.1 

106.8 ± 2.0 

98.6 ± 16.0 

0.31 ± 0.02 

0.39 ± 0.1 

4 

2.5 

UDS TT 1059 ± 112.9 77.9 ± 8.8 0.38 ± 0.1 6.0 

 

On the first hand, the results presented in Table 4 show a good conservation of the Young modulus 

and Poisson ratio when considering the standard deviation.  On the other hand, an important decrease 

of 25% of the maximum strength was observed for the thermally treated carbon fibres. Since no major 

differences exist between the two reinforcing non-woven, the adhesion between fibre and matrix after 

a thermal treatment can be the cause of such loss of properties. The discontinuity of the 

reinforcements also shows a significant loss of 35% in tensile strength compared to continuous fibres. 

3.5. SBS test results 

During the SBS test, is the specimen is subjected to longitudinal shear, but also to tension and 

compression. It is important to confirm the shear failure mode of the specimen by calculating the 

maximum tensile stress at failure and comparing it to the tensile strength Re measured previously 

(Table 4): 
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 𝜎𝑚𝑎𝑥 =  32  𝐹𝐿𝑏𝑒² < 𝑅𝑒  (7) 

With F the load at failure, L the span, b and e the width and thickness of the sample.  

It can be seen in the following table that the failure of samples was completely in the shear mode since 

maximum stress was always lower than the composites tensile strength. 

Table 5: SBS test results for UD T 700 I, UDS Untreated and UDS TT composite materials 

Sample name ILSS  [MPa] Load at failure   

[N] 

Maximum stress 

[MPa] 

Composite tensile 

strength [MPa] 

UD T700 I 48.1 ± 2.61 1912 386 2145 

UDS Untreated 52.4 ± 2.14 2359 420 1403 

UDS TT 52.6 ± 1.86 2422 415 1059 

 

Taking the dispersion into account, ILSS displayed in Table 5 does not vary much between the 3 

composites. The fact that the discontinuity of fibres has little impact on ILSS is not very surprising since 

this test is mainly driven by the behaviour of both matrix and interfaces. It can also be observed that 

the thermal treatment does not influence much the adhesion between fibres and matrix since the ILSS 

value is 52 MPa for both composite materials.  

3.6. Discussion  

According to all test carried out, the three type of fibres tested (UD T 700 I, UDS untreated, UDS 

treated) have similar properties. From a mechanical point of view, only tensile strength and Weibull 

modulus seem to be impacted by thermal treatment. Tensile strength slightly decreases, while the 

Weibull modulus increases, reflecting the decrease in the dispersion of the strengths. The major 

differences between the fibres have been observed for surface topography which is more etched after 

thermal treatment. This could explain the small difference observed in wettability measurements.  

At the composite scale, on one hand, it is understandable that the ILSS showed no evolution when 

using discontinuous fibres instead of continuous ones as explained previously. On the other hand, it is 

more surprising not to observe variation with the change in surface of fibres after thermal treatment. 

This could be explained by a change in the adhesion mode. Before thermal treatment, chemical bond 

between sizing and matrix were mainly responsible for the adhesion, while after treatment, the 

rougher surface allows a better mechanical adhesion thanks to interlocking. However, for a better 

understanding of the shear behaviour of the composites additional characterization needs to be done 

on the treated fibre such as XPS to observe the sizing removal.  

Finally, the 25% drop in strength observed when switching from continuous to discontinuous fibres is 

directly attributable to the reduction in fibre size. Actually, the mechanical properties of both type of 

fibres are almost identical. Such a result has been shown several times in the past and was therefore 

expected. It is all the more important as we are interested in the recycling of these fibres whose size 

will be reduced after each recycling phase. After heat treatment, an additional drop of 25% is observed 

and is this time attributed to the change in the adhesion mode. While this change appears to maintain 

the SBS properties, it is not sufficient for the tensile failure properties.  
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4. Conclusion and perspectives 

In this study, the recycling process of carbon fibres was simulated by testing the impact on the 

composite properties of the fibre lenth reduction and the fibre surface state after heat treatment. It 

was found that the heat treatment did not significantly influence the intrinsic mechanical properties 

of the fibres, but rather its surface properties in a small but noticeable way. Concerning the composite, 

modifications are more important, especially on the tensile properties. We note here that the length 

of the fibres has a predominant impact, as well as the modification of the surface condition of the 

fibres. These results are all the more important as recycling carbon fibres is an important objective for 

many companies. It is therefore mandatory to find a solution to compensate for these losses of 

properties with specific surface treatment such plasma treatments, and to find weaving techniques to 

produce high quality reinforcements for laminates from long discontinuous fibres. 
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Abstract: Electrospinning is the process of ejecting a polymer melt or solution through a nozzle 

in the presence of a high-voltage electric field, which causes it to coalesce into a continuous 

filament with various shapes from a submicron to nanometer diameter. This process has gained 

vast attention because of its versatility, low cost, and ease of processing, leading to a massive 

demand for translating electrospinning experiments out of the laboratory into commercialized 

production. This manuscript represents an approach to mass-producing MWCNTs/Epoxy 

scaffolds using Lateral Belt Driven (LBD) multi-nozzle electrospinning technique to enhance 

CFRP's physical and mechanical properties. We mitigated the non-uniform electric field 

distribution challenges with the LBD approach, which helped obtain a single layer and well-

uniformed coverage of the electrospun MWCNTs/Epoxy scaffolds onto CFRP sheets. Interlaminar 

shear strength (ILSS) and fatigue performance under high-stress conditions improved by 29% and 

27%, respectively. The energy of barely visible impact damage (BVID) improved by up to 45%.  

Keywords: Nanocomposite; Epoxy-CNT composite; CFRP composite; Electrospinning; Lateral 

belt-driven multi-nozzle electrospinning 

1. Introduction 

Since the advent of nanotechnology, researchers worldwide have been advancing the 

nanocomposite to achieve better properties such as higher mechanical properties, thermal 

stability, and efficiency through different shapes such as flakes, continuous fibers, and hybrids 

(1-5). Researchers have studied extruding nanofilaments made from neat thermosetting epoxy 

and nanocomposites (6). Although progress has been made, fabrication of the nanofilaments 

through epoxy is quite challenging, and the addition of the nanomaterials to the thermosetting 

epoxy composite as well. Despite these challenges, our previous group utilized an 

electrospinning-based approach to overcome these challenges and successfully fabricate the 

submicron multiwalled carbon nanotube (MWCNTs)/epoxy nanocomposite filaments through 

the single-nozzle horizontal electrospinning process with an outstanding mechanical 

improvement (7, 8).  

Our next challenge was to develop this technology to an industrial scale. Here the single nozzle 

electrospinning fiber production and the area of fiber deposition on the CFRP are low due to the 

required parameters in the electrospinning, such as voltage, distance and the flow rate (between 

0.1 ml/hr and 5 ml/hr (9)); therefore, addressing the large volume processing and reproducibility 

is the primary focus of this study. In order to increase production and efficiency for industry, 

literature has been published on introducing an auxiliary electrode to increase the jets from a 
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single nozzle; the grounded electrode is kept near the spinneret, which creates a strong 

electrified gradient between the spinner and the electrode (10). However, these improvements 

still result in slow production rates and add the expense of having a commercial electrospinning 

line. 

Multi-nozzle electrospinning is an approach that seeks to alleviate key limitations in comparison 

to single nozzle electrospinning (11). Here, the idea is to utilize several jets to achieve higher 

production rates and more extensive coverage areas. However, a significant challenge is 

electrostatic interference between multiple nozzles. Studies have been carried out to 

understand the effects of a multi-nozzle electrospinning setup to enhance the production rates 

(12, 13). We developed a lateral belt-driven system to overcome these challenges and have 

uniform layer MWCNTs/epoxy filaments on the CFRP. The current study demonstrates the 

method of mass-producing MWCNTs/epoxy composites. Studies comparing the interlaminar 

shear strength, flexural properties, and the fatigue of the resulting materials were undertaken 

before and after incorporating MWCNTs/epoxy nanoscaffolds. Low-speed energy impact 

experiments were carried out to inflict barely visible impact damage (BVID) and assess CFRP 

laminates' impact reaction. 

2. Methodology 

2.1 Material Preparation 

Masterbatch of MWCNTs/epoxy was synthesized using a previously published method by our 

group (14-16). Bisphenol A (50 - 99 pbw.%) and carbon nanotubes (5 wt.%) were mixed together 

followed by the addition of Dimethylformamide (DMF) (1:4 volume ratio) and Triton X- 100 (20:1 

volume ratio). Then the resulting mixture was sonicated for 10 mins in intervals of 45s and 30s 

rest between cycles. The same weight of more epoxy was added to the mixtures and 15 mins 

stirring was done followed by sonication. Finally, to have a uniform viscous mixture, the curing 

agent was mixed at a ratio of 15:1 and stirred at 50°C for 2 hours to obtain a homogeneous 

solution. The uniform mixture was then degassed and rested for 16 hrs. prior to electrospinning. 

For electrospinning, a syringe with a needle gauge of 26 G was filled with MWCNTs/epoxy 

mixture.  

2.2 Experimental setup 

Figure 1 shows the schematic of the LBD multi-nozzle linear array platforms investigated in this 

experiment. 26G Stainless steel nozzles were luer locked with the syringes filled with the 

MWCNTs/epoxy polymer solutions, loaded to the multi-nozzle platform with the evenly spaced 

10 nozzles with a space of 50 mm, and pushed using a modified KD Scientific Legato 180 syringe 

pump at a constant rate of 0.25 ml/h. The working distance between the nozzle tips and the 

collector was kept at 12 cm during experiments. Each nozzle was connected to the positive DC 

terminal, while the collector plate was connected to the negative terminal and grounded. The 

multi-nozzle syringe holders were then connected to the lateral belt-driven (LBD) platform using 

a Nema 17 stepper motor with high torque which was programmed using an Adreno and stepper 

motor drive (DM542T) to have a uniform coverage or overlap of the deposited fiber as shown in 

figure 1 (b). 

The MWCNTs/epoxy solution was extruded from the tip of the nozzle by the strong electric field 

and deposited on the CFRP prepreg (SE70 Gurit Holding AG, Wattwil, Switzerland) layer fitted 

on a 60 × 15 cm flat stainless-steel collector, which resulted in the production of an 
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MWCNTs/epoxy nanofiber scaffold. Each sample collection was conducted for 10 minutes and 

in ambient conditions. 

 

Figure 1. The image of the fiber collection with the multi-nozzle electrospinning syringe setup is 

arranged vertically in a linear configuration. 

2.3 CFRP Laminate Preparation and Mechanical Testing 

The control and enhanced MWCNTs/epoxy electrospun CFRP specimens measuring 10 cm × 10 

cm were cut from a hot melt epoxy-carbon fiber with a plain weave pattern (SE70 Gurit Holding 

AG, Wattwil/Switzerland). A hand layup approach was used to reduce the void ratio, followed 

by vacuum bagging. The CFRP laminates' stacking sequence was [0/90/±45]2s. Specimens were 

vacuum bagged for 60 minutes to ensure optimal adhesion between the layers, followed by 

curing time by placing them in a programable vacuum oven (OV301 Precision Composites Curing 

Oven, Easy Composite, UK) for 25 minutes at 120o C and 1 bar. The prepared specimens were 

cooled down to room temperature while maintaining the pressure. A Precision Water Jet Cutting 

was utilized to fabricate the composite panels for mechanical testing. Short Beam Shearing was 

carried out for interlaminar bond strength characterization. Within the tight tolerances of the 

ASTM D2344, the final measurements of the samples were 2mm×4mm×12mm. The test was 

conducted on an Instron universal testing machine with a crosshead speed of 1.27mm/min and 

a span-to-depth ratio of 4. For the short beam fatigue test, loads ranged from 60-90% of the 

ultimate strength with an R-value of 0.1. To define the interlaminar shear strength, ten coupons 

from baseline (pristine) and electrospun MWCNTs composite panels were cut and tested under 

static cyclic loading conditions. The mean values from ten tests for each specimen and their 

standard deviation were measured. 

3. RESULTS AND DISCUSSION 

 
3.1 Mechanical Properties and Morphology 

Compared to other shear tests, the small dimensions of the Interlaminar Shear Strength (ILSS) 

test make this method the most suitable. Figure 2 represents load-displacement curves and the 

corresponding ILSS values for all samples. Here, the load increased with displacement in the 

linear elastic area until peak load. Assuming the ultimate shear stress produces cracking at the 

mid-plane point of the composite, the ILSS of the laminate was measured using the maximum 
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strength achieved throughout the tests. The reinforced matrix (MWCNTs/epoxy) showed a high 

load of 650.01 N and then decreased sharply as expected. Conversely, the control sample 

showed a high load of 503.92 N. Therefore, MWCNTs/epoxy reinforced regions hold higher ILSS 

than the baseline interlayer. Ten independently tested coupons for each laminate structure 

were run for bending tests and the load bearing capacity increment was always reproducible. 

The reinforcements in the ILSS properties were increased by 29% just by adding 4% wt. MWCNT 

in epoxy. 

 

Figure 2. Load vs displacement curves of control and enhanced CFRP laminates. 

The fatigue life cycle was measured using an Instron Co. 8801 fatigue tester.  The frequency and 

stress ratio (R) of the fatigue tests were set to be 5 Hz and 0.1 Hz, respectively. Fatigue test 

samples for baseline sample and MWCNTs/epoxy enhanced samples were measured according 

to ASTM D3479 standard. All the coupons utilized in the fatigue tests failed at the gauge length 

center where the impact damage was observed. In all cases, the MWCNT reinforced specimens 

showed longer fatigue lives. With respect to the control, the fatigue enhancement of specimens 

was in the range of 25-60% with MWCNTs/epoxy as shown in figure 5. These results indicated 

that under cyclic loading, adding a small amount of MWCNTs has a significant impact on the 

mechanical strength of the composite laminate. 

 

Figure 5. a) Short Beam Fatigue Testing of Baseline and Enhanced Composites Under Cyclic 

Loading, b) relation between dented area and applied energy on the laminated CFRP sheet 

surface has been depicted 

40/1602 ©2022 Habarakada Liyanage et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

Minor damage events are hard to identify on the surface of composites. However, the formation 

of such damages on the structures over time can have the same significant structural impact as 

delamination, matrix cracking and fiber fracture. To minimize these effects, minor damages 

need to be examined using a BVID test to avoid catastrophic failure. In the BVID test, when 

16.50J was applied, the first visible dent was found on the controlled sample whereas the 

surface of 4% CNT reinforced samples looked intact. After increasing the energy level, the first 

visible dent on of 4% CNT reinforced sample for 23.94J and interestingly the dented area is 

almost the same as the controlled sample for 16.5J. Similarly, different energy was applied, and 

in all cases, dented area for the controlled sample was found to be significantly bigger than the 

4% MWCNTs/epoxy reinforced sample. For the highest energy applied (35.15J), the impactor 

almost penetrated the surface of the controlled sample where only a higher dent was visible on 

the 4% MWCNTs/epoxy reinforced one. 

 

4. CONCLUSION 

The mass production of MWCNTs/epoxy scaffolds fabricated successfully using the Lateral Belt 

Driven (LBD) multi-nozzle electrospinning technique and the mechanical properties, including 

interlaminar shear strength and BVID of the fabricated composites, were evaluated. Results 

revealed that by incorporating the electrospun MWCNTs/epoxy nanofiber scaffold, the 

mechanical properties of the composite were considerably improved. The electrospinning 

parameters were also optimized for the multi-nozzle system to improve stability and fabricate 

uniform fiber with smaller diameter fibers. Simulation data and machine learning can be 

introduced as future work for this study.  
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Abstract: The mechanical performance of Fibre-Reinforced Polymer Composites (FRPC) relies 

highly on the nonlinear thermomechanical behaviour of the polymer matrix with rate- and 

temperature-dependency. In particular, high strain rate loading can increase the temperature 

due to self-heating. In this work, a fully coupled thermomechanical FEM-based framework is 

developed. A constitutive material model is developed to accurately capture the polymer matrix 

response from isothermal to adiabatic conditions. The parameters were identified from the 

stress-strain curves for a thermoset epoxy and a semi-crystalline polymer PA6, respectively. 

Thermo-Mechanical Periodic Boundary Conditions (TMPBC) were used in micromechanical 

models based on Representative Volume Element (RVE). The present model makes it possible to 

investigate the evolution of local features as a function of the strain rate and temperature. The 

thermomechanical response of different UD-based FRPCs are compared in order to explore the 

limits of their mechanical performance and thus proposing improvements. 

Keywords: Fibre-reinforced polymer composite; Thermomechanical modelling; 

Representative Volume Element; Rate sensitivity; Self-heating 

1. Introduction 

The mechanical performance of Fibre-Reinforced Polymer Composites (FRPC) relies highly on 

the interaction and properties of the constituents: fibre, polymer matrix and interface. The 

nonlinear thermomechanical behaviour of the polymer matrix greatly affects the overall rate- 

and temperature-response of the composite [1-5]. Different polymers, namely thermoset and 

thermoplastic, can be used as matrix materials. 

Unidirectional (UD) epoxy-based composites have been widely studied [1-4], comparing to 

thermoplastic-based composites. To study the transverse loading response of the UD epoxy-

based composite, Chevalier et al. [2] compared the numerical results of the representative 

volume element (RVE) analysis with the microscale digital image correlation (DIC) results of the 

local strain field. They believed that the discrepancy is due to the excessive strain localization 

observed through in-situ scanning electron microscope (SEM). Based on RVE, Garoz et al. [3] 

performed a systematic study using a new proposed periodic boundary conditions (PBC) for 

conformal and non-conformal meshes in the micromechanical model of a UD carbon fibre epoxy 

composite. Recently, owing to the strong demands on high-performance thermoplastic 

composites, different fibre reinforced thermoplastics draw the attention due to their 

recyclability and suitability of high volume production processes. Hsiao and Daniel [1] show a 
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significant rate sensitivity of two different UD composite systems (i.e., carbon/epoxy and 

carbon/PEEK laminates) under various loading conditions. Under transverse load, both systems 

showed a similar response in terms of rate-dependent strength and rate-independent failure 

strain, regardless of the ductility of the PEEK resin. From this evidence, the failure strength is 

believed to be affected by the viscoelasticity and by the time-dependent damage accumulation 

of the matrix. The rate- and temperature-dependency of UD composite based on polyamide-6 

(PA6) resin was studied by Zhang et al. [5]. Using RVE with thermo-mechanical PBCs (TMPBC), 

different packing patterns, strain rate, self-heating and thermal softening effects have been 

investigated for a carbon fibre reinforced PA6 system [6]. 

In order to have a better understanding of different composite systems, advanced models to 

characterize different polymer matrices are needed. Polymers suffer from prominent self-

heating and thermal softening at elevated strain rates [7-9]. The generated heat from the plastic 

dissipation in the polymer matrix does not have sufficient time to be diffused when the thermal 

condition becomes nearly adiabatic, what it causes thermal softening [7]. A fully coupled 

thermomechanical FEM-based framework is recently developed to capture the response of 

semi-crystalline polymers (SCP) [9]. Inspired by the yield kinetics in SCPs, a constitutive model 

was modularly developed to extend its applicability to a broad variety of thermosets or 

thermoplastics. This model greatly extends the formulation of the hardening evolution of the 

Boyce-Park-Argon (BPA) model [10], which was validated at different rates and temperatures. 

The parameter set can be straightforwardly identified from the true stress-strain curves. 

This paper investigates the thermomechanical response of an RVE-based UD composite model 

when its matrix is either a thermoset or a thermoplastic. Section 2 presents the RVE model 

extended with TMPBCs. Section 3 describes the material model used in the RVE. Literature-

obtained data for epoxy [10] and PA6 [11] resins are used as representative thermoset and 

thermoplastic, respectively. Section 4 shows the polymer model validation along with the 

numerical investigation on the global and local behaviours when both matrices are use in the 

UD composite model. 

2. FEM-based thermomechanical modelling 

This section introduces the RVE model and the corresponding TMPBCs for a transverse loading 

test. The overall self-heating and thermal softening effects of the composite are assumed to be 

dominated by the polymer matrix. 

 

Figure 1. 3D RVE model of UD composites using thermomechanical PBCs: (a) model dimensions, 

(b) three pairs of opposite surfaces and (c) deformed profile of equivalent plastic strain.  

44/1602 ©2022 Hao et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

2.1 RVE model of UD composite 

Figure 1 shows the 3D RVE model with a fibre diameter 7 m created with a random generator 

developed in [12]. The volume fraction was monitored to achieve 40% with 32 fibres embedded 

in an initially square-shaped RVE of 55.48 m length and 0.8 m thickness. Transverse load was 

applied and the PBC developed in [3] was enriched with temperature. This new TMPBC includes 

degrees of freedom (DOF) for temperature corresponding with nodes connected via the 

constraint given by θπ+ − θπ− = 0,                  (1) 

where π =  𝑥, 𝑦, 𝑧 represents the three paired surfaces, namely left-right, top-bottom and front-

rear.  

The fibre-matrix interface was modelled using a traction-separation cohesive zone model. 

However, to focus the study on the nonlinear response of different polymers and their self-

heating-related effects, fibre-matrix perfect bonding was assumed. Thermal conductivity was 

assigned for the interface allowing the heat exchange from the matrix to the fibres. The interface 

conductance was assumed the same as the one used for the matrix. The overall response of the 

UD composite was obtained via homogenization techniques. The stress and strain were 

obtained using volume-averaged homogenized values, and the temperature was averaged from 

all the nodes.  

2.2 Local strain, self-heating and thermal softening 

In order to illustrate the correlation micro-to-macro response, Figure 2(a) shows a typical stress-

strain response of a carbon fibre reinforced epoxy composite under transverse compression [2]. 

All the tested samples gave a rate-insensitive failure strain of 5%, whilst the strength seemed to 

remarkably depend on the applied rate. It is accepted that the rate-dependency in composites 

originates from the polymer viscoelasticity [1].  However, this case clearly shows the prominent 

strain localization taking place at a global strain of 5%. Figure 2(b) depicts a local region of a 

micro notched specimen using SEM [2]. The maximum local strain reached a value of 20%, which 

is sufficiently large to trigger self-heating in polymers.  

 

Figure 2. Experimental observation of UD carbon fibre-reinforced epoxy composite by Chevalier 

et al.[2]: (a) macroscale specimen under transverse compression and (b) DIC results of a local 

region of the notched sample using SEM.  
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To investigate the effect of this localization on the global behaviour, a thermomechanical 

coupled analysis is needed. A predefined temperature field of 23 °C was applied to the entire 

RVE model. The heat generated from plastic deformation of the polymer matrix is assumed to 

be the only heat source. Two user-defined subroutines were used to consistently connect the 

mechanical and thermal responses. At every increment, the plastic dissipation is calculated and 

transferred to the thermal model. The new temperature field is updated by solving the heat 

balance equation. In the subsequent increment, if the thermal softening occurs, a degradation 

of the mechanical properties follows the predefined temperature-dependent relation [9].  

3. Material models 

3.1 Carbon fibre 

The mechanical properties of carbon fibre are obtained from Ref. [2] assuming a linear elastic 

and transversely isotropic response. Under transverse loading, fibre failure is unlikely presented, 

therefore fibre damage and breakage are not incorporated in the present RVE model. Constant 

thermal properties along and perpendicular to the fibre are assumed [13]. 

3.2 Matrix: thermoset and thermoplastic 

Polymers show a remarkable rate- and temperature-dependency. A classical BPA model has 

been used to characterize the epoxy by accurately capturing the pre-yield nonlinearity, post-

yield strain softening and rubbery effect [10]. The model is developed within the finite strain 

kinematic framework. The rate of inelastic deformation is given by  𝑫 = 𝜀̅̇𝑵,                            (2) 

where 𝑵 is the direction tensor and 𝜀̅̇ is the effecitve plastic strain rate (more details can be 

consulted in Ref. [10]).  

In this approach, two resistances, namely intermolecular and network resistances, are arranged 

in parallel for the epoxy Epon 862 resin [10]. However, to model the semi-crystalline PA6 tested 

in Ref. [11], a new extended BPA-based version is developed and used in this work. This model, 

termed as USCP relies in a unified formulation to describe the intermolecular resistance. This 

resistance accounts for the yield kinetics of amorphous and crystalline phases simultaneously, 

in which the saturated states of both phases (𝑠2 and 𝑠3) are implemented in a new evolution 

law of the athermal strength denoted by s and given by �̇� = 𝐻1(ε̅)  (1 − 𝑠𝑠1) ε̇̅ + 𝐻2(ε̅)  (1 − 𝑠𝑠2) ε̇̅ + 𝐻3(ε̅)  (1 − 𝑠𝑠3) ε̇̅            (3) 

To activate the corresponding yielding occurring in each phase, a series of smooth Heaviside-

like functions is formulated as follows 𝐻1(𝜀)̅ =  −ℎ1 {tanh (�̅�−�̅�𝑝𝑓�̅�𝑝 ) − 1}               (4) 

𝐻2(𝜀)̅ =  ℎ2 {1 − tanh (�̅�−�̅�𝑝𝑓�̅�𝑝 ) tanh (�̅�−�̅�𝑐𝑓�̅�𝑐 )}               (5) 

46/1602 ©2022 Hao et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

𝐻3(𝜀)̅ =  ℎ3 {1 + tanh (�̅�−�̅�𝑐𝑓�̅�𝑐 )}                 (6) 

Table 1 lists the required material parameters. The calibration procedure of epoxy follows the 

Ref. [9]. However, the PA6 calibration uses a two-step identification procedure. The first step is 

to identify the amorphous contribution by revisiting Ref. [9]. The second step determines the 

crystalline-related parameters (𝑠3, ℎ3 and ε�̅�) by fitting the true stress-strain curve [14].     

Table 1: Material parameters for the investigated epoxy [10] and PA6 [11]. 

Material parameter Unit Epoxy1 PA62 Description  

Mechanical     Eref GPa 2.600 2.616 Modulus at reference temperature θref K 298 296.15 Reference temperature  ν - 0.4 0.39 Poisson’s ratio β - 0.002 0.0036 Temperature dependency 𝛼 - 0.05 0 Pressure sensitivity 𝜀0̇ s-1 1.9E+5 3.55E+11 Reference strain rate  m MPa 0.66 0.80 Exponential factor A K/MPa 155 104.0 Active energy  s0 MPa 104 184.2 

Heavy-side function 

 

s1 MPa 135.2 195.6 s2 MPa 105 192.6 s3 MPa - 234.3 h1 MPa 7000 32,350.9 h2 MPa 350 14,827.2 h3 MPa - 681.2  𝜀�̅� - 0.054 0.00905  𝜀�̅� - - 0.0295  f - 0.3 0.30  𝐶𝑅 MPa 5.8 - Rubbery modulus N - 1.44 - Number of rigid links 
Constants     ρ kg/m3 1250 1200 Density 

k W/m.K 0.192 0.25 Thermal conductivity 𝑐𝑝 J/kg.K 1100 1700 Specific heat 
1 Source of material constants: https://www.solvay.com/en/product  
2 Source of material constants: Hao et al. [9] 

4. Results  

This section shows first the model validation for the thermoset and thermoplastic polymers. The 

parameters listed in Table 1 are used for a cylinder compression (epoxy) and a dog-bone tension 

(PA6) tests. Later, the rate-dependency of the micromechanical UD model using these two 

polymers is discussed. Finally, the correlation between the polymer rate-dependency and the 

thermomechanical global-local response generated by the UD model is analysed.   

4.1 Polymers: thermoset and thermoplastic 

Thermomechanical coupling analyses were performed to characterize the epoxy and PA6 resins. 

Because there is no failure criterion implemented, the simulations were terminated according 

to the minimum failure strain observed in experiments (i.e., 42% for epoxy and 32% for PA6 ). 

Figure 3 shows the validation at different strain rates and compares the thermomechanical 
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responses of epoxy and PA6. The simulation results conform well with the experimental ones. 

The self-heating and thermal softening effects are well captured, showing a downwards trend 

at an elevated strain rate compared to the results (grey) obtained in isothermal condition. 

 

Figure 3. Model validation of (a) pure thermoset epoxy and (b) thermoplastic PA6.  

The stress-strain responses of two types of polymers are very distinguishable. The epoxy shows 

an obvious rubbery effect beyond the low yield point at a strain 30%. For the PA6, two yield 

stresses can be found in the stress-strain curves, the first yield point is found at the strain of 7% 

and the second yield σ𝑦𝐼𝐼 takes place at the strain of 20%. Next, both resins are incorporated in 

the RVE model to investigate rate-sensitivity of composites. 

4.2 UD RVE model: epoxy vs PA6  

Figure 4 plots the homogenized stress-strain curves at two different strain rates: 0.0001/s and 

0.01 /s. The epoxy- and PA6-based RVE model were used to illustrate the performance of 

thermoset and thermoplastic composites. Considering that the experimental results generally 

fail at a low strain level (see Refs. [1,2]), the simulations were terminated at a strain of 3%. 

 

Figure 4. Left: Homogenized true stress-strain response of the UD RVE under transverse 

tension. Right: Equivalent plastic strain field at the strain of 0.03.  

The stress-strain curves show linear elastic response in the strain range below 1%, which is in 

accordance with the experimental observation [2]. Within this range, both matrices are far from 

their yield point and the viscoelastic response of polymers is not seen at room temperature [10]. 

The rate-dependent strength is mainly due to the viscoplastic response of the matrix. Owing to 
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the homogenized method, local details of different responses of thermoset (rubbery effect) and 

thermoplastic (double yield) are hidden. Both UD composite systems presented in Figure 3 are 

substantially affected by loading rate.    

4.3 Global versus local response: case of CF/Epoxy 

Figure 5 shows a RVE model with a dense fibre packing pattern, leading to a volume fraction up 

to 60%. Transverse tension was imposed with a high strain rate of 100 /s. It shows that the RVE 

model experiences a mild increase of temperature from 23 °C to 24 °C.  This homogenized 

temperature increases when the global strain is only 1 %, implying that local plastic deformation 

occurs, and the self-heating event initiates at this point. This localization can impact the global 

mechanical response and it is accelerated by the self-heating. Figure. 5 shows that the 

localization takes place in a rich resin band perpendicular to the loading direction. An excessive 

strain localization was found when the global strain reaches 2.7%, which corresponds to a local 

equivalent plastic strain of 67%. Under this situation, the local temperature increases drastically 

to 31.4 °C causing the main contribution to the increase of the homogenized temperature.  

 

Figure 5. Comparison between the global and the local responses of Carbon/Epoxy with volume 

fraction 60% under transverse tension. 

5. Conclusions  

This work focuses on the thermomechanical response of UD composites under transverse 

loading, providing insight of the self-heating and thermal softening induced by different polymer 

matrices on the global response. The numerical results show the rate-dependent nonlinear 

response is attributed to the viscoplastic behaviour of the polymer matrix experiencing 

important strain localization. The comparison of thermoset- and thermoplastic-based 

composites shows that the locally observed rubbery effect of epoxy and the double yield 

phenomenon of PA6 are not detected in the homogenized stress-strain response. The model 

shows local large deformations taking place even when the composite material still lies within 

the small strains regime. This feature is caused by rich resin regions resulting from the specific 

fibre arrangement. The self-heating accelerates the degradation of the overall mechanical 

properties.  
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TOWARDS THE DEVELOPMENT OF LDPE MULTI-LAYERED PACKAGING 

FILMS WITH ENHANCED BIOACTIVITY  
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Abstract: With the goal to develop flexible multilayered films with controlled bioactivity the 

current study incorporated compounds with high antimicrobial and antioxidant activity in low-

density polyethylene (LDPE) films in the form of coating. To improve the wettability and enhance 

the adhesion between the functional coating and the substrate, the surface of LDPE was modified 

with corona, UV light and chemical etching. The influence of the type of bioactive compound, 

solvent, plasticizer used to prepare the film coating solution were evaluated. The results showed 

that the surface modification of LDPE introduced new functional groups which improved the 

wettability. The mechanical properties were affected by the modification process, while the film 

forming ability was strongly influenced by the solvent used. This in turn had a great impact on 

the antimicrobial response of the obtained films. 

Keywords: low density polyethylene; active packaging; bioactive compounds.  

1. Introduction 

In recent years there is an increasing demand of minimally processed foods that maintain 

freshness, quality, and safety. Active packaging aims to extend the shelf life and improve the 

quality and safety over time of food products. Since oxidation and microbial growth are the main 

factors contributing to the deterioration of the food quality, an attempt is made to use 

substances of natural origin with antimicrobial and antioxidant properties as alternatives to 

chemical preservatives [1]. A category of natural preservatives with known antimicrobial and 

antioxidant properties are secondary metabolites of plants like polyphenols [2]. Their 

antimicrobial activity is linked with the fact that plants themselves develop these substances as 

a defense against microorganisms [3]. Thymol and carvacrol are volatile phenolic monoterpenes 

extracted mainly from plants of the Lamiaceae family and falling into this category [4]. Another 

natural substance with antimicrobial and antioxidant action is olive leaves extract [5].  

Since the direct contact of natural preservatives with food, is linked with their rapid diffusion, 

reduced effectiveness and side effects, efforts are made to incorporate these substances into 

food packaging [1]. In that way an active packaging is produced, which either interacts with the 

food or its environment to maintain food’s quality [1]. The most common ways to prepare 

packaging materials with bioactivity are [6]: a) by using patches with bioactive compounds 

placed inside the package, b) via blending and/or grafting of the bioactive compound with the 

polymer before packaging formation, c) through coating of the packaging material with the 

bioactive compound, d) through encapsulation of the bioactive compound and its subsequent 

incorporation in the packaging [1]. The addition of the bioactive compound through blending is 

related with possible loss of the bioactivity during the thermo-mechanical processing of 
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packaging, while the use of coatings has been linked with direct release and limited availability 

of the bioactive compounds during the lifetime of the packaged products[7]. To overcome these 

issues, one of the recently proposed strategies suggests the development of multi-layered 

packaging with controlled bioactivity [7]. To this end, as part of an ongoing R&D project, our 

research team is working towards the development of low-density polyethylene (LDPE) multi-

layered films with enhanced bioactivity. The research idea is to create food packaging films with 

a tri-layered structure, consisting of LDPE as an outer layer, LDPE with dispersed nanocarriers of 

bioactive compounds as an intermediate layer, and an inner layer that will consist of the 

bioactive compounds in the form of coating.  

As a first step, the current work focuses on the preparation of the inner layer, which entails the 

effective coating of LDPE with selected bioactive compounds (carvacrol-, thymol-, and olive-

based extracts). While LDPE is quite popular as food packaging material due to its good 

mechanical behavior, low cost, good resistance to wear, barrier properties, etc. [8], it 

hydrophobic and non-polar nature results in low surface energy with limited ability to adhere 

with polar molecules. For this reason, several techniques have been developed to modify the 

surface of different grades of polyethylene, including chemical etching, UV radiation, etc., [9]. In 

the present study, we have evaluated the effect of corona, UV treatment and chemical etching 

using sulfuric acid on the wettability and surface activity of LDPE films. Since all three bioactive 

compounds (i.e., carvacrol-, thymol-, and olive-based extracts) possess both hydroxyl and 

aromatic groups (polar and non-polar, respectively), different solvents have been employed for 

the preparation of the bioactive-based solutions/coating. The impact of surface treatment 

and/or type of solvent on the wettability, antimicrobial efficiency and mechanical performance 

of the LDPE coated films has been also assessed. 

2. Materials and Methods 

2.1 Materials 

LDPE as well as corona treated LDPE films were kindly provided by Achaika Plastics S.A.. Thymol 

(T) (purity ≥99%), Carvacrol (C) (purity ≥ 98%) were purchased from Sigma Aldrich, Steinheim 

Germany. Tween 80 (T) was purchased from Sigma Aldrich, Oakville, ON, Canada. Glycerol (G) 

(analytical reagent grade of purity ≥99%) was purchased from Fisher Scientific, Loughborough, 

UK. Methanol (M) (ACS reagent Purity ≥99.8%), Ethanol (E) (Purity ≥99.8%) and Sulfuric acid 

(purity 95-97%) were purchased from Hooneywell Fluka, Seelze Germany. Olive leaves-based 

extracts (OE) have been developed by members of the research team following the 

methodology presented elsewhere [5]. In brief 3 g of ΟΕ is obtained after maceration of 30g of 

dry olive leaves in 250ml ddH2O, boiling for 1hr and finally filtration and water removal through 

freeze-drying. 

2.2 Methods 

Surface treatment of LDPE substrate 

Four different types of surface treated LDPE substrates were used in the current study, while 

unmodified LDPE films were used as reference. More specifically, apart from the unmodified 

films, LDPE was exposed to Corona, UV, and chemical treatment with sulfuric acid. As 

aforementioned, corona-treated LDPE films were provided by Achaika Plastics S.A. (undisclosed 

details). UV treatment was performed using an 18-W UV-A lamp for 1 h at room temperature. 

The distance between LDPE and UV light source was 1 cm. Chemical etching was obtained using 
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sulfuric acid on clean and dry unmodified LDPE films. Chemical etching was performed by 

immersing the films into a beaker with sulfuric acid for 1 h at two different temperatures (i.e., 

25 and 50 C). After chemical etching the samples were washed with distilled water and dried 

at 40oC for 20 min. The following designation has been employed for chemically etched LDPE 

films: SA_25 stands for films treated at 25 C, while SA_50 for those treated at 50 C.  

Coating solutions – Coated films 

Bioactive compounds 5% w/v were dissolved in two different solvents, i.e., methanol and 

ethanol, mixed with distilled water at 1:1 (v/v) water/solvent ratio. To improve the coating 

efficiency, glycerol or Tween 80 were added as plasticizers/emulsifiers in selected solutions at 

6.7% v/v of the water/solvent content. To keep the ratio of bioactive compound per mass of 

LDPE substrate constant, certain amounts of the above solutions were placed on LDPE surface 

to achieve 5% w/w loading of the film. The samples were left to dry at room temperature 

overnight. Details around the designation of the prepared coating solutions can be found in 

Table 1.  

Contact angle  

Contact angle measurements were performed using an automated goniometer by Ossila Ltd 

(Sheffield, UK). A droplet of 10 μl of wetting liquid was released from a pipette on the surface of 

untreated LDPE as well as surface-modified LDPE films. To assess the wettability of the LDPE-

based substrates two series of measurements were conducted, one using water and the other 

using the prepared coating solutions as wetting liquid. Three to five measurements were 

conducted for statistical reasons.  

FTIR-ATR 

Infrared spectra were collected using a Jasco FT/IR-4700 spectrometer (Pfungstadt, Germany) 

with external equipment for attenuated reflectance (ATR). One hundred sixty-four scans with 

resolution 2 cm-1 in the wave number range of 600-4000 cm-1 were performed. WinSpec 

software (LISE-Facultés Universitaires Notre-Dame de la Paix, Namur, Belgium) was used to 

process the obtain data. Measurements on empty cell were performed and subtracted from the 

FTIR spectra of the films. 

Mechanical properties 

The mechanical properties LDPE uncoated and coated films were assessed using a universal 

tensile testing machine, equipped with 2 kN load cell (Jinan Testing Equipment IE Corporation, 

Jinan, China). Three to five dog-bone specimens were stamped from the LDPE-films, with a cross-

section area equal to 0.24 mm2 and tensioned at a deformation speed of 25 mm/min at 25 C. 

Force (N) and deformation (mm) where recorded during the test. Based on these data and the 

gauge dimensions, Young’ s modulus (E), tensile strength (σuts) and % elongation at break (εb) 

were calculated. 

Antimicrobial properties 

Initially, 100 μL of bacterial population was inoculated from stock bacterial populations of 
Escherichia coli BL21DE3 strain, stored in glycerol, in 5 mL of fresh Lysogeny Broth (LB). After 

incubation at 37 °C, O/N under constant stirring at 180 rpm the pre-culture absorbance was 

measured at 600 nm and diluted with fresh LB so that the new culture reached an optical density 

(OD) of about 0.08 absorbance. The new culture was incubated at 37 °C, under stirring at 180 
rpm, until the bacterial population present an O.D. of 0.2-0.5. The culture was then centrifuged 

53/1602 ©2022 Barkoula et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

at 4,000 rpm for 5 minutes, the bacterial precipitate was restored and redissolved in saline (0.9% 

w/v NaCl). After three successive washes the bacterial pellet was redissolved in an equal volume 

of the culture. Bacterial population samples of 107 CFU/mL were prepared. Approximately 0.5 

mg of each sample, was added into an Eppendorf tube containing 100 μL of the bacterial 
population and it was incubated for 12 hours in a cold chamber. 100μL of bacterial in the 

absence of sample were used as a control. Then, 25 μL of the bacterial population that interacted 
with the sample, were inoculated into 225 μL of fresh LB medium in an Elisa microplate well. 
The microplate was then placed in an incubator chamber at 37 °C and measurements of the O.D. 
at 600 nm were taken after eight hours. 

3. Results 

3.1 Characterization of LDPE substrates before – after treatment 

As aforementioned, the non-polar nature of LDPE may hinder its coating ability and appropriate 

modification methods and/or solvents should be selected for the effective adherence of 

phenolic-based compounds on the proposed films. Figure 1 accesses the wettability of LDPE-

based films as a function of surface treatment based on contact angle measurements with water 

droplets. As observed, untreated LDPE films present contact angles as high as 108, which 

confirms their hydrophobic nature and poor wetting properties with water-based 

solutions/polar liquids [10]. On the other hand, the contact angle of all treated substrates is 

below 60. The smallest angle appears in corona-treated LDPE, while chemical etching with 

sulfuric acid at 50 oC resulted in similar contact angles with those obtained after UV treatment. 

Furthermore, the increase in the temperature of chemical treatment positively affects LDPE 

wettability. The obtained results suggest that surface modification through corona, UV and 

chemical treatment introduce active sites on the LDPE surface that can greatly improve the 

interaction of LDPE with polar substances.  

 

Figure 1. Contact angle of water on as received LDPE films as well as, corona -, UV- and sulfuric 

acid- treated LDPE at 25oC and 50oC. 

To verify the existence of functional groups IR-ATR spectra of as received and treated LDPE films 

were collected and results are shown in Figure 2. New peaks at 1645 cm-1 and 3174 cm-1 are 

observed in Figure 2a for the corona and UV treated samples. These peaks can be attributed to 

the formation of C=N and N-H bonds respectively due to LDPE photo-oxidation [11]. New 

functional groups also appear on chemically etched LDPE as seen in Figure 2b. Specifically, new 

peaks appear at 896 -1 and 1045cm-1. This can be attributed on the formation of sulfoxide groups 

on LDPE surface during chemical modification with sulphuric acid [12]. Based on the above, 
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changes on LDPE wettability can be attributed to the introduction of new polar functional groups 

on the surface during photo-oxidation or during chemical etching. 

 

Figure 2. ATR-FTIR of (a) corona and UV treated LDPE and (b), chemically etched with sulfuric 

acid at 25oC (SA_25) and at 50oC (SA__50), as-received LDPE films are illustrated in both graphs 

for reference. 

Since corona treatment is more effective to reduce the contact angle when water is applied as 

wetting liquid, further studies with bioactive-based solutions as wetting liquids were performed 

on as-received and corona-treated LDPE substrates. As illustrated in Figure 3, contact angle of 

all bioactive-based solutions are below 20 , on both substrates which indicates that effective 

coating can be achieved on untreated LDPE. Solutions based on methanol as a solvent present 

higher contact angles compared to these with ethanol. The observation can be attributed to the 

higher polarity of methanol with respect to ethanol which limits methanol’s interaction with the 
non-polar substrate. 

 

Figure 3. Contact angle of selected bioactive-based solutions on as-received and corona-treated 

LDPE films: a) carvacrol, b) thymol and c) olive-leaves extract -based solutions 

3.2 Characterization of coated LDPE films 

It is well accepted that the mechanical performance of packaging films is of paramount 

importance for their use in different applications. Thus, the effect of coating on the mechanical 

properties of LDPE films is illustrated in Table 1.  
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Table 1: Designation, content of coating solutions, mechanical (E, σuts, εb) and antimicrobial (OD 

at 600 nm) properties of LDPE films coated with bioactive-based solutions – properties of 

uncoated LDPE films are added for reference. Please note that coatings have been performed on 

as-received LDPE films. Control refers to bacterial growth without a sample. 

Designa

tion 
coating solutions 

E  

(MPa) 

σuts 

(MPa) 
εb (%) OD at 600nm 

LDPE - 178±8 20±1 536±7 - 

Control  - - - 0.5±0.0 

CM carvacrol/water/methanol 179±1 20±0 477±26 0.6±0.1 

CMG carvacrol/water/methanol/glycerol 255±9 22±1 611±16 0.4±0.0 

CMT carvacrol/water/methanol/tween 184±9 22±0 610±8 0.1±0.0 

CE carvacrol/water/ethanol 180±1 19±1 520±20 0.6±0.1 

CEG carvacrol/water/ethanol/glycerol 257±3 20±1 601±24 0.5±0.1 

CET carvacrol/water/ethanol/tween 178±13 21±1 602±15 0.1±0.0 

TM carvacrol/water/methanol 180±0 20±4 546±2 0.6±0.1 

TMG thymol/water/methanol/glycerol 257±6 22±1 617±14 0.4±0.0 

TMT thymol/water/methanol/tween 178±18 20±2 536±93 0.1±0.0 

TE thymol/water/ethanol 182±7 21±2 587±19 0.6±0.1 

TEG thymol/water/ethanol/glycerol 258±5 21±1 550±31 0.5±0.1 

TET thymol/water/ethanol/tween 182±7 21±1 587±19 0.1±0.0 

OEM OE/water/methanol 181±2 19±1 536±43 0.5±0.0 

OEMG OE/water/methanol/glycerol 264±2 18±4 445±97 0.5±0.0 

OEMT OE/water/methanol/tween 181±2 19±1 536±4 0.6±0.0 

OEE OE/water/ethanol 173±3 19±1 544±30 0.5±0.1 

OEEG OE /water/ethanol/glycerol 263±7 18±4 489±106 0.6±0.0 

OEET OE/water/ethanol/tween 173±3 19±1 544±30 0.6±0.0 

 

As observed the stiffness of the LDPE films is not significantly affected by the application of 

solutions of bioactive compounds in water/alcohol and/or tween80. Similarly, small variations 

are observed in the tensile strength of respective films, while their elongation at break shows a 

small drop, which is more obvious for coatings containing methanol as solvent. Tween-based 

coatings tend to increase elongation at break while OE-based extracts as bioactive coatings tend 

to slightly deteriorate the elongation at break of the coated films. These variations can be 

explained based on optical observation of the coated films before testing, which revealed that 
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the surface of OE-coated films was not uniform, showing aggregation of droplets in some spots. 

Similar observations are made when methanol is used as solvent. On the contrary LDPE films 

coated with solutions of bioactive compounds with glycerol, present an increase in all 

mechanical properties, which is more pronounced in the case of the stiffness. These findings can 

be linked with the presence of glycerol, which acts as a plasticizer and promotes the uniform 

coating of the substrates. Furthermore, it is speculated that glycerol is beneficial in covering 

scratches and defects on the LDPE surfaces, and thus minimizing stress concentration points that 

could otherwise promote crack initiation and propagation. Tween, as emulsifier, contributes to 

the more uniform distribution of the coating solution on the LDPE surface. 

The antimicrobial efficiency of the coated films can be deduced comparing the OD of the control 

sample with that of the coated LDPE films (see Table 1). As observed, coatings prepared with 

water/alcohol as solvent do not result in any inhibition capability against E. Coli, since OD values 

of the films is close or higher than that of the control sample. On the other hand, when glycerol 

is added in the solution, some inhibition is observed especially in Carvacrol/Thymol-based 

extracts. Interestingly, when Tween 80 is added as emulsifier, very low OD values (app. 0.1) are 

obtained indicating almost 100% inhibition for carvacrol, and thymol containing solutions. OE-

based extracts do not show any significant effect on the antimicrobial behavior of the films. It is 

speculated that in case of solutions with water/alcohol as solvent, the bioactive compounds are 

evaporated during the drying process and very little amounts remain on the surface of the films. 

Glycerol and more importantly Tween interact with the bioactive compounds, which is 

maintained in partially “wet” state, contributing to the inhibition of E-Coli growth. In case of OE-

based extract it is speculated, that since this extract is a mixture of phenolic and non-phenolic 

compounds, its inhibition efficiency is reduced and potentially higher wt.% loadings are required 

to obtain significant improvements in the antimicrobial response of the prepared films.  

4. Conclusions  

Based on the obtained results it can be concluded that although surface modification greatly 

improves the wetting properties of LDPE with water, this is not required since, polar solvents 

such as alcohol/water result in bioactive solutions with very small contact angles and good 

wetting properties of unmodified LDPE films. Coating of LDPE films does not result in 

deterioration of mechanical properties, while antimicrobial properties are greatly dependent on 

the coating solutions. Key to observe significant inhibition of bacteria growth is to obtain a 

coating that keeps the bioactive compound in a “semi-dry” state. This should be further 
elaborated since packaging industry requires films in a dry state.  
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Abstract: This paper investigates the resistance of polymer composites after being soaked in a 

hot (85oC) concentrated (85%wt) phosphoric acid solution, it compares the rate of acid intake by 

different selected polymeric materials, and conduct an analysis on the impact of acid intake and 

elevated temperature on the baseline mechanical properties of the polymer composites. Four 

polymers and polymer composites were selected among the common high-performing polymers 

used in structural applications in this investigation, two of which were 3D printed pure polymers 

while the other two was an injection moulded polymer composite. Investigation proved that 

mechanical properties of the selected polymers was not significantly affected by the absorption 

of the hot acid. The strength and modulus remain unchanged, however, there is a significant 

drop in strength and modulus for the selected polymers when tested under elevated heat 

chamber of 95oC. 

Keywords: Polymers; Polymer Composites; Additive Manufacturing; Chemical-aging; 

Mechanical Properties. 

 

1. Introduction 

Polymers and polymer composites are gaining more acceptance in mechanical components 

industry due to the numerous advantages they possess over the traditional metallic materials. 

The rising cost of maintenance and repair of existing infrastructural systems is driving the push 

for a more reliable and cost-effective materials. Polymers are regarded to be a lightweight 

material and coupled with their high strength, are being regarded as the material needed to 

drive down the ever-rising cost of production and maintenance [1]. This polymer advantage is 

very vital, especially in the Aerospace industry where cost saving is desired without 

jeopardizing the structural integrity of the components [2]. Major companies are now 

switching into polymer technologies to benefits from its versatile cost saving advantage. Effort 

is ongoing within most industries in replacing metallic-based components with advanced 

polymer composites combining with additive manufacturing technology as a productive 

approach for the next generation of engineering components for mining applications [3]. 

Light-weighting is seen as the major source of industrial sustainability in the rotating 

machinery design because of its numerous advantages which includes; Positive effects on 

natural frequency, reduction in rotating weight and inertia, shaft and bearing down-sizing, and 

reduction in alloy material usage, coupled with less energy requirement in the casting of 3D 

printed components as against the traditional casting. Having observed the role of additive 

manufacturing in other industries such as in aerospace industry, 3D printing has now become a 

mainstream tool for producing composite parts quickly and efficiently without the usual waste 

as we have it in traditional manufacturing [3]. Apart from the common reasons of cost-
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effectiveness, streamlined and efficient production processes and the time-saving nature of 

the technology as observed in other industries where this technology have been proven, there 

are other specific advantages these industries has identified to benefit from 3D polymer 

technologies. Some of these specific advantages includes better supply chain management, 

quick turn-around of replacement parts, and reduction in manufacturing lead time [3]. 

Despite the advancement of this non-metallic material, and the fact it is being currently used 

in engineering applications such as in pipes, pipelines, and tanks, long-term resistance against 

hot concentrated chemicals remain extremely challenging for most engineering polymers 

today. Design for this type of applications can be further complicated when the polymers will 

be used to process chemical fluids at elevated temperature. Understanding the structural 

behaviour of polymers and polymer composites in different working environments is a vital 

requirement needed to validate the integrity of polymeric materials in structural applications.  

Many researchers have carried out several test on different high performing polymers and 

have reported polymers to have good corrosion resistance, high strength-to-weight ratio, 

adequate mechanical properties and have ease of handling. But, little or nothing has been said 

in the literatures on how hot concentrated acid can affect mechanical performance of the 

polymers after an extended period of time. M. Amini et all [4] conducted an experimental 

study of the effect of prolonged corrosive media on the glass fiber/polyester at different 

temperature levels of 25 oC, 50 oC and 70oC. The polymer specimen was completely 

submerged into hydrochloric acid solution (10%wt) for various time period. The results 

indicated that the bending strength, ultimate tensile strength, Young’s modulus and hardness 
of the samples decreased when exposed to longer exposure duration and/or higher 

temperature.  

Temperature is another factor that affect the selection of polymers for structural application 

as they are more sensitive to elevated temperatures. In general, load-supporting polymers are 

not suited for long-term use at a temperature higher than their glass transition temperatures 

(Tg). Glass transition temperature is the temperature at which a polymer turns from a rigid 

state into a flexible state. Tg of polymers varies and it is determined by the grades, the curing 

process, and the moisture content. significant performance drop can still occur to polymer 

composites at above Tg. In addition, creep will become more remarked at above Tg, although 

fiber reinforcement can mitigate the creep to large extent if the temperature is not too far 

above Tg [2].  

Fluid-structure interaction of polymers and polymer composites was investigated as part of 

this project through laboratory experiment and testing under coupled thermo-chemical and 

thermo-mechanical environments. The objective of this work is to investigate the resistance of 

polymer composites to 85%wt concentrated phosphoric acid solution with elevated 

temperature at 85oC, compare the rate of acid intake by different polymeric materials, and 

conduct an analysis on the impact of acid intake and elevated temperature on the baseline 

mechanical properties of the polymer composites. 

 

2. Experimental 

2.1 Material 
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The detailed review of different polymer materials database was carried out to generate a list 

of material candidates. These include material software tool known as GRANTA, various material 

handbooks, and online data sources, as well consultations and discussions with polymer 

composites suppliers. A list of selected materials was however selected to be tested. Four 

different high-performing pure polymers and polymer composites were selected and presented 

in this report. They include. 

1. Antero 800 NA – This is a PolyEtherKetoneKetone (PEKK) based thermoplastic with excellent 

mechanical properties and excellent resistant to most industrial chemicals. They are 

manufactured by Additive Manufacturing (AM) method known as Fused Deposited Modelling 

(FDM). 

2. Ultem 1010 – This are high performing Polyetherimide (PEI) thermoplastic with high heat 

resistant and excellent mechanical properties. They are manufactured by Additive 

Manufacturing method known as FDM. 

3. Ketron 30% CF – This is a PolyEtherEtherKetone (PEEK) based thermoplastic polymer. 

Manufactured by injection moulding methods, Ketron is a 30% carbon fiber reinforced grade 

with excellent stiffness and strength. 

4. Victrex 30% CF – This is a high-performance thermoplastic material which is an Aerospace 

grade material. It contains 30% carbon fibre reinforced PolyEtherEtherKetone (PEEK) and can be 

manufactured by injection moulding and extrusion. It is regarded to have a much higher strength 

and modulus than Ketron. 

 

Figure 1 – Polymers under investigation (a) Antero 800NA (b) Ultem 1010 (c) Ketron 30%CF (d) 

Victrex 30%CF. 

2.2 Sample Preparation 

A Type 1 dog-bone tensile bar produced in accordance with standard dimensions as per ASTM 

D638-14 standard. Five different samples were tested for each set of experiment. Each of the 

test samples were taped at the tab section with PTFE tape to isolate the tab section from the 

acid solution. This was to ensure that the chemical acid does not affect the tab area for 

mechanical testing purposes. Sample dimensions (length, breath and thickness) was taken by 

Spi digital Calliper, and the weight was measured by desktop-based Mettler Toledo weighing 

machine. The test specimen was conditioned at standard laboratory atmosphere 23 ± 2°C and 

50 ± 10 % relative humidity prior to the test in accordance with Procedure A of Practice D618. 
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The test was conducted in the standard laboratory atmosphere of 23 ± 2°C and 50 ± 10 % 

relative humidity.  

2.3 Exposure Condition 

The specimens were completely submerged into hot concentrated acid (85% wt.) for up to 

2000hrs. Some sets of samples were monitored every 24hours to capture the time the fluid 

intake become saturated. Some others monitored at the end of every 168hours. The sealed 

container which contained the acid solution and samples was placed in the water bath with 

constant temperature of 85oC. 

2.4 Exposure Condition 

Visual inspection of conditioned specimen was observed according to ASTM D638-14. 

Discolouration of the test medium, the formation of sediments of the samples and surface 

crack, softening of specimen were physically observed after chemical immersion. An initial 

discolouration will demonstrate extraction of soluble composites.  

2.5 Tensile Testing 

The tensile test was carried out on the baseline samples as well as on the chemical conditioned 

samples. Test was carried out using the 50kN Mechanical Tester (Instron Electromechanical 

5969) electromechanical system with a maximum loading capacity of 50kN and equipped with 

fully integrated video extensometer for contactless measurements. Both Type 1 and Type V 

tensile testing bars was tested using the appropriate strain rate as per ASTM D638-14. Three 

samples were tested for each condition, and the average values are presented. See Figure 2b 

for a typical tensile test machine. 

2.6 Microstructural Characterization 

The surface topology of the samples was observed in a scanning electron microscope (Leitz 

Ergolux microscope) from Microscope Systems Limited, UK for detecting physical/surface 

change due to chemical exposure. The microscope was able to pick the solution absorptions on 

the surface of the specimens. 

2.7 3D Printing Orientation 

It is worth noting that, the behaviour of a 3D-printed polymer materials in chemical solutions is 

affected by the printing orientations adopted during the printing process. There are three 

printing orientations applicable in every additive manufactured product as shown in Figure 2a. 

2.8 Thermo-chemical Testing 

The four polymers were conditioned in a hot concentrated acid solution up to 2000 hours. The 

Weight changes were monitored daily and weekly, the weight percentage versus conditioning 

time are presented in the results section. Initial weight of the samples was taken prior to 

conditioning and the weight after were taken immediately the coupons were removed from the 

container jar and after they were rinsed and dried. Similar behaviour of absorption was observed 

for after rinsing/drying and before rinsing/drying as presented in Figure 4 and 5. The thickness 

and width change remain insignificant. No loss of substrate was observed for the four polymers 

and the colour of the acid solution did not change.  
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2.9 Thermo-mechanical Testing 

Understanding the behaviour of polymer composites in extreme temperature environment was 

also considered in this work, this is to evaluate how tensile properties, such as strength and 

modulus have been affected by increased temperature. Tensile testing of the polymers at room 

temperature was carried out using the 50kN Mechanical Tester (Instron Electromechanical 

5969) and the same tester with a heating chamber was used to perform the tensile test at 95oC. 

The variation in mechanical properties in response to the increased temperature was recorded. 

Figure 6 presents the graph which shows how strength of polymer materials was affected by 

elevated temperature. 

3 Test Results 

3.1 Chemical Solution Absorption Rate 

Figure 3 presents the graph which represents rates of chemical intake by the four selected 

materials with all materials tested to at least 2000hrs of chemical conditioning. Acid intake for 

polymer composites is seen to be less than that in the pure polymers as observed in the 

absorption graphs. The increased fluid intake observed in the pure polymers is due to the 

presence of voids in the crystals of the pure polymers. Also, comparing the two pure polymers, 

it is seen that Antero (PEKK) behaved better in the acid solution, in terms of acid intake than, its 

PEI (Ultem 1010) counterparts. Moreover, for both pure polymers, it is observed that the 

OnEdge (XZ) printing orientation absorbs less fluid than the Upright (ZX) orientation. Hence, the 

acid intake is affected by the printing orientation. 

 

 

Figure 3 – Chemical Intake Graphs of selected polymers after 2000hrs conditioning (a) weight 

change versus conditioning time, (b) maximum acid intake before specimen rinsing/after 

specimen rinsing 

 

63/1602 ©2022 Aje et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

Figure 2 – (a) 3D Printing orientation, (b) Instron Mechanical Test Machine 

 

3.2 Performance Retention Rate 

Mechanical testing of the baseline materials and the chemical conditioned materials were done 

using the 50kN Instron tensile testing machine, (Instron Electromechanical 5969). Baseline data 

(strength and modulus) for all four selected materials was obtained from the tensile testing and 

were recorded. Conditioned samples of the four selected materials were also tested after 

reaching the targeted conditioned period of 2000 hours. The variation in strength and modulus 

for both the baseline and the conditioned samples were obtained and recorded. The data was 

used to determine the chemical effects on the selected materials in term of performance 

retention rate.   

From figure 4a & 4b, it is seen that the tensile strength and young modulus of the selected 

materials does not significantly reduce after 2000 hours of chemical conditioning. Also, Young’s 
modulus unchanged for selected materials after 2000 hours conditioning. There was about 20% 

increase in modulus for Ketron material after 2000 hours conditioning, further test of Ketron 

also confirm this increase.  Further test was carried out on Ketron material to be sure that the 

unexpected increase in modulus was not due to measurement error. The ketron material was 

left in the chemical solution under constant elevated temperature of 85oC for 2000hrs without 

interruption. The results show similar trend with the previous measurements. Figure 4c presents 

the graph which includes the data for the interrupted Ketron measurement. 

3.2 Tensile Testing with Heating Chamber 

In addition to room temperature tensile testing of the polymers using the 50kN Mechanical 

Tester (Instron Electromechanical 5969), the same tester with a heating chamber was used to 

perform the tensile test at 95oC. The variation in mechanical properties in response to the 

increased temperature was recorded. Figure 4d presents the graph which shows how strength 

of polymer materials was affected by varying temperatures. 
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Figure 4 – Test Results after 2000hrs of chemical conditioning (a) Tensile strength, (b) Young 

Modulus, (c)Young modulus- uninterrupted measurement, (d)Tensile strength at room and 

elevated temperature. 

4 Discussion of Test Results 

The results presented in this paper clearly shows that, although, the phosphoric acid solution 

does not significantly reduce the mechanical properties of the polymers under investigation, 

they however, degrade significantly with increased temperature. Material stiffness and strength 

is very critical when deciding on the materials of construction in structural applications. Also, 

the effect of continual use of such materials in an operating environment must be put in 

consideration when making this important decision. The summary of the tensile results has 

proved that the, for the materials under investigation, the reduction in strength and modulus 

can be as high as 50% reduction when used in a condition with temperature up to 95oC. Hence, 

in designing a component with the polymers and polymer composites under review, under such 

elevated temperature, a lower value of strength and modulus should be used rather than the 

baseline strength and modulus data. 

5 Further Work Required 

This paper has been able to prove that the selected materials have excellent chemical resistance 

to 85% phosphoric acid at 85°C in static condition. Static condition is a state where there is no 

load application on the specimens. But, in the actual operating scenario, the material under 

investigation will be subjected to series of mechanical loads including dynamic loads. Further 

work is required to see how these materials will behave in the same concentrated solution but 

under operating load. 
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Abstract: During liquid composite moulding technologies, solid flame retardant (FR) particles 

can be filtered by the reinforcing structure during the injection. This can be avoided by using 

liquid-only FRs (e.g. resorcinol bis(diphenyl phosphate), RDP) or applying FRs in a coating. 

Intumescent gelcoats offer excellent fire performance, but they often contain lots of fillers, 

making the gelcoat brittle and rigid, which leads to cracking and detaching. We prepared epoxy 

gelcoats containing ammonium polyphosphate (APP) and RDP to control the viscosity, hardness, 

and thus the flexibility of the gelcoats. We prepared samples with 10% overall P-content with 

different ratios of APP and RDP. Our goal was to determine which combinations resulted in a 

viscosity low enough for spraying without a diluent and proper fire performance. The most 

promising compositions were sprayed onto carbon fibre-reinforced epoxy composites, and their 

fire performance was investigated using mass loss type cone calorimetry (MLC). 

Keywords: flame retardancy; multifunctional gelcoat; carbon fibre reinforced composites; 

phosphorus-containing flame retardants 

1. Introduction 

Carbon fibre reinforced epoxy resin composites are mainly used in aircraft engineering as 

structural components to replace metal parts. The high flammability of epoxy resins implies the 

critical need to effectively flame retard them while maintaining their mechanical properties [1]. 

Previous halogen-containing systems are increasingly being replaced by halogen-free flame 

retardants such as phosphorus (P). In addition to providing adequate flame retardancy, these 

materials pose fewer environmental and health risks when used. Some composite 

manufacturing technologies, such as hand lamination or wet compression moulding, are not 

productive enough for the aerospace industry; the difficult reproducibility and time-consuming 

parts production make these methods not profitable. There are more productive manufacturing 

technologies, such as liquid composite moulding methods (RTM, VARTM). However, if these 

technologies are used to process resins containing solid FRs, the solid particles may become 

trapped in the reinforcing structure during injection and may be filtered [2,3]. Particle filtration 

can be avoided by not adding flame retardants to the matrix material of the composite or by 

using liquid-only flame retardants (such as resorcinol bis(diphenyl phosphate), RDP) and/or 

applying a flame retardant coating/gelcoat on the component's surface. Still, there may be other 

advantages: in an intumescent coating, foaming is not inhibited by the reinforcing structure, and 

the foaming itself does not cause delamination; the coating protects the component and does 

not significantly affect the mechanical properties [3]. Although excellent fire performance can 

be achieved with intumescent gelcoats, they often contain a high amount of fillers, making the 

gelcoat brittle and rigid. The flexibility of these flame retarded gelcoats is crucial during the 

application because if the gelcoat is damaged, it cannot fulfil its protective function. 
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In our previous research [4], we studied the possibilities of applying the FRs in a separate layer 

on carbon fibre reinforced composites, and we prepared gelcoats containing both APP (acting 

in the solid phase) and RDP (acting mainly in the gas phase) since we found that the combination 

of APP and RDP has synergistic effects on the fire performance. In this study, our goal was to 

determine the composition with a low-enough viscosity to be applied by spraying without a 

diluent and providing proper fire performance. We prepared gelcoat samples with 10% overall 

P-content in different ratios of APP and RDP and investigated the viscosity, the thermal 

behaviour and the fire performance of the gelcoat materials. The most promising compositions 

were applied on non-flame retarded (reference) and flame retarded, carbon fibre reinforced 

epoxy resin composites made by vacuum infusion. The fire performance of the coated 

composites was carried out by mass loss calorimetry tests (MLC). 

2. Materials and methods 

2.1 Materials 

We used Sicomin SG715 BLANC epoxy gelcoat with Sicomin SD802 hardener as reference and 

basis for the FR gelcoat formulations. The gelcoat was supplied by Poly-Matrix Ltd, Budapest, 

Hungary. 

As matrix resin system for the composites a tetrafunctional pentaerythritol-based epoxy resin 

(PER; IPOX MR3016; producer: IPOX Chemicals Ltd, Budapest, Hungary; main component: 

tetraglycidyl ether of pentaerythritol; viscosity at 25 °C: 0.9-1.2 Pas; density at 25 °C: 1.24 g/cm3; 

epoxy equivalent: 156-170 g/eq) with a cycloaliphatic amine hardener (IPOX MH 3122; producer: 

IPOX Chemicals Ltd, Budapest, Hungary; main component: 3,3’-dimethyl-4,4’-
diaminodicyclohexylmethane; viscosity at 25 °C: 80-120 mPas; density at 25 °C: 0.944 g/cm3; 

amine hydrogen equivalent: 60 g/eq). The composite samples were prepared with unidirectional 

carbon fibre reinforcement (PX35FBUD030 consisting of Panex 35 50 k rovings, areal weight: 

300 g/m2; supplier: Zoltek Ltd, Nyergesújfalu, Hungary) in [0]5 layup in each sample. 

We used two phosphorus-based flame retardants: solid ammonium polyphosphate (APP; trade 

name: NORD-MIN JLS APP; producer: Nordmann Rassmann, Hamburg, Germany; P content: 31-

32%; average particle size: 15 µm) and liquid resorcinol bis(diphenyl phosphate) (RDP; trade 

name: Fyrolflex RDP; producer: ICL Industrial Products, Beer Sheva, Israel; P content: 10,7%). 

2.2 Methods 

To investigate the viscosity, thermal behaviour and fire performance of the gelcoats, we 

prepared gelcoat matrix samples. Components were mixed according to the stoichiometric ratio 

recommended by the distributor (100:27). In the case of FR gelcoats, the FR additives were 

mixed into the epoxy component, and then the hardener was added. The prepared mixtures 

were poured into a silicone mould and cured for 24 h at room temperature. However, the 

hardener component was not added to the mixture for the viscosity measurement to avoid 

curing in the device. The prepared samples were the following: 
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• SG715_REF 

• SG715_5P_APP_5P_RDP 

• SG715_6P_APP_4P_RDP 

• SG715_7P_APP_3P_RDP 

• SG715_8P_APP_2P_RDP 

• SG715_9P_APP_1P_RDP 

• SG715_10P_APP 

Sample names were built according to the following scheme: GELCOAT BASE_P-CONTENT IN 

MASS %_APP_P-CONTENT IN MASS %_RDP (e.g. SG715_6P_APP_4P_RDP means that the 

gelcoat base was the SG715/SD802 system, which contained 6% phosphorus from APP and 4% 

P from RDP). 

For the coating process, composite sheets were made by vacuum infusion using a flexible 

vacuum bag. The reinforcement layers were stacked in [0]5 layup. To promote and help the 

mould filling and the proper wetting of the reinforcement layers, we heated the resin mixture 

for 10-15 minutes at 60 °C to decrease its viscosity. We cured the samples for at least 24 h at 

room temperature under a vacuum before demoulding. 

The coated composite sheets were prepared using a spraying gun (nozzle diameter: 2 mm) 

operating with compressed air (compressed air pressure: 2 bar). We repeated the spraying 

process until the proper thickness (approx. 500 µm) was achieved. The gelcoat thickness was 

continuously measured with a wet film thickness gauge. 

The temperature dependence of the viscosity of the gelcoats was investigated by parallel plate 

rheometry using a TA Instruments AR2000 device (New Castle, DE, USA). We used a temperature 

range of 25-80 °C with a temperature ramp of 5 °C/min and a shear rate of 0.1 s-1. 

The thermal behaviour of the gelcoats was investigated by differential scanning calorimetry 

(DSC; TA Instruments Q2000 device, New Castle, DE, USA) and thermogravimetric analysis (TGA; 

TA Instruments Q500 device, New Castle, DE, USA) both in a nitrogen atmosphere. The DSC 

measurements allowed us to determine the effect of the changing APP:RDP ratio on the glass 

transition temperature (Tg) and the crosslinking characteristics of the gelcoats. We used a 

heat/cool/heat cycle in each case: first heating from 25 °C to 250 °C with a heating rate of 3 
°C/min; cooling from 250 °C to 0 °C with a cooling rate of 10 °C/min; second heating from 0 °C 
to 250 °C with a heating rate of 10 °C/min. The crosslinking characteristics were determined 
from the first heating, while Tg was determined from the second heating. The effect of the 

APP:RDP ratio on the thermal stability of the gelcoats was investigated by TGA. The samples 

were heated in a temperature range of 25-800 °C with a heating rate of 20 °C/min. 

We investigated the effect of the APP:RDP ratio on the fire performance of the gelcoat by 

standard limiting oxygen index (LOI) test, UL-94 flammability test and mass loss type cone 

calorimetry (MLC). The size of the samples used for the LOI test was 120 x 15 x 4 mm. We 

determined the LOI according to ASTM D2863: the oxygen index is the lowest volume fraction 

of oxygen in an oxygen-nitrogen gas mixture at which the sample burns for more than 3 minutes 

or burns for a 50 mm section on the specimen during the test. UL-94 tests were according to 

ASTM D3801 and ASTM D635 standards to determine the fire performance of the gelcoats in 

horizontal and vertical test setups. The dimensions of the samples were 120 mm x 15 mm x 4 
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mm. The UL-94 classifications in increasing order are HB, V-2, V-1 and V-0. The MLC tests were 

performed using an instrument from FTT Inc. (East Grinstead, UK), according to ISO 13927. In 

the case of the gelcoats and the coated composites, a constant heat flux of 25 and 50 kW/m2 

was used, respectively. Gelcoat samples were 100 x 100 x 2 mm, while the coated composites 

were 100 x 100 x 2.5 mm in size. We used spark ignition during the test. The heat release rate 

and mass loss were continuously tracked along the burning process. 

3. Results and discussion 

3.1 Viscosity of the gelcoats 

Although we determined the temperature dependence of the dynamic viscosity of the gelcoats, 

it is essential to mention that these materials are usually used at room temperature. Therefore, 

only the viscosity values at 25 °C are shown in Figure 1. 

 

Figure 1. Dynamic viscosity of the gelcoats at 25 °C 

The recommended application of SG715 gelcoat is brushing, as its viscosity is relatively high, and 

the solid APP dispersed in the resin further increases it, making the gelcoat unsuitable for 

spraying. However, the viscosity of the gelcoat can be adjusted by the addition of a diluting agent 

that evaporates during crosslinking, which makes spraying application possible. It is clear from 

the results that the dynamic viscosity of the gelcoats increases with the increasing APP ratio. On 

the other hand, the increasing ratio of RDP leads to a significant reduction of viscosity; therefore, 

the gelcoat becomes sprayable without diluent. In addition to viscosity reduction, RDP also 

eliminates the risk of forming solvent inclusions, as there is no need to dilute further the resin, 

which also results in a more compact gelcoat microstructure. Based on the results, we concluded 

that the gelcoats containing 6%P APP + 4%P RDP and 7%P APP + 3%P RDP could be suitable for 

spraying without diluting. 

3.2 Thermal behaviour of the gelcoats 

We performed DSC tests to determine the glass transition temperature and crosslinking 

enthalpy of the gelcoat samples. To better compare the results, we added the specific 

crosslinking enthalpy (h'spec) to the list of results disregarding the amount of flame retardants 

since they reduce the crosslinkable material ratio of the resin (Table 1). 
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Table 1: DSC results of the gelcoats (Tpeak: temperature of the exothermic peak; h': reaction 

enthalpy; Tg: glass transition temperature) 

Gelcoat 
Tpeak 

[°C] 

h' 

[J/g] 

h'spec 

[J/g epoxy] 

Tg 

[°C] 

SG715_REF 75 188 188 97 

SG715_5P_APP_5P_RDP 80 51 135 89 

SG715_6P_APP_4P_RDP 77 64 147 97 

SG715_7P_APP_3P_RDP 75 83 167 90 

SG715_8P_APP_2P_RDP 73 102 183 107 

SG715_9P_APP_1P_RDP 72 141 228 119 

SG715_10P_APP 74 174 255 120 

 

The addition of flame retardants did not affect the exothermic peak temperature, as it ranged 

72–80 °C for all samples. The increasing ratio of APP led to increasing Tg. This can be explained 

by the well-dispersed spherical APP particles in the gelcoat [5] and the reduction in the RPD 

ratio. Due to the plasticising effect of RDP, it can decrease the Tg; therefore, lowering the ratio 

of RDP leads to higher Tg. The addition of flame retardants resulted in lower crosslinking reaction 

enthalpy compared to the reference since the ratio of epoxy resin capable of crosslinking 

decreased. 

We determined the temperature at 5% and 50% weight loss (T-5%; T-50%), the maximum mass loss 

rate (dTGmax) and its temperature (TdTGmax) (Table 2). 

Table 2: TGA results of the gelcoats 

Gelcoat 
T-5% 

[°C] 

T-50% 

[°C] 

dTGmax 

[%/°C] 

TdTGmax 

[°C] 

Char yield 

at 800 °C 

[%] 

SG715_REF 299 375 1.1 346 23.9 

SG715_5P_APP_5P_RDP 233 345 0.7 301 31.8 

SG715_6P_APP_4P_RDP 224 375 0.7 307 31.8 

SG715_7P_APP_3P_RDP 229 388 0.7 310 36.8 

SG715_8P_APP_2P_RDP 274 390 0.7 319 39.0 

SG715_9P_APP_1P_RDP 243 399 0.6 309 39.1 

SG715_10P_APP 300 475 0.9 329 43.2 
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The sample with 10%P APP started to decompose at the same temperature as the reference 

gelcoat; however, the samples containing both APP and RDP had 10-20% lower T-5%, indicating 

the different decomposition mechanisms of RDP and APP. The presence of RDP lowers the 

decomposition temperature, which is compensated by increasing APP content. The addition of 

flame retardants increased the T-50% of all samples except the one with 5% P APP and 5% P RDP. 

The results clearly show that the applied FRs reduce decomposition rate, which can be an 

essential feature in a fire event, as the gelcoat burns more slowly, leaving more time for 

evacuation. 

3.2 Fire performance of the gelcoats 

We investigated the flammability properties of the gelcoat samples with limiting oxygen index 

and UL-94 tests. The results are summarised in Table 3. 

Table 3: LOI and UL-94 classifications of the gelcoats 

Gelcoat 
LOI 

[V/V%] 
UL-94 class. 

SG715_REF 21 HB (23 mm/min) 

SG715_5P_APP_5P_RDP 35 V-0 

SG715_6P_APP_4P_RDP 40 V-0 

SG715_7P_APP_3P_RDP 46 V-0 

SG715_8P_APP_2P_RDP 50 V-0 

SG715_9P_APP_1P_RDP 65 V-0 

SG715_10P_APP 62 V-0 

 

All FR samples achieved V-0 (self-extinguishing) classification in the UL-94 tests, which is 

promising, but not surprising given their 10% P-content. The limiting oxygen index results 

indicated that the optimal APP:RDP ratio is 9:1. The maximum LOI was reached by this 

composition, with a 30% increase from the gelcoat with an 8:2 FR ratio. The mixed FR 

formulations performed better than the gelcoat with 10% P APP, which can be explained by the 

combined solid and gas-phase effect of the flame retardants [5]. 

We analysed the fire performance of the gelcoat samples using mass loss calorimetry. Contrary 

to the composite samples, a heat flux of 25 kW/m2 was used, as we expected high levels of 

foaming due to the high FR content. The heat release rates of the gelcoats are shown in Figure 

2. 
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Figure 2. The heat release rate of the gelcoat matrices 

During the experiment, the burning of the FR gelcoats was accompanied by intensive foaming 

and char forming. They also showed a significant reduction in the peak heat release rate and 

total heat release. While the reference sample had the highest pHRR (428 kW/m2), the flame-

retarded gelcoats only reached the 150–200 kW/m2 range. Interestingly, the gelcoat with 7% P 

APP + 3% P RDP reached the lowest pHRR (141 kW/m2), which is 67% lower compared to the 

reference. There is no significant difference between the TTI of the samples; the only exception 

is the sample with 5% P from both FRs, which ignited more than 20 s earlier than all other 

samples. The reduced TTI can be explained by the gas-phase mechanism of RDP. In addition, the 

increased amount of RDP significantly reduces the crosslinking density, which can also lead to 

lower decomposition temperature. Moreover, the FR gelcoats showed an increased time to 

pHRR and a more elongated, lower heat release. In terms of applicability and fire performance, 

the proper ratio of APP to RDP in the gelcoat matrix is either 6:4 or 7:3; therefore, in the next 

phase of our experimental work, we used these two gelcoat formulations to coat the 

composites. 

3.3 Analysis of the coated composites 

In the case of the coated composites, a heat flux of 50 kW/m2 was used during MLC. The chosen 

composite samples (vacuum infused with 3% P RDP and a non-FR reference) were coated in 0.5 

mm thickness with two different gelcoat matrices (6%P APP + 4%P RDP and 7%P APP + 3%P RDP) 

using a spray gun. The heat release rate of these coated composites is shown in Figure 3. 

 

Figure 3. The heat release rate of the coated composites 
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The pHRR of the flame-retarded samples was in the range of 188–200 kW/m2, and their THR was 

between 35 and 39 MJ/m2. On average, the application of the FR gelcoats lowered the pHRR of 

the PER reference composite by 20%. As for the PER composite with 3% P RDP, the 6:4 gelcoat 

could lower the pHRR to the same extent as in the case of the coated reference, but the other 

gelcoat (7:3) reached as high pHRR as the PER reference composite without coating. In this case, 

the addition of a further flammable layer could not be compensated by the flame retardant 

content of the gelcoat. The lowest pHRR (188 kW/m2) among the FR coated samples was 

reached by the PER_REF_6P_APP_4P_RDP. It achieved a pHRR reduction of 22% compared to 

the uncoated PER reference composite and a 6% reduction compared to PER_REF_7P_APP 

3P_RDP. The MLC results indicated that the gas-phase effect of 3% P RDP in the gelcoat was 

insufficient to reduce pHRR effectively; therefore, 6:4 is the preferred flame retardant ratio in 

the gelcoat formulation. Overall, the fire performance of both reference and FR composites was 

improved by applying FR gelcoats; however, the effect of the gelcoats was more significant in 

the case of the reference composite. These results show that it is not necessary to incorporate 

RDP in the composite matrix of the coated composites. The application of flame-retardants in 

the coating alone is sufficient to protect the composite. 
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Abstract: Hybridisation of different fibres have been shown to increase the functionality of 

composites [1]. Tested in this study was the combination of carbon and glass SMC material, 

where a sandwich like material was created, using the stiffer carbon fibres as the skin material 

and the glass fibres as a core. Two types of glass fibre SMC where tested, one with a fibre volume 

content of 40wt% and the other with a 35wt%. They were combined with a carbon SMC with 

47wt%. The glass fibre material to carbon fibre material was 50%- 50%. The composite was 

tested in tensile and bending loading conditions and under impact. The tensile and impact results 

showed, as expected, a hybrid who performance lies between that of carbon and glass, though 

there was a large variation in all tests. The bending results show that the hybrid composite with 

50% glass was on a par with the pure carbon SMC (Modulus 24GPa, Strength 370MPa). The 

hybrid with glass 35% lay between carbon and glass in both modulus and strength. The bending 

condition was also simulated, and the result compared well to those found experimentally.  The 

hybrid composite system was then tested in a more complex part with a hat profile and ribs and 

a bending test used to assess performance. The hybrid carbon-glass modulus and strength were 

close to or on a par with pure carbon SMC when the differences in weight were taken into 

account. This hybrid system makes use of the fact that recommendation for using carbon SMC is 

to have a net coverage between 50 to 70% and that the out of plane flow is small. The advantage 

is a considerable reduction in the cost of raw material, whilst the impact on performance and 

weight is marginal. 

Keywords: Sheet moulding compound; hybrid composites; fracture testing; 

1. Introduction 

The weight of electric vehicles (EVs) is a constant challenge, given that as much carrying capacity 

as possible needs to be given to batteries. Carbon fibre composites allow a step change in 

lightweighting however price is a major factor when introducing carbon fibre composites in the 

car industry. This requires both efficient manufacturing and reducing raw material costs. One 

way to address this is to use SMC to provide a rapid, press manufacturing method and to mix 

carbon SMC with glass SMC to reduce costs, whilst maintaining performance and lightweight. 

To this end, this study investigates the possibility of creating a SMC hybrid in the form of a 

sandwich. New carbon fibre SMC have a high fibre volume content and it is recommended that 

the charge cover is 70% of the tooling area. This minimises flow from one layer to another and 

means it should be possible that a sandwich like structure in the SMC materials is maintained 

through the manufacturing processing to the final structure. This type of hybrid composites has 

been studied earlier and have shown in many cases a positive hybridization effect [1] but most 

literature is on continuous fibres.  
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2. Method  

2.1 Laminar plates 

The materials used were a styrene free carbon SMC from Toray (XMT-000A-20) with a carbon 

fibre content of 47 wt.% (38 vol%) and two types of glass fibre SMC from Polynt one with a 

35 wt.% (20 vol%) glass fibre content (HUP 25/35 RN-1090/43702) the other with a 50 wt.% (32 

vol%) glass fibre content (HUP 25/50 RN-1090/43701). The tool had a shear edge allowing 

pressure to build up in the material and produced flat rectangular parts of 300x 400 x 3 mm. The 

SMC charge was place in the centre of the tool in different arrangements. Each stack had plies 

of carbon in the centre and plies of glass SMC as outer layers. The sizes of the stacks were as 

shown in Table 1 and two of each plate were manufactured. 

Table 1: Description of manufactured plates 

 

Description %v of Carbon %v of glass charge size 

LowFlow_LC1G50 30% 70% 18 x 30 

LowFlow_HC1G50 50% 50% 25 x 35 

HighFlow_LC1G50 30% 70% 32 x 8,3 

LowFlow_LC1G35 30% 70% 18 x 30 

LowFlow_HC1G35 50% 50% 25 x 35 

HighFlow_LC1G35 30% 70% 32 x 8,3 

LowFlow_G50 0% 100% 25 x 35 

LowFlow_G35 0% 100% 25 x 35 

LowFlow_C 100%   0% 28 x 40 

The tool temperature was 150 °C and the stack was pressed at 2mm/min then held at a pressure 

of 100 bars for 5 mins to ensure a full cure. The final thicknesses of the parts were between 2.7 

and 2.8 mm. The hybrid plates selected for testing were the LowFlow_HC1G50 & 

LowFlow_HC1G35 as well as the carbon only and glass only plates. These were tested in 3-point 

bending, tensile and impact. The specimens for 3-point bending were cut from both of the two 

plates manufactured, 10 specimens from each, 5 in a longitudinal direction and 5 in a transverse 

direction. For the tensile test, 10 specimens were taken from each material except for the hybrid 

with glass 35%, where only 2 specimens were taken. The tests were carried out in accordance 

with ASTM D3039/D3039M-08 on an Instron machine with a load cell of 100 kN and with 

mounted strain gauges. For the impact tests, the specimens used were as shown in Table 2.  
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Table 2: Description of specimens used in impact test 

SMC composite Impact E=1.8 J Impact E=5.8 J “Quasi-static” impact Width x Length 

(mm) 

Thickness/(CV) 

mm/(%) 

Pure Glass 35%  1 spec 4 specs 1 spec 50 x 75 2.73 (3%) 

Pure Glass 50% 1 spec 3 specs 1 spec 50 x 75 2.74 (2%) 

Pure Carbon  1 spec 3 specs 1 spec 50 x 75 2.94 (5%) 

Hybrid Carbon/G35 

(LowFlow_HC1G50) 
1 spec 3 specs 1 spec 50 x 75 2.80 (2%) 

Hybrid Carbon/G50 

(LowFlow_HC1G35) 
1 spec 3 specs 1 spec 50 x 75 2.76 (3%) 

 

For the impact test a Shimadzu 50 kN load cell with an Ø8mm impactor was used on a window 

size of 62.5x 37.5 mm. A target energy = 5.8 J was set, and a mass of 1.529 kg was dropped from 

a height of 0.39 m. The deflection was measured with a laser on the back face of the specimen 

and the impact energy evaluated from the speed and the mass of the impactor. 

2.2 Complex form 

The complex form used was a hat shape beam with ribs at 45 degrees across the centre of the 

beam as seen in Figure 1(a).    

 

 

 

 

 

 

 

The design was used to represent a possible arrangement of a side vertical wall on a battery box 

and hence the load case is as shown in the Figure 1(b). The component was tested in bending 

(Figure 1(b)). The distance between the supports was 850mm and the test was carried out at a 

constant loading speed of 100mm/min. 

3. Results 

3.1 Plates 

Where the arrangement had a lower carbon content or with a small charge, resulting in a high 

flow, the plates where much more uneven and a hybrid structure was not achieved. Testing 

(a) (b) 

Figure 1: (a) Hat shaped component with ribs (b) loading case 

(a) (b) 
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therefore focused on the plates where a hybrid structure was achieved. Figure 2 shows a typical 

hybrid plate and a cross sections of the samples for the low flow, high carbon plates (50% 

carbon-50% glass).  

As can be seen, a sandwich structure was achieved in most but not all parts of all sections. 

 

 

 

 

 

 

 

Figure 3 show the results of the flexural test of the different specimens. They show that the 

hybrid materials in modulus and strain behave similarly to the carbon SMC material. In flexural 

strength, the hybrid with 35% glass is slightly lower than the carbon and hybrid with 50% glass 

but given the high variation the difference is not significant.   
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Figure 2: (a) One of the hybrid plates (b) side view of a stack of samples from the hybrid plate 

Figure 3: Results of the bending test 
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Figure 4 shows representative curves from the tensile test. The modulus changes at around 0.2% 

for all but the carbon SMC material hence the modulus before and after this point are given.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The tensile modulus for the initial part of the curve shows a hybridisation effect where the glass 

50% is on a par with the pure carbon. The second part of the modulus show a rule of mixtures 

like behaviour with the carbon having the highest values going down as the fibre volume and 

fibre type change to the 30% glass results. The tensile strength is not positive, with the strength 

of both hybrids being on a par or lower than the glass only composites. 

The results of the impact tests followed a similar trend to that of the tensile tests with the carbon 

plates showing the least damage, followed by the hybrid glass with 50%, hybrid glass with 35% 

and then the glass 50% and glass 35%. The only material to show a significant difference 

between static and dynamic loading was the glass with 35% (Figure 5 (a)). It can also be seen 

that the hybrid glass with 50% absorbed as much energy as the carbon at maximum deflection 

as shown in Figure 5 (b). 
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Figure 4: Results of the tensile test 
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3.1 Complex form 

For the complex form, the sandwich structure of the material was maintained in most of the 

structure as can be seen in Figure 1(a) with only small areas on the flanges where glass appears 

on the surface.  The results bending test of the complex form are shown in Figure 6. There was 

some variation in the amount of material used due to differences in the shape of the preforms 

used and the weighs are included in the legend in Figure 6(a). However, it can be seen that the 

hybrid material performed well and on a par with the carbon SMC, when weight is taken into 

consideration (Figure 6(b). 
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Figure 5: (a) Comparison of the dynamic and quasi-static impact test for 35%glass plate. 

(b)average work-deflection in impact of the different materials 

Figure 6: (a) Load -displacement curve from the bending test of the hat profiles made with the 

different materials. (b) Specific max load of the different hat profiles in bending 
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4. Conclusion 

The results show that a sandwich structure is maintained through the manufacturing process to 

the final part if a ratio of 50% glass SMC to 50% carbon SMC is used. This is maintained even in 

complex forms. However, with higher content of glass, the distribution becomes uneven.  

The results in bending give the most positive hybrid effect. The impact and tensile test follow a 

more rule of mixture type behaviour. There does appear to be a lack of strength in tensile in the 

hybrid materials however in the complex form, where the structure is designed for bending, the 

hybrid effects are strong for flexural strength. The performance is maintained in these types of 

components.  Thus, glass can be introduced without affecting the lightweighting advantages of 

using carbon SMC and cost savings can be achieved. This is a positive result to build on and the 

next move would be the introduction of recycled carbon in place of the glass to achieve a more 

sustainable composite with positive hybridisation effects.  
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Abstract: The effect of angle and thickness of plies are investigated on the fracture energy 

release rate (ERR) in mode II of carbon/epoxy prepreg laminated composites using finite element 

modelling. The ply’s angle of = 0o, 22.5o, 30o, 45o, 60o, and 90o with 4 different thicknesses are 

investigated. The finite element modelling is done using the virtual crack closure technique 

(VCCT) to evaluate the asymmetric effect. The overall stiffness of the laminates is designed to 

have the least difference from the Mode II standard ASTM test. The results show that by 

increasing the thickness of the plies, the asymmetric effect and consequently the mode I/Mode 

II loading contribution is increased. The results show that ERR is decreased by increasing both 

angle and thickness of the plies. This understanding can help in designing composite materials 

with better delamination resistant properties under different loadings such as low-velocity 

impact. 

Keywords: Laminated composites; finite element modelling; ERR; Ply thickness effect; Ply angle 

effect 

1. Introduction 

Low-speed impact, manufacturing defects and other factors will cause interlaminar 

delamination that reduces the load-carrying capacity of laminated composites. Delamination is 

due to weakness in through-the-thickness direction of these laminates (1). Delamination 

resistance in terms of ERR or fracture thoughness has been studied in different studies (2,3).  
Impact-induced delamination tends to be dominated by mode-II fracture (4). ASTM D7905 

standard using end notch flexure (ENF) test is mostly used to calculate the mode II ERR (5). This 

standard is devoted to unidirectional laminated composites, being convenient with uniform 

crack growth and high contribution of mode II.  Meanwhile, multidirectional laminates are 

mostly used in application and delamination occurs between plies of different angles (6). There 

are different studies on the mode II behaviour of multidirectional laminated composites. Chen 

et al. (7) investigated multidirectional carbon epoxy laminated composites with four kinds of ply 

angles (0°//−0°, 15°//−15°, 30°//−30°, and 45°//−45°) using the ENF test. They showed higher 

mode II ERR for variable angles  of plies. Another ENF test on multidirectional carbon epoxy 

AS4/3501-6 laminated composites and 0// θ interfaces showed decreasing trend for energy 

release rate by increasing the off-axis angle (8). Marom et al. Showed a similar trend for mode 

II ERR for glass, carbon and kevlar laminated composites (9). Ozdil et al. (10) tested glass epoxy  
specimens with θ // - θ interfaces for delamination starter interfaces and showed three times 

ERR increasing for the angle variation from 0° to 45°. Pereira et al. (6) performed finite element 

and experimental analyses on glass epoxy ENF specimens with starter delamination on θ //- θ 
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and 0//θ interfaces. They reported increasing values for ERR mode II for both designed 

configurations by increasing θ. 

Previous works show various issues and contradictory results for the mode II ERR of 

multidirectional laminated composites. Meanwhile, to the best knowledge of the authors, there 

is no comprehensive work on ply’s angle and thickness effect on mode II ERR of laminated 

composites. In this study, the main objective is to study the angle and thickness effect 

simultaneously. Standard D7905/D7905M test is to calculate ERR mode II, GII, using ENF test 

(11). According to this standard, unidirectional zero-degree plies of polymeric composites should 

be used for manufacturing the specimens to study a pure mode II behavior. When the 

delamination starter interface consists of different plies’ angles, ERR is affected by bending-

twisting and membrane–bending couplings (3,6) which generates asymmetric behavior. By 

generating asymmetric behavior, mode I contributes to the total ERR increases. Hence, in this 

study, thicker specimens are chosen to reduce the asymmetry effect. 

 

2. Finite Element Modelling 

Standard D7905/D7905M test is to calculate ERR mode II, GII, using end-notched flexure (ENF) 

test (11). According to this standard, unidirectional zero-degree plies of polymeric composites 

should be used for manufacturing the specimens to study a pure mode II behavior. When 

delamination starter interface consists of different plies’ angle, ERR is affected by bending-

twisting and membrane–bending couplings (3,6) which generates asymmetric behavior. By 

generating asymmetric behavior, mode I contribution to the total ERR increases. Hence, in this 

study thicker specimens are chosen to reduce asymmetry effect. The samples consist of 32 plies 

with an overall thickness of 4 mm. The stacking sequences of [016-n/θn//016] and ply’s angle of θ 

= 0o, 22.5o, 30o, 45o, 60o, and 90o are chosen (see Figure 1). Where n indicates the non-zero 

layer’ number being 1 to 4 and // indicates the location of the inserted crack.   

 

Figure 1. Schematic of the designed specimens 

Modelling was constructed by Abaqus software 3D 8-node brick elements. As it is shown in 

Figure 2 schematically, ENF specimens have been modelled with the length and width of 125 

and 25 mm respectively. 30 mm crack length is considered from the supporting roller to the end 

of the crack and the span between the supporting rollers is 100 mm. A displacement of 4 mm 

was applied on the specimen and a general static solver was employed. Material property was 

defined for IM7/8552 carbon/epoxy pre-pregs according to Table 1. 

 

Table 1. Material properties of IM7/8552  𝐸11 = 161Gpa   E22 = E33 = 11.4Gpa 𝜗12 = 0.3   𝜗12 = 0.436 𝐺12 = 𝐺13 = 5.17𝐺𝑃𝑎     𝐺23 = 3.98𝐺𝑃𝑎 
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𝜌 = 1.6𝑔/𝑐𝑚3 

 

 

Figure 2. Schematic the ENF test and an experimental view of a ENF test. 

Local basic single mesh was applied on the length of the specimens to reduce the element size 

around the crack tip to get accurate results (see Figure 3). Whole of the specimen was meshed 

with 8-node linear brick, reduced integration, and hourglass control (C3D8R). 

 
Figure 3. A zoomed area: smaller mesh sizes approaching the crack tip. 

 

To calculate the ERR mode I, mode II, and mode III, i.e., GI, GII, and GIII, Virtual Crack Closure 

Technique (VCCT) was used. Normal behaviour with hard contact and tangential behaviour with 

a friction coefficient of 0.3 was defined for the interaction property between the rollers and the 

specimen. Small sliding and finite sliding were also employed for the cracked surfaces and the 

rest of the interactions respectively. The energy release rates are calculated using Eq. (1) to Eq. 

(3), the components of the equations are shown in Figure 4. 

 𝐺𝐼 = 12∆𝐴 𝑅𝑌∆𝑣                   (1) 𝐺𝐼𝐼 = 12∆𝐴 𝑅𝑋∆𝑢                   (2) 𝐺𝐼 = 12∆𝐴 𝑅𝑍∆𝑤                   (3) 
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Figure 4.  Crack geometry to calculate ERR using VCCT method (12). 

3. Results and discussion 

Load displacement graphs in Figure 5 show that changing angle and thickness of the plies affect 

the elastic response. By replacing the central plies’ angle, elastic stiffness of the specimens is 
decreased, and this exceeds by increasing the plies’ thickness as well. Table 2 show the 

maximum load achieved for each of the specimens and  

Table 3 indicates how much the elastic response/maximum load varies by changing the angle 

and thickness of the plies. For the sample with lower angles i.e., 22.5o and 30o, this variation is 

up to 10% for all the thicknesses, while it is doubled for 90o specimens, reaching 16.20% for the 

specimen with four 90o plies. 

Table 2. Maximum load of each of the specimens (extracted form Figure 5) 

                n 
 𝜃° 

1 2 3 4 

22.5 22.8744 22.314 22.3444 21.4417 

30 22.717 22.0542 21.4312 20.9232 

45 22.485 21.6495 20.9185 20.3314 

60 22.3444 21.4463 20.6502 20.0332 

90 22.2383 21.2739 20.4143 19.5966 
*Units are in N and maximum load for the standard (all zero) ENF test is 23.39 N.  

 

Table 3. Stiffness/maximum load difference in % vs the standard (all zero) ENF test's 

configuration for each of the specimens. 

                n 
 𝜃° 

1 2 3 4 

22.5 2.20 4.60 4.45 8.30 

30 2.87 5.70 8.36 10.50 

45 3.85 7.43 10.55 13.06 

60 4.46 8.30 11.70 14.34 

90 4.90 9.00 12.70 16.20 
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Figure 5. Load displacement graphs of the investigated specimens.  

In addition to load and stiffness, energy release rate behavior is investigated. Mode III 

contribution is negligible for all the specimens. As an example, Figure 6 shows GIII distribution 

over total ERR (GIII+GII+GI) for the specimen with four 90o plies (90_4) as the extreme case in 

this study. GIII proportion is around 2.5 percent at the edges of the specimen which reaches 

rapidly to around zero at the central part of the crack tip. Distribution of GI/GII is shown in Figure 

7. The figure shows GI proportion increases with increasing the ply angle and thickness for all 

the specimens. For the angles of 22.5o to 60o, except for the edges (due to edge effect), the 

average of this proportion is under 10% for all the ply’s thicknesses, but for the 90_4 specimens, 
this proportion reaches to around 13%. These figures show the current study as a fair one to 

understand ply and thickness effect on GII behavior. 
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Figure 6. Mode III ratio (GIII=G) along the width of the specimen at the crack tip. 

 
Figure 7. Mode I to mode II ratio (GI=GII) along the width of the specimens at the crack tip. 

Distribution of GII/G at the crack tip is presented in Figure 8. There is usually an oscillatory 

distribution for the stress component of delamination between plies of different angle. This 

mostly depends on the crack closure increment (6,13).  The GII/G graphs show that oscillatory 

behavior is more considerable for the lower angles i.e. 22.5o and 30o (see Figure 8). Hence, for 

the specimen with 22.5o plies, the graphs are smoothed for better demonstration. The average 

mode II proportion is above 90% of the total ERR except for specimen 90_4, showing a high 
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contribution of mode II. The higher the plies’ degree, the smoother behavior is visible for the 

specimens. 

 
Figure 8. Mode II ratio (GII=G) along the width of the specimens at the crack tip 

It is noteworthy that, the specimens with 90-degree plies show different behavior for GII/G 

distribution. For all the plies’ angles, there is a high value at the edges of the crack, but the 90o 

specimen have a converse behavior. At the crack edges, contribution of mode II is higher than 

the central part of the crack tip.  

4. Conclusions 

This study aimed to investigate the effect of interface angle and thickness of the adjacent plies 

on the delamination behaviour of ENF specimens using finite element method. ENF specimens 

with configuration of [016-n/θn//016] where θ = 0o, 22.5o, 30o, 45o, 60o, and 90o, and n=1, 2, 3, 4 

were modelled based on ASTM standard test. Afterwards, VCCT technique was used to calculate 

ERR for modes I, II, and III.  Mode III proportion was negligible and mode I proportion was roughly 

under 10% for the specimens apart from the specimen with n=4 and θ=90o. It is concluded that 

the ERR value of 0//0 interface were larger than those of the other interfaces. Furthermore, 

maximum load and stiffness of the specimens decreased by changing the plies’ angle and 
increasing the thickness.  
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Abstract: The different characteristics of high and low thickness laminates means it is often 

optimal to process them under different conditions.  Processing parts with tapered thicknesses 

can therefore be an issue as the entirety of the part must be processed in the same environment.  

To better understand how a processing environment can be optimised to minimise 

inhomogeneity across a tapered part, sensitivity analyses and Monte-Carlo simulations were 

performed.  The sensitivity analyses showed how changes in key processing parameters affect 

the sensitivity of cure time to part thickness under different conditions.  The results gave strong 

evidence to suggest that environments with a high heat transfer coefficient and a cure cycle 

designed for thick laminates were the most conducive to producing tapered parts with the 

greatest spatial uniformity.  Results from the Monte-Carlo simulations showed the  cure cycle 

recommended for thick Hexply M21 laminates was suited to most tapered parts but was highly 

conservative. 

Keywords: Thermoset; Curing; Modelling 

1. Introduction 

In many applications it is desirable for a composite part to be tapered, such as with an aircraft 

wing skin or wind turbine blade, in order to account for the decreasing lift generated towards 

the tips.  Given the entirety of a part must be cured in the same environment, it is of great 

practical importance to know the characteristics of the curing environment that will result in the 

most desirable properties throughout the finished part.  For example, to minimise the 

inhomogeneity in the degree of cure across the final part the aim will be to create a processing 

environment that minimises the cure time disparity between the thickest and thinnest sections 

of the part. 

The curing process of thermoset parts is driven by temperature, as part thickness increases the 

reduced ability to dissipate exothermic heat causes greater transverse temperature 

inhomogeneities, leading to greater through thickness cure time variability.  To mitigate this, it 

is common practice to use cure cycles with lower ramp rates and pre-dwells as parts become 

thicker.  However, when a part is tapered the need for a gentler cure cycle will vary across the 

part, thus introducing a trade-off between part quality and processing efficiency.  The question 

to be answered being, is it optimal to tailor the cure cycle for the thickest section thereby 

maximising quality throughout or does the optimal cycle lie somewhere between the two 

extremes?  The answer depends on the desired outcome and the material being considered. 

This study considers the processing of a tapered composite laminate made with Hexply M21, a 

high-performance epoxy system that is representative of the class of particle interleaf material 

systems.  The desired outcome considered here was maximising manufacturing efficiency 
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through minimising cure time, while keeping the temperature overshoot below 10⁰C to avoid 

melting the thermoplastic particles.  For superior fidelity, analysis considers uncertainty in 

material properties and processing conditions, therefore the aim is framed accordingly, 

achieving a cure time with minimum mean while avoiding temperature overshoots of 8⁰C (lower 

to account for thermocouple uncertainty) or more in 95% of cases. 

The datasheet for Hexply M21 contains two cure cycle recommendations depending on the 

thickness of the part, the scenario is explored where the dimensions of a tapered part cover the 

thickness domains of the two cycles, and when each of the cure cycles should be used to achieve 

the desired outcome.  In addition, a more general analysis is conducted to identify how different 

combinations of processing conditions affect the sensitivity of cure time to part thickness with 

the aim of establishing processing environments that are most conducive to minimising degree 

of cure variability in a tapered part. 

Method 

Finite Element Model 

The curing process in the Hexply M21 carbon fibre laminates were modelled using a finite 

elements model that coupled transient heat transfer with cure kinetics.  The assumption of 

negligible thickness change during each simulation was used to simplify the heat transfer 

analysis to a 1D problem [1]. 

The geometry of the 1D model is represented in Figure 1, it consisted of a homogenised 

M21/IMA carbon fibre reinforced epoxy laminate in ideal contact with a tool. Simulations were 

performed with tool thicknesses between 5 and 15mm, with properties representative of invar 

and a carbon fibre reinforced epoxy composite.  Results were reported at the five equally spaced 

points across the laminate domain shown in Figure 1, this enabled the variations of cure time 

and temperature overshoot across the thickness to be computed. 

 

Figure 1.  The geometry used in the finite element model (case of 20mm part thickness and 

10mm tool thickness) 

Cure Kinetics Model 

The cure kinetics model for Hexply M21 that was used (Eq. (1)) was based on a variant of the 

Kamal and Sourour equation [2] and was successfully formulated and validated by Mesogitis et 

al [3]. 𝑑𝛼𝑑𝑡 = 𝑘1(1 − 𝛼)𝑛1 + 𝑘2𝛼𝑚(1 − 𝛼)𝑛2 

Where α is the degree of cure, n1, n2 and m are reaction orders, and k1 and k2 are reaction 

constants which are composed of a diffusion term in addition to a chemical term to capture the 

effect of diffusion rate limitation phenomena [3], both have Arrhenius temperature 

dependence.  The diffusion term is defined as in Eq. (2). 

(1) 

(2) 
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𝑘𝐷 = 𝐴𝐷exp (− 𝐸𝐷𝑅𝑇) exp (− 𝑏𝑤(𝑇 − 𝑇𝑔) + 𝑔) 

Where AD is the pre-exponential constant, ED is the activation energy of the diffusion process, R 

is the universal gas constant, T is temperature, Tg is glass transition temperature and, b, w and 

g are constants.  There is a chemical term for each reaction constant, they are defined in the 

same manner as Eq. (2) but without the second exponential.  An initial degree of cure of 1% was 

assumed. 

Heat Transfer Model 

The heat equation used for the composite domain is shown in Eq. (3). 

𝜌𝐶𝑝 𝑑𝑇𝑑𝑡 = 𝑘 𝑑2𝑇𝑑𝑥2 + ℎ(𝑇 − 𝑇∞) + 𝐿 𝑑𝛼𝑑𝑡  

Where 𝜌 is the effective density, 𝐶𝑝 is the specific heat capacity, k is the transverse thermal 

conductivity.  The values of these parameters for M21 were obtained in the material 

characterisation conducted by Mesogetis et al [3].  The second term on the right-hand side 

represents the convective boundary condition, h is the convective heat transfer coefficient and 

T∞ is the cure cycle temperature at time t.  The final term, containing volumetric latent heat 𝐿 

and degree of cure 𝛼 represents the exothermic heat generated during the curing reaction and 

is responsible for the coupling between the heat transfer model and the cure kinetics model.  

Volumetric latent heat is defined in Eq. (4). 𝐿 = 𝜌𝑚(1 − 𝑣𝑓)𝐻𝑇 

Where 𝜌𝑚 is the density of the matrix, 𝑣𝑓 is the fibre volume fraction and 𝐻𝑇 is the total heat 

reaction obtained through differential scanning colorimetry measurements [3].  Eq. (4) without 

the last term on the right-hand side was used for the tool domain.  The solution of the model 

involved convective boundary conditions and an initial temperature of 293K through the 

thickness. 

Sensitivity Analysis 

Sensitivity analyses were used to identify the set of processing parameters that minimised the 

influence of part thickness on the cure time.  Cure time was defined as the time required to 

reach a degree of cure of 90% across the thickness.  For different sets of processing parameters, 

cure time was predicted with part thicknesses of 5mm and 25mm, in each case the sensitivity 

was calculated using these values. 

The independent variables considered were convective heat transfer coefficient, tool thickness 

and tool material, each with two levels.  The cure cycle was also varied, the two cure cycles 

specified in the Hexply M21 datasheet were used, one for laminates with thicknesses less than 

15mm, the other for laminates with thicknesses between 15 and 48mm.  The cure cycle for 

thinner laminates consisted of a 2⁰C per minute ramp to 180⁰C, followed by a 120-minute dwell 

at 180⁰C and finishing with a 5⁰C per minute cooldown.  The cure cycle for thicker laminates 

consisted of a 1⁰C per minute ramp to 150⁰C, an initial 180-minute dwell at 150⁰C, a 1⁰C per 
minute ramp to 180⁰C, a 120-minute dwell at 180⁰C and a 5⁰C per minute cooldown. 

(3) 

(4) 
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A central difference approximation of the sensitivity of cure time to part thickness was used for 

the analysis, the metric is defined in Eq. (5). 𝑑𝜃𝑑𝜙 = 𝜃(𝜙 + Δ𝜙) − 𝜃(𝜙 − Δ𝜙)2Δ𝜙 = 𝜃(𝜙 = 0.025) − 𝜃(𝜙 = 0.015)0.02  

Where 𝜃(𝜙) is cure time when part thickness is φ and Δ𝜙 is the amount by which the part 

thickness was shifted.  Central difference was used to capture the sensitivity of cure time to part 

thickness in the thickness domains of both cure cycles using a single metric. 

To ensure the parameter space was thoroughly explored, analysis was conducted following the 

full-factorial experiment design shown in Table 1.  The two levels assigned to each parameter 

are shown in Table 2.  The lower heat transfer coefficient value was informed by industrial oven 

data and the higher by industrial autoclave data to provide values that were relevant to each 

environment.  The two sets of properties given to the tool were obtained from the literature [4] 

and were intended to represent invar and a cured carbon fibre reinforced epoxy laminate, these 

properties are presented in Table 3. 

To isolate the influence of the independent variables during the sensitivity analyses the 

remaining parameters were fixed, ensuring the chosen parameter was the only source of 

variability. 

Table 1. A full factorial experiment to determine the processing environment cure time and 

temperature overshoot are least sensitive to part thickness 

Experiment No. Cure Cycle HTC Tool Thickness Tool Material 

1 - - - - 

2 - - - + 

3 - - + - 

4 - - + + 

5 - + - - 

6 - + - + 

7 - + + - 

8 - + + + 

9 + - - - 

10 + - - + 

11 + - + - 

12 + - + + 

13 + + - - 

14 + + - + 

15 + + + - 

16 + + + + 

 

(5) 
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Table 2. The key defining the two levels of the independent variables in the full factorial 

experiment (Table 1) 

 - + 

Cure Cycle t < 15 mm 15 < t < 48 mm 

HTC 35 Wm-2K-1 150 Wm-2K-1 

Tool Thickness 5 mm 15 mm 

Tool Material Invar Composite 

 

Table 3. Properties assigned to the tool materials in the heat transfer sub-model 

Tool Material ρ [kgm-3] Cp [Jkg-1K-1] k [Wm-1K-1] 

Invar 8100 505 12 

Carbon fibre reinforced epoxy composite 1550 800 0.7 

 

Stochastic Simulations 

The model described above was incorporated into a stochastic framework, COMSOL Livelink for 

MATLAB enabled the model to be called repeatedly via a MATLAB script, allowing stochastic 

data to be generated using the Monte-Carlo method.  Monte-Carlo trials were performed with 

cure kinetics and processing parameters being treated as normal random variables with means 

and variances derived from experimental data, this is in accordance with a number of previous 

studies [5, 6].  The means and variances for the cure kinetics parameters were obtained from 

differential scanning calorimetry data for M21 [3], those for the processing conditions were 

obtained from measurements within industrial ovens and autoclaves.  Simulations were 

performed with part thicknesses between 5 and 45mm in 10mm increments for both 

recommended cure cycles.  A convergence analysis was used to show 500 Monte-Carlo trials 

were sufficient to ensure the output distributions produced were repeatable. 

The objective was to determine which cure cycle would minimise the cure time while producing 

temperature overshoots exceeding 8⁰C less than 5% of the time.  Temperature overshoot was 

defined to be the maximum temperature difference above the 180⁰C dwell temperature 

through the thickness. The value of cure time and temperature overshoot were captured for 

each trial.  The results for the two outputs were analysed to ascertain the statistical parameters 

of interest. 

2. Results and Discussion 

Sensitivity Analysis 

The sensitivity of cure time to part thickness for each experiment in Table 1 is shown in Figure 

2.  The clearest feature in Figure 2 is that the sensitivity in the first half of experiments is 

significantly higher than in the second, that is with all other dependent variables the same, the 
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sensitivity of cure time to part thickness was consistently lower with the cure cycle 

recommended for thicker laminates. 

With the thicker laminate cure cycle, it is evident that the increase in heat transfer coefficient 

leads to a reduction in sensitivity.  This trend is also observed with the thin laminate cure cycle 

apart from with the thicker tool, as in experiments 3 and 7 where the tool was invar and, 4 and 

8 where the tool was composite. 

The influence of tool thickness appears clear with the thick laminate cure cycle, a thicker tool 

causing an increase in sensitivity.  This same trend is observed for the experiments with the thin 

laminate cure cycle with higher heat transfer coefficient, but the opposite is observed with the 

lower heat transfer coefficient. 

Finally, the effect of going from an invar tool to a composite tool was generally to increase 

sensitivity.  The only exception to this in the data presented was when going from experiment 5 

to 6, where the heat transfer coefficient was representative of an autoclave and the thinner tool 

was used. 

Overall, the results from the sensitivity analysis indicated that of the processing environments 

considered, those in experiment 13 produced the lowest sensitivity of cure time to part 

thickness.  Suggesting that homogeneity in a tapered thermoset composite part is maximised 

when processing it on a thin, low conductivity tool in an environment with a high heat transfer 

coefficient using a cure cycle with gentle heating ramps and pre-dwells.  However, the closeness 

of experiments 14, 15 and 16 indicate that heat transfer coefficient and the selection of cure 

cycle were the most influential parameters.  These results point to the suitability of autoclaves 

for producing tapered parts with uniform quality, due to the ability to augment the heat transfer 

coefficient with applied pressure.  Despite general superiority of the thick laminate cure cycle 

the conditions during experiments 3 and 6, that is low heat transfer coefficient and a thick invar 

tool and, high heat transfer coefficient and a thin composite tool respectively, presented a 

promising compromise between part uniformity and processing efficiency. 

 

Figure 2. The sensitivity of cure time to part thickness in each processing environment of the full 

factorial design 
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Stochastic Analysis 

The mean cure times of the 500 Monte-Carlo trials performed using the two cure cycles with 

part thicknesses from 5 to 45mm are shown in Figure 3.  The higher ramp rates and lack of a pre-

dwell in the thin laminate cure cycle resulted in mean cure times that were significantly shorter.  

Cure times were generally similar with the two tool materials, but slightly faster with the 

composite tool, the lower conductivity made temperature overshoots more likely.  Increasing 

tool part thickness was also shown to have a small influence on the mean cure time, however, 

a slight positive correlation was evident. 

 

Figure 3.  Mean cure time of 500 Monte-Carlo trials with the thin and thick laminate cure cycles 

Given the dominance of the thin laminate cure cycle for minimising cure time, it was necessary 

to use the temperature overshoot criteria to select the appropriate cure cycle in each case.  The 

thin laminate cure cycle was prone to cause larger temperature overshoots, in most cases 8⁰C 

was exceeded significantly more than the 5% limit.  The only cases that did not violate the limit 

were part thicknesses of 5 and 15mm with an invar tool.  When the tool was composite, the 

thick laminate cure cycle was required in all cases.  This difference was due to the lower 

conductivity of the composite tool stifling the dissipation of exothermic heat.  On the other 

hand, with the thick laminate cure cycle the temperature overshoot criteria was satisfied in all 

cases. 

Therefore, despite the significantly lower processing efficiency depicted in Figure 3, to produce 

acceptable tapered composite parts that have thicknesses outside the 5 and 15mm range or 

when a low conductivity tool is used, the cure cycle designed for thick laminates must be 

followed.  The large difference of the two cure cycles and the universal applicability of the thick 

laminate cycle, suggests that for the majority of the tapered parts in the specified 15-48mm 

thickness range this cycle is too conservative and much greater efficiency could be achieved 

without violating the temperature overshoot criterion. 
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3. Conclusion 

To determine which combination of the chosen processing parameters resulted in an 

environment where cure time was least sensitive to part thickness, a campaign of sensitivity 

analyses was conducted.  Clear trends for two of the individual parameters were apparent, these 

were that the higher heat transfer coefficient and the cure cycle recommended for high 

thickness laminates consistently resulted in a lower sensitivity and were therefore more 

conducive to part uniformity.  These results gave evidence to suggest that with the parameters 

considered, processing environments with both a heat transfer coefficient representative of an 

autoclave with high pressure (i.e., around 7bar) and the Hexply M21 cure cycle recommended 

for thicker laminates would produce the most uniform tapered parts.  Weaker influences were 

observed for tool material and tool thickness, as such there was no a clear result as to which of 

the environments with these features would be optimal. 

Stochastic simulations showed that the thinner laminate cure cycle resulted in significantly 

lower cure times.  However, the unacceptably large temperature overshoots in the majority of 

cases meant that the thick laminate cure cycle was almost always required.  The thick laminate 

cure cycle produced acceptable temperature overshoots for all part thicknesses considered with 

both the invar and composite tools.  The universal applicability of this cycle suggested it was 

overly conservative in most cases.  Consequently, future work could investigate a means of 

tailoring cure cycles to tapered parts with thicknesses in the considered thickness 
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Abstract: Low interfacial properties between fiber and matrix and possible interlaminar failures 

like delamination cracks have been considered as major problems of fiber-reinforced laminated 

composites. To promote low fracture toughness and interlaminar properties of fiber-reinforced 

polymers (FRPs), we aim to investigate the influence of different approaches using both carbon 

nanotubes (CNTs) and cellulose nanocrystals (CNCs) and their synergistic effect on the 

interlaminar properties of FRPs. In this study, unidirectional woven glass fiber/epoxy composites 

manufactured by vacuum infusion process (VIP) are toughened by grafting CNTs on fibers (fuzzy 

CNT) by chemical vapor deposition (CVD) and by dispersing CNT/CNC mixture in the polymer 

matrix. The samples investigated in this study include neat glass fiber epoxy composite (GFE), 

fuzzy glass fiber epoxy composite (FGFE), and neat glass fiber CNT/CNC reinforced epoxy 

composite (GFCCE) which are compared in terms of short beam shear strength.   

Keywords: Carbon nanotubes (CNTs); cellulose nanocrystals (CNCs); chemical vapor 

deposition (CVD); vacuum infusion process (VIP); fuzzy CNT; polymer composites 

1. Introduction 

Fiber-reinforced polymers (FRPs) play a significant role in particular applications where low 

weight and high strength are essential owing to their substantial stiffness and specific strength. 

However, they typically suffer from low interlaminar mechanical properties, yielding low 

fracture toughness and delamination cracks between plies in the out-of-plane direction [1,2]. To 

promote low fracture toughness and interlaminar properties of FRPs several strategies have 

been proposed including fiber surface modification and matrix and/or interlayer toughening by 

means of integration of nanomaterials such as carbon nanotubes (CNTs) [3,4]. Possessing not 

only excellent mechanical properties like specific strength and stiffness but also superlative 

thermal and electrical features of CNTs them to be the most preferable toughening materialS in 

aerospace applications [5]. CNTs can be integrated into composites in two different ways: direct 

growth on fibers (fuzzy structure) and dispersion in polymer matrices, where the combined 

effect of these strategies has been investigated by only a few studies [1,2,6,7]. Among these 

reinforcing strategies, CNT-integration into matrix has been found to be one of the most 

prominent methods, given that through-the-thickness properties of composites are matrix-

dominated. Even though CNT integration has an excellent effect on composite materials, some 

difficulties occur during may the dispersion process due to the high aspect ratio (>1000) and 

excessively large surface area of CNT [8].  
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In addition to CNTs, cellulose-based alternative nanoparticles such as cellulose nanocrystals 

(CNCs) are being considered as well to enhance the interfacial interactions between glass fiber 

and epoxy, thus properties of polymer composites [9,10]. CNCs are abundant in nature, exhibit 

high mechanical properties, high surface area and aspect ratio, and low density [11]. 

Furthermore, CNCs can interact with both apolar CNTs and polar solvents because of polar and 

apolar groups in their own chemical structure [12]. Although CNT dispersion within polymer 

matrices is challenging, CNCs have proven to help achieve better dispersion and stabilize the 

CNTs in polymer matrices [13]. 

In this study, unidirectional woven glass fiber composites manufactured by VIP are toughened 

by grafting CNTs on fibers by chemical vapor deposition (CVD) and by dispersing CNT/CNC 

mixture in the polymer matrix. Neat glass fiber epoxy composite (GFE), fuzzy glass fiber epoxy 

composite (FGFE, and neat glass fiber CNT/CNC reinforced epoxy composite (GFCCE) are 

produced and their illustrations are shown in Figure 1.  

 

Figure 1 Illustration of different reinforcing strategies a) neat GF epoxy composite (GFE), b) 

Fuzzy GF and epoxy (FGFE), c) neat GF CNT/CNC reinforced epoxy composites (GFCCE) 

The morphological, viscoelastic and mechanical characterizations of the prepared composites 

were carried out using scanning electron microscopy (SEM), dynamic mechanical analyzer 

(DMA) and short beam shear test (SBS) under three point bending test. 

2. Experimental 

2.1 Growth of Fuzzy CNT on Glass Fiber and Production of FGFC Samples 

To synthesize CNTs directly on bidirectional glass fiber woven (Dost Kimya, 200 g/m2), the 

catalysis process was performed on the surface of a fabric with dimensions of 4 cm width and 

18 cm length, by immersing into catalysis solution for 20 minutes. Fe catalyst particles in a 50mM 

solution of iron nitrate (Fe(NO3)3⋅9H2O) in isopropyl alcohol (C3H8O) were used to grow fuzzy 

CNTs onto the glass fiber fabrics. After that, the Fe coated fabrics were dried at 30 °C for 8 hours 

in a furnace.  

For the CVD process, the coated fabrics were placed at the predetermined hot zone of the quartz 

tube. Helium (He), hydrogen (H2), and ethylene (C2H4) gasses were used in the synthesis of CNTs 

on the glass fibers for purging, nucleation, and growth, respectively. The CNT growth protocol 

can be summarized as follows:  

I. The CVD furnace was heated to 86°C in 2 minutes and purged under constant 

temperature and 1000 sccm of He for two minutes. 

II. The temperature was increased to 650 °C within five minutes while 

simultaneously introducing 1600 sccm of He and 1000 sccm of H2. After reaching 
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650 °C, the airflow was continued for an additional 17 minutes to create 

nucleation sites. 

III. After the nucleation is completed, 400 sccm of C2H4 fed to the system for 15 

minutes to achieve CNT growth, which wwas followed by cooling of the system. 

The above mentioned procedure is illustrated in Figure 2 which was used to achieve direct CNT 

synthesis on glass fiber fabrics.  

 
Figure 2. CVD procedure schematic figure 

After the CVD process, glass fiber fabrics were cut into the desired size (4x3.5 cm) for the 

production of composite. In composite fabrication, two types of composites were considered 

where the first one consists of only fuzzy GF layers while the second one comprises five fuzzy GF 

layers in the middle and neat GF layers as the exterior. In both cases the number of layers was 

15. After the VIP process, the fiber weight fraction of the composites was calculated as ~66%. 

2.2 Preparation of CNT/CNC Integrated Epoxy Dispersion and Production of GFCCE Samples 

For dispersion, CNTs and CNCs with 1:1 ratio were stirred into distilled water using a mechanical 

stirrer. Then, the obtained solvent was sonicated by an ultrasound sonication device with 25 

seconds on - 35 seconds off pulse under 30% amplitude for 20 minutes. After that, the solvent 

was evaporated in a fume hood at approximately 80 °C, and CNTs/CNCs in the remaining part of 

the dispersion were dried at 80 °C for 8 hours to evaporate the remaining distilled water. Finally, 

coarse particles of CNTs/CNCs were grinded to dust form for dispersion in the epoxy. 1 wt. % 

CNTs (0.5 wt. %) and CNCs (0.5 wt. %) epoxy dispersion was prepared with different cycles that 

include an ultrasound sonication device with 10 seconds on - 25 seconds off pulse under two 

different amplitude values (20% and 40%) for 1 minute and a mechanical mixer operated at 1000 

rpm for 3 minutes. 

As-prepared dispersion was infused in to glass fiber fabric by VIP. During the VIP process, 

increased viscosity of the CNTs/CNCs dispersion hindered an adequate flow which resulted in 

incomplete wetting of the fabrics under vacuum. This problem was referred to as the filtration 

effect by Fan et al. [17] who also proposed a novel method to overcome the problem. In this 

work, the proposed method was adopted in which a second vacuum chamber was utilized. The 

second vacuum chamber helps create gaps between fiber layers because of the pressure 
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differences, creating paths for dispersion to travel. Additionally, for the resin flow, the dispersion 

was fed by an injector rather than the infusion, eliminating the filtration effect. The adopted 

method is referred to as the syringe feeding method in this study. The details of the classic 

VARTM and the adopted composite production methods are shown in Figure 3.  

Prior to composite fabrication, the 2-component MGS L160/H160 thermoset resin was put into 

the sonication process and then the sonication process was continued until it was integrated 

into the system. Since the syringe feeding method was to be used in the composite fabrication, 

5x5 cm glass fiber fabrics were placed on the glass mold and taken into a vacuum by placing peel 

ply and infusion mesh. After the first system was put into the vacuum, the resin inlet was 

combined with syringes and closed, and the resin outlet was closed by attaching a clamp. Then, 

since the system was to be taken into a second vacuum, a second vacuum bag was placed around 

the determined area and a second vacuum area was created carefully to prevent any leakage. 

After the dispersion was injected into the system, the resin inlet was closed. Due to the low 

permeability of the fabrics in the vacuum area, second vacuum was applied and the air inlets 

and outlets were closed. The second vacuum caused the pressure of the first vacuum to 

decrease and the gaps of the compressed fabric area to increase. After the expansion in the first 

vacuum area, the injected dispersion was kept at room temperature for 45 minutes. At this 

stage, the dispersion was able to wet the fabrics sufficiently. Then, the second vacuum was 

eliminated slowly and it was ensured that the first vacuum area was kept intact. Finally, the first 

resin outlet was opened, the excess dispersion within was withdrawn and the system was 

closed. After all these processes, the fabric soaked with the dispersion was left to cure for 24 

hours at 25°C.  

 

Figure 3. Composite fabrication methods a) classic VIP, b) the adopted method with syringes 

and second vacuum area 

2.3 Testing of Composites 

Morphological analysis was performed to ensure that the desired fuzzy CNT was formed on the 

fabric by using Scanning Electron Microscope (Thermo Fisher Axia SEM) with a secondary 

electron detector (10.000 kV, 100 and 5000 mag.). 

DMA tests were performed using a TA Instruments DMA 850 test machine with a dual-cantilever 

fixture in the frequency range of 1-100 Hz at 25 °C to observe the effects of nanomaterials on 

the dynamic mechanical properties of nanocomposites. 

The short beam shear test was performed using a Shimadzu universal test machine according to 

ASTM D2344 standard to report interlaminar shear strength (ILSS) of GFEC (baseline) and FGFE 
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and GFCCE samples. The test was applied under three-point bending at a cross-head speed of 1 

mm/min until a load drop-off of 30 % was achieved.  

3. Results and Discussion 

3.1 Morphological Analysis 

SEM analysis results showed that the successful growth of fuzzy CNTs on fibers was achieved 

with the optimized CVD process parameters including the nucleation and growth times, 

temperature, and the amount of gasses. Fuzzy CNTs on the glass fibers are shown in Figure 4. 

Figure 4.  Morphological analysis of fuzzy CNT structure on glass fiber fabric 

3.2 Dynamic Mechanical Analysis (DMA) Results 

To determine and ensure the dispersion quality of CNT/CNC dispersion and to estimate its effect 

on the glass fiber composites, dynamic mechanical properties of nanocomposite samples were 

investigated. The storage modulus of 1 wt. % CNT/CNC epoxy (0.5 wt. % CNT and 0.5 wt. % CNC) 

with 20% and 40% sonication amplitude samples and the neat epoxy were shown in Figure 5. 

  

Figure 5. a) The comparison of storage modulus of neat epoxy and 1 wt. % CNT/CNC epoxy with 

20% and 40% sonication amplitude, b) The comparison of storage modulus of neat epoxy, 1 wt. 

% CNT-Epoxy, and 1 wt. % CNT/CNC-Epoxy 

The results indicated that CNT/CNC addition to neat epoxy led to increases in the storage 

modulus compared to neat epoxy, regardless of the sonication amplitude. However, as seen in 

Figure 5 (a), higher sonication amplitude yielded greater increase which can be explained by the 

higher amount of energy given to the system to break CNT agglomerations.  
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Furthermore, to observe the effect of CNC on the dispersion quality and the storage modulus, 

1% wt. CNT epoxy nanocomposites were produced using a sonication amplitude of 40%. Figure 

5 (b) shows the storage modulus of neat epoxy, 1% wt. CNT epoxy and 1% wt. CNT/CNC epoxy. 

1 wt. % CNT epoxy nanocomposite samples show higher storage modulus than 1 wt. % CNT/CNC 

epoxy nanocomposites. These results can be attributed to CNT and CNC amount and/or the 

quality of dispersion processes. Nevertheless, these two nanomaterials have higher storage 

modulus than neat epoxy samples. 

3.3 Short Beam Shear (SBS) Test Results 

The test specimens prior to short beam shear tests are shown in Figure 7 and the short beam 

shear strength results calculated from Eq. (1) are given in Table 1. 𝐹𝑆𝐵𝑆 = 34 𝑥 𝑃𝑚𝑏𝑥ℎ                      (1) 

Pm is the maximum load in Newton that composites resist during the test. The measured 

thickness of specimen is h, and the measured specimen width is the b in mm.  

 

Figure 7.  The samples of Glass Fiber Epoxy Composite (GFE), Fuzzy Glass Fiber Epoxy Composite 

(FGFE-1), Fuzzy Glass Fiber Epoxy Composite (FGFE-2), Glass Fiber CNT CNC Epoxy Composite 

(GFCCE-1), Glass Fiber CNT CNC Epoxy Composite (GFCCE-2) 

Table 1. The short beam shear strength results of GFE, FGFE, and GFCCE 

Sample Name   
    Sample 

Code 

          Short Beam Shear 

Strength (FSBS ) [MPa] 

Glass Fiber Epoxy Composite GFE (Neat) 41.86 

Fuzzy Glass Fiber Epoxy Composite 

(5 layers Fuzzy in the middle of composite) 
FGFE-1 34.54 

Fuzzy Glass Fiber Epoxy Composite 

(All layers are Fuzzy in the middle of the 

composite) 

FGFE-2 22.79 

Glass Fiber CNT CNC Epoxy Composite  

(Glass Fiber 1 wt. % CNT/CNC Epoxy) 
GFCCE 28.45 

Glass Fiber CNT CNC Epoxy Composite  

(Glass Fiber 1 wt. % CNT Epoxy) 
GFCCE 29.28 
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According to test results, FGFE samples, showed lower short beam shear strength values then 

neat composites. During the CVD process, the temperature reaches approximately 650°C and as 

a result, the strength of the fibers reduces. In addition, removing the sizing during the catalysis 

process can be another reason for the decline in the mechanical properties. When FGFE-1 and 

FGFE-2 samples are compared, the effects of high temperature and catalysis process mentioned 

above become more apparent. When GFCCE and neat samples are compared, a reduction of the 

short beam shear strength was observed. Composite production method (VIP), homogeneity of 

dispersion, and amount of CNT/CNC nanomaterials can be considered as the main reasons for 

the decrease in SBS strength. 

4. Conclusions 

Interlaminar shear strength and the dynamic mechanical properties of nanocomposites were 

investigated in this study. Two different reinforcing strategies, which are matrix toughening and 

reinforcement toughening, were considered. As first step, the CVD protocol was optimized to 

obtain fuzzy CNT onto glass fiber surfaces. Then morphological analysis was carried out to 

investigate the CNT characteristic which was followed by optimization of sonication parameters. 

Secondly, a modified VIP method which utilizes two vacuum bags was used for composite 

fabrication to eliminate the filtration effect. According to short beam shear tests, it was 

observed that short beam shear strength values of FGFE were lower than that of GFE. This can 

be attributed to the elevated temperatures (650°C) that glass fibers was exposed during CNT 

growth. To achieve greater short beam shear strength, the number of fuzzy CNT decorated 

layers was reduced to five and gradual increase was observed. On the other hand, when the 

CNT/CNC mixture was used to toughen the matrix, SBS values also decreased, indicating 

dispersion problems.  As future work, optimizations on composite production method and the 

ratio and the amount of CNT/CNC will be carried out to solve problems related to wettability 

and nanoparticle agglomerations. 
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Abstract: The aim of this paper is to study the mechanical properties and damage behavior of Carbon 

Fiber Reinforced Polymer (CFRP) which is used for manufacturing high-pressure hydrogen storage 

tanks. The idea of this work is to study the properties of the carbon fiber reinforced epoxy resin in form 

of tube with the angular orientations of fiber, i-e +/- 15°, +/-30°, +/-45° +/- 86° and multilayer. The 

analysis such as physical-chemical characterizations, and mechanical tests such as tensile and fatigue 

tests have been performed. Damage phenomena under monotone and cyclic loadings have been 

analyzed. The results showed the influence of fiber orientation on the tensile and fatigue behavior of 

CFRP. In addition, damage mechanisms such as decohesion at the fiber/matrix interface and matrix 

breakage were observed, followed by delamination just before failure. The obtained results in this 

study can provide good information for the structural design of hydrogen storage tanks. 

Keywords: Hydrogen; CFRP; Orientations; Tensile; Fatigue; Damage. 

1. Introduction 

Composites can be considered as a superior kind of materials which have a wide range of applications 

in several industries like aircraft, marine, military, automotive, and medical [1]. One important 

characteristic of these composites is the possibility to change the stacking sequence of the plies or 

lamina to obtain structures with the desired mechanical properties. In fact, innovations searched are 

those that preserve the benefits of cost reduction, lightness, and ease of processing. The primary 

consideration in the selection of a matrix is its basic mechanical properties [2-4]. For high-performance 

composites, the most desirable mechanical properties of a matrix are: 

• High tensile modulus, which influences the compressive strength of the composite. 

• High tensile strength, which controls the interplay cracking in a composite laminate. 

• High fracture toughness, which controls ply delamination and crack growth. 

In the terms of processing, polymers can be exposed to many treatments that may affect their ability 

and quality of products. Filament winding is a technique used for the manufacturing of surfaces of 

revolution such as pipes, tubes, cylinders, and spheres and is often used for the construction of large 

tanks for chemical production. Properties of the final composite products are reliant on the type of 

winding pattern [5]. Carbon fiber is attracting great attention in recent years due to its wide range of 

applications, especially in the field of aeronautics and automobiles, mainly due to its lightweight to 

strength ratio and good mechanical properties [6]. 

This research work focused on studying the mechanical properties of carbon fiber reinforced epoxy 

resin for the manufacturing of hydrogen storage pressure vessels. One can note that Hydrogen is a 

lightweight gas and has the lowermost volumetric energy density of any fuel at standard temperature 

and pressure. Concerning its energy characteristics, the gravimetric energy density of hydrogen is 

about three times higher than gasoline and methane [7]. According to the European Integrated 

Hydrogen Project EIHP, which is leading the expansion of global regulatory standards for hydrogen 
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testing and certification of hydrogen refueling infrastructure components and systems, compressed 

gas hydrogen storage vessels, made using composite materials can be divided into four different types 

described in Table 1 [8]. A schematic image of the type IV vessels is reported in Fig.1. 

Table 1: Types of Hydrogen tanks 

Type Description 

Type I All metallic cylinders (steel/aluminum). 

Type II 
Metal tank (aluminum) with filament windings like glass fiber/aramid  

or carbon fiber around the metal cylinder. 

Type III 
Non-load-bearing metal liner axial and hoop wrapped with resin  

impregnated continuous filament. 

Type VI 
Non-load-bearing non-metal liner axial and hoop wrapped with  

resin impregnated continuous filament. 

 

 

Figure 1. Schematic image of Type-IV compressed hydrogen storage tank [9]. 

The most innovative lightweight storage system for the case of compressed gas consists of a vessel, 

which is an advanced composite tank using a non-load-bearing metallic (Type III) or plastic (Type IV) 

liner axial and hoop wrapped with resin impregnated continuous filaments. These pressure vessels 

are attracting the high interest of the scientific community [10]. Their structure is based on two 

essential components: the liner part and the composite part, liner is basically a barrier for hydrogen 

permeation and the composite structure safeguards the mechanical integrity of the tank. Research is 

directed towards the expansion of new methodologies for reliable design and safety qualification of 

these high-pressure storage systems [11-13]. Also, efforts are focused on the extension of these 

techniques to the next generation of compressed hydrogen storage systems: tanks with complex 

shapes, optimal use of materials and, of high safety levels. 

In this article, the relationship between the fiber orientations, porosity content, and mechanical 

properties of Carbon Fiber Reinforced Epoxy Polymer (CFRP) produced by the filament winding 

method is analyzed. The organization of this paper is as follows: after a presentation of the essential 

physical-chemical characteristics and microstructure of CFRP, a special attention is provided to the 

porosity calculation and its effect on the mechanical properties of Carbon Fiber Reinforced Epoxy 

Polymer (CFRP) with the various angular orientations of fiber, i-e +/- 15°, +/-30°, +/-45° +/- 86° and 

multilayer tube with different angular orientations (±15°/±30°/±45°/±86°). The results of the quasi-

static and fatigue loadings up to failure were presented.  
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2. Material preparation and methods 

2.1 Epoxy/carbon fiber composite 

Initially, five cylindrical samples of Carbon Fiber Reinforced Epoxy resin with different angular 

orientations of the fiber, i.e., antisymmetric laminates +/- 15°, +/-30°, +/-45°, +/- 86° and a multilayer 

(±15°/±30°/±45°/±86°) were prepared as showed in Fig. 2. 

In order to realize the thermochemical, physicochemical analysis, and mechanical tests, the samples 

were sliced from the cylindrical samples, using a cutting machine with rotational blade, into 

rectangular shaped samples with dimensions 130mm in length, 20mm in width and 3.3mm in 

thickness.  

                                                                                                  

Figure 2. Schematic illustrations of cylindrical samples of Carbon Fiber Reinforced Epoxy resin with 

different angular orientation of the fiber. 

2.2. Physico-chemical characterization methods 

2.2.1. Microscopic observations 

The scanning electron microscope HITACHI 4800 SEM makes it possible to qualify the microstructure 

of the material and particularly the fractured surfaces of the tensile specimens. 

2.2.2. Porosity measurement 

Porosity or void fraction is the amount of the void spaces in a material and is the ratio between the 

volume of voids and the total volume of the material. After microstructure analysis, the first step of 

the experimental work is to analyze the material’s porosity. The porosity can be calculated using 
different methods as shown in Fig. 3: 

 
Figure 3. Screen shots of ImageJ software and the process of porosity calculation. 

+/-15° +/-30° +/-45° +/-86° Multilayer 
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• Calculating percentage mass of fiber (Mf %) or epoxy (Me %): to know the quantity of fiber in 

the composite material, pyrolysis was performed for all the samples. The samples were heated 

at 550°C for 5.5 hours, which resulted in degradation of matrix material and the remaining 

material was carbon fiber. The formula used for the calculation of fiber content is: M0 – MP/M0 

* 100 (M0: initial mass and MP: mass after pyrolysis). Using the density of carbon fiber (1.1 

g/cm3) and the density value of used epoxy (0.8 g/cm3) the porosity content can be obtained.  

• ImageJ software which was used during our research work. SEM analysis is to be done for the 

sample under the observation and the image taken during SEM is used in the software where 

the porosity of the material is calculated using a technique through which the pore size and 

total porosity are calculated. This procedure was taken about 10 times for each sample to 

obtain the assured value. 

2.3. Mechanical characterization 

2.3.1. Quasi-static tensile test 

Quasi-static tensile tests by the velocity of 20 mm/min are performed with a MTS machine. Tensile 

tests were performed at temperature of 20 °C. The specimen dimensions are defined in Fig. 4 The 

value of the thickness is 3.3 mm. 

 

Figure 4. Dimensions of Carbon Fiber Reinforced Epoxy samples 

2.3.2. Fatigue test 

Tension-tension stress-controlled fatigue tests are performed at different applied maximum stress 

(smax) on an MTS 830 hydraulic fatigue machine. The minimum applied stress (smin) is always chosen to 

be equal to 10% of the maximum applied stress. The chosen stress ratio is thus (Rs¼0.1) and the mean 

stress level is equal to 0.55 smax. The experiments are performed at the frequency of 10 Hz. To precisely 

measure the stiffness reduction due to the first loading stage, each fatigue test is preceded by a quasi-

static tensile loading-unloading-reloading stage. 

3. Experimental results and discussion 

3.1. Physico-chemical characterization 

3.1.1. Microstructure analysis 

For microstructure analysis the samples from tubes were obtained and were analyzed in the optical 

microscope. The observations confirm the structure of a laminated composite that can be seen in Fig. 

5. The figure shows the layer-by-layer structure consisting of fiber-matrix bonding and the voids. 

Considering the key role of porosity on the final mechanical behavior, this parameter was analyzed. 

 

Figure 5. Tube 30° microstructure. 
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3.1.2. Porosity measurement 

The porosity measurement is summarized in Table 2. The volume percentage of porosities for tubes 

with fiber orientations of 45° and 15° was 12.01% and 7.81%, respectively. The results show the 

important effect of fiber orientation on the percentage of porosities.  

Table 2: Summary for the density of fiber and epoxy and porosity in composite tubes. 

Tube Density [g/cm3] Fiber-mass [%] Epoxy-mass [%] Porosity [%] 

Tube 15° 
Average 1.45 77.75 22.25 7.81 

SD ±0.023 ±1.68 ±1.68 ±0.84 

Tube 30° 
Average 1.472 88.54 11.46 11.95 

SD ±0.008 ±0.01 ±0.01 ±0.23 

Tube 45° 
Average 1.471 87.75 12.25 12.01 

SD ±0.001 ±0.59 ±0.59 ±0.44 

Tube 86° 
Average 1.46 82.07 16.93 10.11 

SD ±0.012 ±3.35 ±3.35 ±1.02 

Tube Mix 
Average 1.436 81.37 18.63 10.37 

SD ±0.014 ±1.87 ±1.87 ±0.70 

 

3.4. Tensile behavior 

The tensile test for all the samples with the stress to break is reported in Fig. 6. It shows that fiber 

orientation plays a vital role in load carrying. The samples more oriented to the applied force shows 

more resistance as in our case tube with fiber orientation of +/-15°. In contrast the samples less 

oriented to the applied forces showed the least resistance to the applied force as in our case tube with 

a fiber orientation of +/-86°. The tube with the fiber orientation of 45° showed less resistance to the 

applied force due to the fact of finer orientation in the composite material to the applied force. 

However, the deformation with the applied stress is observed as maximum, this is due to the load 

sharing between the epoxy and carbon fiber. In this tube, the interface between the fiber and matrix 

plays the key role and epoxy observed the plastic deformation before the rupture.                        

Figure 6. Summary for the tensile curves. 
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Table 3: Mechanical characteristics at different temperatures 

Tube Tube +/-15° Tube +/-30° Tube +/-45° Tube +/-86° Tube Mix 

E [MPa] 
Average 77250 11250 11000 10000 19625 

SD ±7365 ±866 ±2000 ±408 ±750 

σseuil [MPa] 
Average 311.25 60.5 57 8 70.5 

SD ±25.9 ±3.1 ±2.3 ±0 ±1.3 

εseuil [%] 
Average 0.45 0.5675 0.4525 0.1025 0.42 

SD ±0.02 ±0.06 ±0.07 ±0.01 ±0.02 

σmax [MPa] 
Average 407 114.5 99.25 14.75 121.5 

SD ±18.7 ±8 ±3 ±0.9 ±14.3 

εmax[%] 
Average 0.62 2.1175 7.075 0.1675 0.84 

SD ±0.03 ±0.50 ±1.18 ±0.02 ±0.12 

 

To illustrate this change in the fracture mode, from ductile to fragile, we also examined the samples 

on a microscopic scale. The micrographs presented in Table 4 show the microscopic surfaces resulting 

after a quasi-static tensile test. These micrographs illustrate the decohesion at fiber matrix interfaces 

followed by fiber breakage.  

Table 4. Fractured surfaces of the samples after the quasi-static tensile test.  
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3.4.2. Fatigue behavior 

Figure 8 shows the Wohler curves obtained in tension-tension stress-controlled fatigue tests at a 

frequency of 10 Hz for +/-15°, +/-30°, +/-45°, +/-86°, and a multi-layered samples. It can be noticed 

that in the case of +/-30° samples for an applied stress equal to 120MPa, the fatigue life is about 1,000 

cycles whereas the fatigue life is about 105 cycles for an applied stress of about 80MPa. So, a variation 

of 33% leads to a fatigue life about 100 times lower. It can be established that the fatigue life is strongly 
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influenced by the distribution of fiber orientation. It can be established thus that for hydrogen tank, 

the fatigue design can be efficiently optimized through fiber orientation without critical reduction of 

material properties in the transverse direction. 

 

Figure 7. Wohler curves for the tubes. 

The damage mechanism of the samples with different angular orientations is reported in Fig. 8. From 

the curves, the difference in kinetic of damage is clear for different fiber orientations. One can also 

notice that the macroscopic damage form is similar for all applied stress at one fiber orientation, 

however the increasing the amplitude the number of cycles at rupture is decreased. For all curves 

three zones of damage evolution can be observed related to the damage kinetic: 1) no significant 

damage evolution until near point a, 2) progressive damage until near point b, and 3) a sharp decrease 

in the rigidity until failure. The obtained results could help us to feed the proposed micromechanical 

model. 

 

Figure 8. Representative curves of fatigue tests. 

4. Conclusion 

Storage of pure Hydrogen plays a key role in hydrogen-powered vehicles technology, which is seen as 

the future of automobile industries. Hydrogen storage technology is still under development. 

a 
b 
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Regarding the storage of hydrogen, all specified future targets are based on efficient storage of pure 

hydrogen with economy and the weight of the pressure vessel. The research work conducted in this 

article was to analyze the mechanical properties of carbon fiber reinforced epoxy resin (CFRP) for 

hydrogen storage. Firstly, material characterization is performed, which includes porosity and fiber 

content determination in the composite material. After that, the mechanical characterizations such as 

tensile and fatigue tests were performed. Microscopic studies and SEM analysis were performed to 

observe the microstructure of the CFRP. Five samples were analyzed with different angular 

orientations of fibers i-e +/-15°, +/-30°, +/-45°, +/-86°, and a multi-layered tube. Orientation of the 

fiber greatly affected the tensile strength as the fiber orientation along the applied tensile force makes 

it harder to break as we observed for +/-15° (426 MPa) and +/-86° (15.5 MPa) samples. One can note 

that improving the resin quantity and impregnation during the manufacturing process can improve 

the quality of the composite tubes. 
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Abstract: The curing performance of two epoxy resin systems has been investigated using the 

microbond test and FTIR spectroscopy. A novel sample preparation technique involving curing 

epoxy droplets on thin steel filaments allowed for high-throughput determination of microbond 

droplet cure state using a conventional benchtop spectrometer. Parity between steel filament 

and glass fibre microbond samples was confirmed by infrared microspectroscopy. It is shown that 

cure schedules used in the manufacture of composite parts produced microbond droplets with 

degrees of cure lower than that of bulk matrix specimens subjected to an identical thermal 

history. For a commercial resin system, testable microbond droplets could only be produced 

when a room temperature pre-curing time of at least 2 hours was introduced. It is concluded that 

microbond testing be supported by some method of droplet cure state characterisation to ensure 

that interfacial effects are not artefacts of droplet sample preparation.  

Keywords: Glass fibres; Epoxy resin; Interfacial shear strength; Microbond test; Infrared 

spectroscopy 

1. Introduction 

Optimisation of the stress-transfer capabilities of the fibre/matrix interface region is critical to 

composite material mechanical performance. The strength of the interface can be defined in 

terms of interfacial shear strength (IFSS), which can be characterised by a number of 

micromechanical methods [1]. Such testing methods can be useful tools in the economical and 

time-efficient development of fibre treatments and assessment of composite processing 

parameters by enabling screening and optimisation at the single fibre level without the need to 

scale up to fabric production, laminate processing, and macromechanical testing [2]. Despite 

apparent IFSS being strongly influenced by the cure state of the matrix, non-ideal droplet curing 

behaviour is rarely considered.  

Microscale curing effects have been identified as an area for improvement in some of the 

earliest critical reviews of micromechanical [1] and microbond [3] testing methods. 

Furthermore, these scaling effects may occur across a wide range of thermosetting matrices 

including epoxy [4], polyester [5], vinyl ester [6], and acrylic resins [7]. Hypotheses on the cause 

of reduced droplet (and thin film) cure in the current literature include: evaporation of essential 

polymerisation components (such as volatile curing agents and styrene); adsorption of curing 

agent onto the fibre surface; absence of a surrounding mould, droplet surface-to-volume ratio; 

phase separation during sample preparation; imine group formation; fibre surface moisture; 

anhydride hydrolysis; surface oxidation; interaction with atmospheric moisture; and reduced 

autoacceleration.  

Such variations in droplet cure state may either make microbond testing impossible 

(depending on matrix and curing agent selection) or result in apparent IFSS being measured in a 

material with an undefined system chemistry.  
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This paper aims to address this fundamental need for a method to directly characterise the 

cure state of microbond droplet specimens. Previous methods of droplet cure state 

characterisation have included modified thermomechanical analysis techniques [8] or modelling 

droplets as thin film specimens [9]. However, a higher throughput solution with less exacting 

sample preparation requirements is highly desirable. In this paper the microscale curing 

performance of a commercial epoxy resin designed for wind turbine blade applications and a 

reference epoxy/tetrafunctional amine system were investigated using novel spectroscopy 

techniques and the microbond test. 

2. Experimental 

2.1 Materials 

Experiments were carried out using bare (water-sized) E-glass fibres with an average fibre 

diameter of 17.5 µm from Owens Corning. Two different epoxy resin systems were investigated 

in this study. One was a multiple-component commercial epoxy/amine system designed for 

wind turbine blade applications. The other was an experimental system based on a single resin 

and triethylenetetramine (TETA) curing agent. Resin mixtures were prepared and degassed 

under vacuum for 10 min to remove entrapped air. Curing cycles consisted of two isothermal 

stages with intermediate heating rates of 2°C/min and were selected to coincide with curing 

schedules used in the production of macroscale composite parts. Glass transition temperatures 

of cured bulk matrix were determined by differential scanning calorimetry (DSC). Details of the 

epoxy resins used are listed in Table 1.  

Table 1: Epoxy resins, curing agents, and temperature schedules used in the investigation  

ID Epoxy Resin Curing Agent  Cure Schedule Bulk Tg (°C) 

WT1 Epotec YD-535 LV TH7257 65°C 3.5 h; 75°C 7 h 87 

R1 DER332 TETA 60°C 1 h; 120°C 2h 124 

 

2.2 Microbond testing 

Microbond testing involves a single fibre being pulled from a restrained droplet of cured matrix 

while measuring the force required to detach the fibre. IFSS was measured using an in-house 

designed microbond jig [10]. Successful debonding or instances of droplet plastic deformation 

were confirmed by in-situ observation of droplet loading using 45x magnification stereo 

microscopy and a live camera feed. 

2.3 Fourier-transform infrared spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) was used to characterise degree of cure of 

microbond droplet and bulk matrix specimens subjected to an identical thermal history. FTIR 

was performed using a 4100 ExoScan spectrometer and a spherical diamond attenuated total 

reflectance (ATR) interface. An adjustable probe was used to ensure good specimen contact with 

the FTIR interface. Analysis was performed in the 4000 to 650 cm-1 range with a spectral 

resolution of 8 cm-1 and 64 scans per sample. Glass fibres were replaced by steel wire of 

diameter 50 µm for spectral measurements using a benchtop spectrometer.  
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The benchtop FTIR microbond sample preparation methodology and experimental 

configuration is illustrated in Figure 1. 

 

Figure 1: Benchtop FTIR method showing (a) Sample preparation (b) Droplet testing 

IR microspectroscopy was performed using a Bruker Hyperion 3000 FTIR microscope 

equipped with a liquid nitrogen cooled MCT ATR detector in the 4000 to 650 cm-1 range with a 

spectral resolution of 16 cm-1 and 32 scans per sample. Glass fibre/epoxy microbond droplet 

specimens were placed on a glass slide and accurately positioned using a viewing objective and 

motorised stage.  

Degree of monomer conversion was characterised using the reduction of the area of the 

oxirane group at 915 cm-1 against the invariant peak at 1507 cm-1 (C=C stretching of the benzene 

ring) as an internal standard as expressed in Equation 1. Peaks were selected due to stronger 

relative signal intensities compared to other analytical and reference peaks. Absorbance peak 

areas were calculated using a baseline integration function between the values of 927–893  

cm-1 and 1526–1489 cm-1.   α = 1 − (A915/A1507)t(A915/A1507)0                        (1) 

3. Results and Discussion 

3.1 Microbond testing results 

Epoxy resins can be expected to achieve typical apparent IFSS values of 25–35 MPa with unsized 

glass fibres. Microbond testing of WT1 epoxy resin droplets showed exceedingly low values of 

apparent IFSS when samples were cured according to the recommended macroscale schedule. 

As shown in Figure 2(a), in-situ observation during testing showed that the droplets deformed 

plastically under applied load, indicating incomplete cure. Measurement of IFSS was not possible 

in such cases and the resulting forces generated during the test can be attributed to frictional 

effects related to crushing of the droplet and subsequent fibre pull-out from the gel-state 

matrix. WT1 bulk matrices subjected to identical curing conditions showed Tg of 87°C. Thus, 

microbond droplets of this epoxy resin should have been capable of producing testable 

specimens. Conversely, R1 droplets appeared to cure consistently following exposure to 

immediate elevated temperature heating.  
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In-situ observation did not show plastic deformation during the test and an apparent IFSS 

value of around 38 MPa was measured. As shown in Figure 2(b), successful debonding was 

confirmed by post-test SEM imaging and the presence of a residual meniscus. 

 

Figure 2: (a) In-situ micrograph of WT1 droplet (b) Post-test SEM of R1 droplet   

3.2 Characterisation of microbond droplet cure state 

The average mass of individual microbond droplet samples is in the range of 0.5–20 µg. The use 

of conventional thermal analysis techniques to quantify under-cure was not possible due to 

insufficient signal to detect Tg or residual exotherm from single droplet specimens. Therefore, 

droplet spectra collected from microbond specimens cured on thin lengths of 50 µm diameter 

steel wire were used to study epoxy group conversion. Individual steel filaments were isolated, 

aligned, and mounted along the vertical axis of a card template using double-sided tape and 

cyanoacrylate gel superglue before standing for 24 h to fully react. Resins were mixed according 

to the relevant directions and applied to individual fibres using a thin length of steel wire to 

produce droplets with embedded lengths of approximately 400 µm. We also performed infrared 

microspectroscopy on the glass fibre/epoxy microbond droplet specimens used for IFSS 

measurements to verify that degree of cure values were comparable between glass fibre/epoxy 

and steel wire/epoxy specimens.  

FTIR spectra of WT1 and R1 epoxy microbond droplet specimens cured on glass fibres and 

steel filaments are shown in Figure 3. A magnified region around the oxirane ring at 915 cm-1 is 

shown in the inset. In all droplet spectra, unreacted epoxy groups were evidenced by increased 

peak intensities corresponding to vibrations of the oxirane ring at 970, 915, and 760 cm-1. 

Invariant peaks at 1608 and 1507 cm-1 are attributable to C=C and C-C stretching of the benzene 

ring. The degree of cure of droplets was calculated using Equation 1. Good agreement was 

shown between spectroscopic methods in that degree of cure values for glass fibre and steel 

wire epoxy droplets were 0.52 and 0.55, respectively for WT1 specimens. Similarly, degree of 

cure values for glass fibre and steel wire epoxy droplets were 0.85 and 0.87, respectively for R1 

specimens. Accordingly, droplet spectra from resins cured on 50 µm steel filaments were 

considered comparable models of the cure state of those prepared on unsized glass fibres. This 

method of sample preparation enables a high-throughput method of droplet cure state 

assessment by generating sufficient signal strength to allow spectra to be collected from 

individual droplet specimens.  
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Figure 3: FTIR spectra of epoxy microbond droplets cured on glass fibre and steel wire 

3.3 Degree of cure at droplet and bulk matrix scales 

FTIR spectra of droplet and bulk matrix specimens subjected to identical thermal histories are 

shown in Figure 4. Spectra of WT1 microbond samples cured according to the recommended 

macroscale schedule were commensurate with a non-stoichiometric epoxy/amine network. 

Unreacted epoxy groups that were not present in comparable bulk matrix spectra were 

observed. Furthermore, reduced hydroxyl and secondary amine group accumulation (3600–
3200 cm-1) and a weaker etherification peak (1100 cm-1) were apparent. The average degree of 

cure value for these droplet specimens was 0.55. Conversely, cured matrices showed a 

significantly higher degree of cure values of 0.89. This apparent disparity in curing behaviour 

may suggest a stoichiometric imbalance due to evaporation of components such as the curing 

agent. Loss in droplet stoichiometry may have resulted in insufficient amine groups to ensure a 

strongly cross-linked network structure in the droplet. Poorly cross-linked droplets that show 

plastic deformation during testing are indicative of a sub-optimal microdroplet Tg. WT1 droplets 

appeared to have a Tg close to, or below, room temperature and hence do not have a sufficiently 

high modulus to transmit applied load and enable normal microbond testing to take place.  

 

Figure 4: FTIR spectra of microbond droplet and bulk cured matrix specimens  
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Spectra of R1 microbond droplet specimens were similarly representative of an under-cured 

matrix formulation, indicated by unreacted epoxy groups at 915 cm-1 that were not present in 

the bulk matrix sample. Degree of epoxy conversion for R1 droplets was 0.87, while comparable 

bulk specimens reached a conversion of 0.95. These results suggest that the epoxy droplet 

samples typically associated with the microbond test do not possess material properties 

comparable to those of bulk matrix specimens, even in cases where good debonding is achieved 

and reasonable values of apparent IFSS are measured.  

It may be suggested that a critical surface-to-volume ratio exists at which some portion of 

the amine curing agent diffuses to the surface of the droplet and evaporates, despite the fact 

that vapour pressures for these systems do not indicate particularly high volatility. In any case, 

spectra of microbond droplet specimens confirmed that the cure state was significantly reduced 

compared to bulk cured matrices. For a multiple-component commercial resin system, cure 

state was reduced to the extent that microbond testing was not possible. In a reference epoxy 

system, droplet degree of cure was lower than that of comparable bulk matrix specimens while 

remaining sufficiently high to promote good crosslinking and a relatively high droplet Tg.  

3.4 Effect of cure cycle modification 

Degree of conversion of droplet and bulk matrix specimens subjected to the same range of 

curing schedules is shown in Figure 5. WT1 droplets cured according to the standard schedule 

had a degree of cure of 0.55, a value commensurate with a loss of up to 60% of the initial curing 

agent and a sub-ambient Tg. Droplets that were allowed to pre-cure at room temperature for 2–
48 h and partially react prior to curing had degree of cure values between 0.87 and 0.93. Degree 

of conversion of bulk matrix specimens was not significantly affected by the inclusion of a pre-

curing time and in all cases, cured to a higher degree than comparable droplet specimens. For 

the R1 droplet samples, degree of cure was reduced slightly in the 3–36 h pre-curing range. 

Degree of conversion was lowest (0.77) following a 36 h pre-cure and was highest when samples 

were cured immediately (0.87). However, all R1 droplets samples cured to a lower degree than 

the bulk matrix specimens.  

 

Figure 5: Microbond droplet versus bulk matrix degree of cure 

Microbond testing results following the introduction of the same 0–48 h room temperature 

pre-curing time before the standard curing schedule are shown in Figure 6. The inclusion of a 

room temperature pre-cure stage had a significant effect on the apparent IFSS of WT1 

specimens. Apparent IFSS of R1 samples was entirely independent of pre-cure standing time. 
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Figure 6: Apparent IFSS versus pre-cure standing time 

We report good agreement between micromechanical and spectroscopic methods, in that 

increased IFSS was measured when droplets had higher degrees of cure. IFSS appeared to show 

a linear relationship with microdroplet degree of cure up to conversion of approximately 0.8, 

after which further increases in droplet cure state were not reflected in apparent IFSS. It is 

possible that an upper threshold IFSS value limited by the adhesion properties and tensile 

strength of the unsized fibres was reached. Due to the absence of sizing on the fibres, however, 

it is reasonable to suggest that IFSS was largely dictated by the cure state of the droplet.  

The differences in droplet curing behaviour between diamine and tetrafunctional amine 

cured specimens may be indicative of distinct phenomena that contributes to reduced droplet 

cure states. For WT1 droplets, diamine curing agent evaporation appeared to result in 

insufficient amine groups necessary to produce a strongly cross-linked network structure in the 

droplet. For R1 droplets, cure state may have been lowered by the formation of an imine group 

or interaction with atmospheric moisture. These phenomena may contribute to depletion of 

active amine sites available to react with the oxirane ring and reduce droplet degree of cure. 

The ability of micromechanical testing methods to inform macroscale materials selection and 

processing parameters is predicated on an assumption of comparable polymer chemistry and 

material properties across both scales. The data presented in this study would indicate that this 

assumption is often invalid for thermoset systems and hence determination of droplet cure state 

should be considered when employing the microbond test. It should be considered that these 

data would suggest that even droplets with “ideal” curing behaviour, may in fact have material 

properties that are inferior to those of the bulk cured matrix and comparable composite part. 

Interfacial testing methods are often employed to measure the influence of factors such as fibre 

surface treatments and the application and screening of sizings. Changes in IFSS as the result of 

such alterations may be masked by the influence of the cure state of the matrix microdroplet. 

Thus, the route taken in creating microbond samples and the potential effect of microscale 

curing behaviours contributing to disparity between droplet and bulk matrix material properties 

must be carefully considered by all practitioners of the microbond test.  
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4. Conclusions 

In this paper, the curing performance of two epoxy resin systems was investigated using the 

microbond test and FTIR spectroscopy techniques.  The following conclusions were drawn: 

 Droplets cured on thin steel filaments are suitable models of typical glass fibre/epoxy 

microbond droplet specimens and enable high-throughput determination of microbond 

droplet cure state using a conventional benchtop spectrometer.  

 Cure schedules used in the manufacture of composite parts produced microbond 

droplets with degrees of cure lower than that of bulk matrix specimens subjected to an 

identical thermal history. 

 For a commercial epoxy resin system, testable microbond droplets could only be 

produced when a room temperature pre-curing time of at least 2 hours was introduced. 

The method proposed in this study is suitable for use with extended range of thermoset 

polymer matrices. Further work in this area may involve characterisation of the cure states of 

vinyl ester and polyester droplets by monitoring the depletion of C=C peak intensities associated 

with the polymerisation of these matrices.      
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Abstract: Investigating the shear strength of composite laminates and the factors affecting it 

remains an important area of study. In addition to altering the number of differently-orientated 

plys, changing the laminate architecture and stacking sequence (i.e. individual ply thickness and 

position of the ply in the laminate stack) also has an effect on the laminate’s strength. The 
present work shows the effect of stacking sequence on the open-hole shear strength of CFRP 

specimens, specifically that not only the ply thickness but also the orientation of the surface ply 

relative to the shear load direction has a significant effect. This strength difference is caused by 

a difference in failure mode, which can be observed from out-of-plane displacement plots 

captured using digital image correlation (DIC). 

Keywords: Laminate Architecture; Modified Arcan Fixture; Digital Image Correlation (DIC) 

1. Introduction 

The use of CFRP in structural components is well-established across several industries including 

the aerospace, automotive, and renewable sectors. Despite this history, the factors affecting 

laminate strength are not fully understood due to complex interactions between the loading 

configuration, manufacturing method, and laminate architecture. 

Previous work has shown that architectural features such as using thinner plies for the same 

laminate thickness increases strength in unnotched and open-hole compression tests [1] [2]. 

This is also true for specimens with small holes loaded in tension, although the effect is reversed 

for larger holes [3]. While the effect of laminate architecture on laminate strength has been 

investigated using simple uniaxial tension and compression tests, its effects on the shear failure 

behaviour have rarely been addressed. As a consequence, the understanding of laminate 

architecture effects on the shear strength is limited. 

Therefore, the present work investigates the open-hole shear strength of two different 

composite laminates using a Modified Arcan Fixture (MAF) [4], which allows CFRP specimens to 

be tested to failure under a variety of load conditions. In addition to investigating the ply 

thickness effect as in prior work [4], the effect of the surface ply orientation relative to the shear 

direction is also investigated. 

2. Specimens and testing setup 

2.1 Specimen preparation 

The specimens were manufactured using an in-autoclave CFRP prepreg, IM7/8552. To 

investigate stacking effects other than the surface ply orientation, two laminate architectures 

were tested: a blocked layup of [+45 +45 90 90 -45 -45 0 0]s for a thick-ply case, and a distributed 

layup of [+45 90 -45 0]2s for a thin-ply case. The specimens were waterjet cut according to the 

slightly waisted design proposed in [4] to promote failure around the hole in a wide variety of 
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load cases, including pure shear. Subsequently, the holes were drilled using a tungsten carbide 

drill bit on a standard pillar drill. Four specimens were tested for the blocked lay-up case, while 

three specimens were tested for the distributed lay-up cases. 

For loading and clamping into the test rig, glass fibre-reinforced polymer (GFRP) tabs were 

bonded to the specimen ends using an aerospace-grade epoxy adhesive. A black and white 

speckle pattern, allowing the surface displacements to be tracked with digital image correlation 

(DIC), was applied with conventional acrylic spray paint. 

2.2 Testing setup 

To capture the full-field surface displacements, stereo DIC was used to obtain the displacements 

and strains using MatchID software. Stereo DIC enables out-of-plane displacements to be 

tracked, as well as correcting for the camera misalignment issues common with single-camera 

DIC. Two 12 MP cameras and supporting LED lights were used for these tests, with a frame rate 

of 2 Hz. A specimen loaded by the MAF, mounted in an Instron 1342 servo-hydraulic test 

machine, is shown in Figure 1. 

 

Figure 1. A specimen loaded into the MAF for the ‘aligned’ load case, with the lenses of the DIC 

cameras visible in the foreground. 

The specimens were loaded into the MAF in an orientation where the +45° plies were either 

‘aligned’ with the shear load or ‘against’ the shear load, as shown in Figure 2. The MAF was 

rotated to present the same face of the specimen to the cameras for both specimen 

orientations. For the quasi-static load condition, the test machine actuator was displaced at a 

rate of 1 mm/min, with the load and displacement outputs recorded by the DIC system. 

DIC cameras 

(lenses visible) 

CFRP 

specimen 

MAF arms 
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Figure 2. A diagram showing the two shear load directions relative to the surface +45° ply: (a) 

showing ‘aligned’ loading and (b) showing ‘against’ loading. 

3. Results 

The mean failure loads for each case are shown in Table 1 below, while load-displacement curves 

up to final failure (using x-direction displacement ‘u’ due to the shear case) for representative 

specimens are shown in Figure 3. The shear displacements used to derive the load displacement 

curves were extracted from the DIC displacement maps, and the slope of the curve obtained 

from the 1 to 5 kN load range is also given. 

Table 1: Mean failure loads for each test case, as well as the percentage effect (covariance) of 

surface ply orientation. 

Layup Surface ply orientation Specimens tested Failure load [kN]  Orientation effect [%] 

Blocked Aligned 4 12.91 
4.96 

Blocked Against 4 13.57 

Distributed Aligned 3 14.83 
2.51 

Distributed Against 3 15.21 

 

The failure loads in Table 1 clearly show a strength difference based on the specimens tested: 

the against case is stronger than the aligned case, but the difference is less for the distributed 

ply lay-up specimens than the blocked ply lay-up specimens. This is currently thought to be due 

to the relatively thicker unconstrained surface ply in the blocked ply specimens, as discussed 

further below. 
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Figure 3: Load-displacement curves for representative specimens (labelled in legend), using the 

DIC displacements to avoid erroneously capturing the compliance of the test machine and MAF. 

Slopes are calculated using values from 1 kN to 5 kN (marked with horizontal dotted lines). 

The load-displacement curves in Figure 3 show that the laminates largely had the same stiffness 

(as expected from their layup and classical laminate theory), making it unlikely that the 

difference in strength was due to manufacturing variation. The distributed ply stiffnesses are 

slightly greater than those for the blocked ply specimens, attributable to their higher strength 

with more load required for damage initiation and propagation (and so their effective stiffness 

remaining greater in the load range used). 

Although DIC is a surface technique, plots of out-of-plane displacement ‘w’ can be obtained, 
which allow the onset of subsurface delamination to be identified as the surface ply separates 

from subsurface plies. The delamination is observable as an abrupt change in the out of plane 

displacement. The out-of-plane displacement plots showed that the damage progression and 

failure mode vary significantly between the aligned and against cases, providing a justification 
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for the difference in strengths shown in Table 1. In the aligned case delamination was clearly 

visible, with abrupt tensile fibre failure in the surface ply and complete delamination between 

the surface and inner plies. For the against cases delamination also features, but this was 

preceded by compressive fibre failure originating from the hole. The resulting failure was more 

progressive, with gradual delamination around through-thickness cracks leading to matrix 

cracking and subsequent load drops. 

While the failure modes for the aligned and against cases are consistent across the two 

laminates, the difference is less for the distributed ply specimens than the blocked ply 

specimens. This is thought to be due to the greater unconstrained ply thickness for the blocked 

ply laminate – this lay-up shows greater compressive fibre failure pre-delamination which 

sometimes results in damage in the far-field corners away from the hole (not detected in the 

distributed ply specimens), although failure still occurred due to the spread of delamination 

from cracks around the hole. The difference in damage between the two laminates is shown in 

Figure 4 below via plots of the maximum principal strain ε1, where high-strain regions (i.e. where 

the colour scale is at its maximum limit) indicate a displacement discontinuity due to damage 

rather than a ‘real’ strain reading. 

 

Figure 4. Maximum principal strain ε1 plots obtained via DIC for a blocked ply aligned-loaded 

specimen (a), a blocked ply against-loaded specimen (b), a distributed ply aligned-loaded 

specimen (c), and a distributed ply against-loaded specimen (d) at 99% of the maximum load. 

4. Conclusions 

It has been demonstrated that the fibre orientation of the surface ply relative to the direction 

of the applied shear force had a significant effect on the open hole shear strength of CFRP 

laminates. When the shear force was applied so that its line of action opposed the surface ply 

fibre direction (‘against’), the specimen strength was greater than when the load was applied so 
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that it aligned with the surface ply fibre direction (‘aligned’). This was the case for both 

specimens with a blocked ply lay-up and a distributed ply lay-up, although the orientation effect 

was less for the thin-ply laminates. The increased strength of the distributed ply versus blocked 

ply laminates previously reported for open-hole compression tests [2] is also present here in 

shear loading, likely due to the same in-situ strength effects preventing damage propagation. 

The reason for the difference in strength was identified using plots of out-of-plane displacement 

obtained using stereo DIC. The aligned failure was observed to be caused mainly by surface ply 

delamination around the hole before abrupt failure. The against case resulted in compression 

loading the surface ply, which resulted in a more progressive failure. The distributed ply laminate 

was less susceptible to the surface ply orientation effect. 
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Abstract: Deconsolidated carbon fibre reinforced thermoplastic polymers combine low density 
with high resistance to mechanical loads. Toray Industries’ “carbon fibre reinforced foam” 
(CFRFTM) is one such new material consisting of carbon fibres in a polymer matrix. The internal 
structure of these CFRF is investigated via micro-CT-scans. An anisotropic internal structure with 
almost planar fibre orientations is observed and the polymer is seen as blob-like structures at the 
fibre junctions or on the fibres. The compression resistance in the out of plane direction for 
different volume fraction samples was measured. A linear approximation for the compression 
behaviour is simulated by three types of models: a model of random fibrous assemblies-; a finite 
element model based on the micro-CT-scans and material properties derived from a Mori-Tanaka 
homogenization; and a two stage Mori-Tanaka homogenization, the first stage for a solid 
polymer and fibre mix, the second stage a foam-type homogenization accounting for the voids.  

Keywords: random; fibre; orientation ; foam ; compression 

1. Introduction 

Toray Industries’ “carbon fibre reinforced foam” (CFRFTM) is a relatively new type of carbon fibre 
reinforced thermoplastic [1, 2]. It consists of a directionally expanded “carbon fibre mat in a 
thermoplastic polymer matrix”, the expansion creating voids. These CFRF can be made in 
complex panel shapes [1] with varying thickness up to several mm and cm and a range of 
material volume fractions. The panels are lightweight and can handle high compressive loads.   

From such CFRF panels, samples with an area of 1cm² or 16cm² and different thicknesses are 
studied. The thickness of these samples is directly related to the “fibre volume fraction” (𝑉𝐹), 
which represents the volume fraction of the carbon fibres in the samples, the remaining being 
occupied by the polymer and the voids in the foamy structure. The amount of carbon fibre and 
of polymer remains the same for all samples, which only differ in thickness. Inside the solid 
phase, the relative fraction of carbon fibre volume to polymer and carbon fibre volume is kept 
constant. 

The carbon fibres, produced by Toray Industries, have a diameter of 7 µm and are of the order 
of several mm in length. The relevant material parameters used in further calculations are shown 
in Table 1. Further details on the production process of CFRF or the materials used and their 
relative fractions cannot be disclosed at this time. The notation used in Table 1 is: 𝐸 = Young’s 
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modulus; 𝜈 = Poisson ratio;   𝐺 = Shear modulus;   𝐿 = longitudinal direction of the fibre;  𝑇 = 
transverse direction of the fibre. 

Table 1: Material parameters of carbon fibre and polymer  

Material                   𝐸                          𝐸                𝜈                𝜈               𝐺                𝐺   

Carbon fibre (𝐶)       230 GPa              8.0 GPa              0.256             0.3           27.3 GPa       3.08 GPa 

Polymer (𝑃)         2.1 GPa                            0.43                

 

2. Internal structure of the CFRF samples 

CT-scans of samples with a 𝑉𝐹 of around 0.08 and 0.04 were carried out at resolutions of 3.5µm 
and 5µm per pixel. In the resulting scan images, solid material and voids can be distinguished 
using image processing software Fiji (ImageJ, [3]) to denoise and set intensity thresholds 
accordingly. After the image processing, the volume of material in the images is close to the 
expected total material volume for the sample. This indicates that not many thin polymer zones 
are present, which could have been cut off by the thresholding. Figure 1 shows some selected 
regions of CT-scans. 

 

 

Figure 1.  Images and FE meshes of a 0.34mm³ zone of a sample with  𝑇𝑉𝐹=0.084 (a) and a 
1mm³ zone of a sample with  𝑇𝑉𝐹=0.043 (b) 

2.1 Fibre orientation distribution 

The fibre orientation distribution functions (ODF) are obtained from the CT-scan image stack of 
1cm² area samples, using VoxTex [4], a software program using a voxel model and structure 
tensor to calculate orientation distributions.  

Figure 2 shows a resulting ODF. The distribution is almost planar, around a mid-plane of the fibre 
orientation. We call the direction perpendicular to this mid-plane the “out of plane direction”, 
which is also the direction of the varying sample thickness and compression direction in the 
following sections. A random in plane distribution and an out of plane distribution with mean 
deviation from the mid-plane of approximatively 10°, can be seen in Figure 2.  It is noteworthy 
that the samples with different thickness (different 𝑉𝐹) have almost the same out of plane 
distribution.   
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As an approximation to the measured ODF, in the following simulations, the ODF will be set as 
a uniform distribution for the in-plane angle 𝜙 and approximated by a normal distribution for 
the out of plane angle 𝜃,  with a standard deviation of 10° . 

 

   

Figure 2.   Angle distributions ( °) for a sample with 𝑉𝐹=0.084 (left) and 𝑉𝐹=0.043 (right) 

2.2 Polymer distribution 

In Figures 1 and 3, we see that the polymer is largely present as blob-like structures at fibre 
crossings or along the fibre surfaces. The degree to which a blob like distribution is created 
during the production stage, depends on the materials used.  Although some “polymer webs” 
are also present, see Figure 4,  the main structural effect of the polymer will be through the blob 
like structures connecting the carbon fibres. These effectively function as polymer “spacers” or 
“bridges” between the fibres,  increasing the number of fibre contact points. 

      

Figure 3.  Fibre junction and horizontal slice image  for 𝑉𝐹=0.084 (left)  and 𝑉𝐹=0.043 (right) 
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Figure 4.  Web-like polymer stretching between fibres for 𝑉𝐹=0.04 (higher resolution scan 
0.81µm/pixel) 

3. Compression modulus: measurements 

The compression modulus discussed currently only relates to a linear out of plane-direction 
compression modulus. For measurements on other moduli, see [2]. CFRF samples were placed 
between parallel plates on a compression test bench and the force and displacement were 
measured. The compression rates were set between 0.02 and 0.5 kN/min, depending on sample 
size.  The modulus was measured between the points at 3% and 5% -engineering strain on the 
compression diagram (see orange points on Figure 5) to calculate this modulus at “4% strain”.  

    

Figure 5.   Compression measurements of a sample with 𝑉𝐹 = 0.068 (thickness = 6.7mm,  
section area 1cm²)  (left) and 𝑉𝐹 = 0.046 (thickness = 10.2mm, section area 16cm²) (right)  

This range was chosen because it is small enough not to reach any plastic deformation on a 
macroscopic scale, but large enough past measurement artefacts and non-linear behaviour at 
initial compression. The compression measurement results are show in Figure 6 (blue points), 
each point representing a different sample. Some variation in the compression results between 
the different samples can be seen, indicating statistical variations over a larger scale (> 1cm) in 
the complete CFRF panels. 
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Figure 6. Measured and modelled CFRF compression modulus, lin. scale (left) , log. scale (right) 

4. Compression modulus: simulations 

The polymer blob-like structures will increase the number of fibre contact points and create a 
more foam-like structure. Compared to a carbon fibre only assembly, this leads to an increase 
in the compression resistance. Three models disregarding viscous-, friction- or time dependent 
effects, are introduced, to calculate the linear compression modulus.   

4.1 Fibrous assembly model 

This model is based on the works of Komori [5], Lee [6], Carnaby [7] and Pan [8] to which 
modifications are made to include effects of the “polymer bridges” at the fibre junctions. These 
fibrous models use a probabilistic fibre distribution and suppose the bending of fibre pieces, as 
the compliance mechanism for the fibrous assembly. These fibre pieces are supported at the 
fibre contact points. The vast majority of fibre contact points will be “fixed”, by the polymer, so 
sliding of fibres over each other is not included, compared to the model as explained in [7]. The 
modifications are (1) a correction for low out of plane fibre orientation distributions; (2) a 
modification that rests on the idea that the carbon fibres with diameter 𝑑 , are replaced with 
fibres that have been uniformly coated by polymer. As such they have obtained a diameter 𝑑 =𝑑 + 𝑑 , with the thickness of the “virtual coating” being 𝑑 /2. Thus the distance between two 
crossing fibres connected by polymer, the “polymer bridge length”, is equal to 𝑑 . The bending 
rigidity of these fibres is still based on the carbon fibre diameter 𝑑  and carbon material 
properties, but the number of fibre contacts in the assembly increases and the inter-contact-
fibre-length decreases due to the addition of the virtual coating. (3) Compressive compliance of 
the polymer bridges is also included under the assumption is that the polymer bridges have a 
square cross section with area 𝑑 .  

The results of using the modified model with an ODF described in section 2.1 and for a bridge 
length fit parameter 𝑑 = 3.14 µ𝑚 can be seen in Figure 6 (dotted line). The parameter 𝑑  in 
this case was obtained by fitting it at 𝑉𝐹 = 0.044 so that the calculated value for the 
compression modulus approximates the measurement results at this 𝑉𝐹. The curve at all other 𝑉𝐹 is then calculated using the same parameter 𝑑 . Using a constant 𝑑  is another 
approximation, in general 𝑑  could depend on the 𝑉𝐹.  

The shape of the fibrous assembly model curve follows the trend of the measurement points 
quite well, including a steep rise towards higher 𝑉𝐹. 
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The advantage of this model is that as a fibrous assembly model with only one fit parameter, it 
has a clear and verifiable physical interpretation via the polymer bridge length. It is also easy to 
implement and has an extremely low computational cost.  

4.2 Finite element model 

In this model a linear structural finite element (FE) calculation is performed with a mesh based 
on the geometry obtained from the CT-scans. A linear tetrahedral mesh for cubic zones in the 
samples is first constructed using iso2mesh [9] , and then converted to a second order 
tetrahedral mesh in Siemens Simcenter3D, which is also used to perform the FE calculation. 
Meshes and the geometries of the corresponding zone are show in Figure 1.  

An out of plane displacement for the nodes in the top plane of the cubic zone is imposed, while 
the nodes in the bottom plane are fixed. No constraints are imposed at nodes in the side planes 
of the cubic zone. From the resulting force obtained from the FE calculation, a linear 
compression modulus for the cube zone is derived. 

The material properties assigned to the elements in the FE calculation are a homogenized 
(transverse isotropic-) elasticity tensor for a mix of polymer and carbon fibre. This is an extra 
approximation, instead of segregating the elements for carbon fibre and polymer. 

A Mori-Tanaka (MT) procedure for ellipsoidal inclusions [10]  is used to obtain the homogenized 
elasticity tensor 𝑬∗.  The polymer with elasticity tensor 𝑬  is the host material and the carbon 
fibres with elasticity tensor 𝑬  are the almost cylindrical inclusions, the orientation of which is 
defined by the ODF [11]. In this way, the homogenization procedure results in anisotropic 
properties of the polymer and carbon fibre composite solid phase, which are then introduced in 
the FE-calculation in order to take into account the intricate foam geometry of the CFRF.  

In Figure 6, the averages of FE model results for several cubic zones (10 or 3) at different VF are 
shown (magenta points). Even though the limited amount of cubic zones used for these points, 
the results are close to measured points. 

Using the actual geometry, the FE model has the advantage of a possibility of exploring local 
effects if a fine enough mesh can be constructed. There is also no necessity to fit any parameters. 
A disadvantage is that high enough resolution CT scan data is required and a relatively high 
computational cost for the FE calculation compared to the other models. 

4.3 Two stage homogenization model 

In this model, in a first stage, the polymer and carbon fibre composite solid phase is 
homogenized with the same MT procedure as is done in the FE model. In contrast with the FE 
model, in a second stage, the foam-like geometry of the CFRF is now constructed by introducing 
voids in the homogenized material of the first stage, while in the FE model, the geometry was 
obtained from the CT scans. This introducing of voids is done with a Lielens homogenization 
procedure which is an interpolation of MT and inverse MT homogenization procedures [12]. The 
reason for using a Lielens procedure is that the volume fraction of voids to be introduced as 
inclusions is relatively high and there is more uncertainty about the validity of the standard MT 
procedure at higher inclusion volume fractions. 
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A spheroidal shape is assumed for the void inclusions, Figure 8,  where the 𝑎  orientation is 
aligned with the out of plane direction.  All the voids are assumed to be the same shape, hence  
no averaging for different void inclusions is necessary. 

 

Figure 8.  Spheroidal shape of the void inclusions 

The two parameters 𝑎 and 𝑎  will be dependent on the 𝑉𝐹 of the samples. We make two 
assumptions concerning the spheroidal voids of the samples. First, we assume that the number 
of voids remains the same at different  𝑉𝐹.  The second assumption is that there is a linear 
relationship between the in-plane width of a void spheroid 𝑎, and the average inter-fibre-
contact length of a purely carbon fibre random assembly 𝑏  . Then, the aspect ratio (𝐴𝑅) is fit 
to approximate measured values at 𝑉𝐹 = 0.044 , resulting in 𝐴𝑅 = = 0.0122 . 

The very low 𝐴𝑅 indicates disc like voids, which relates to the almost planar fibre orientation. 
Results of this two-stage homogenization model are shown in Figure 6 (orange line). 

As was the case for the fibrous assembly model, the two-stage model curve follows the trend of 
the measurement points quite well. The curve for this two-stage model is almost identical to the 
curve of the fibrous assembly model up to 𝑉𝐹 ≈ 0.09. 

The advantage of this model is that it is computationally inexpensive and the elasticity tensor 
for the CFRF is obtained.  One has to be aware however that the two assumptions made 
concerning the spheroidal voids will surely break down for very low void fractions. 

5. Conclusions 

For the discussed CFRF samples, the polymer is mainly distributed in blob-like structures at fibre 
crossings or at the surface of the carbon fibres. The carbon fibres have an almost planar 
orientation distribution that is nearly independent of 𝑉𝐹.  

The out of plane compression behaviour is non-linear and has some hysteresis, but as a linear 
approximation, the compression modulus for CFRF samples, ranges between 5 to 140MPa for 
samples with 𝑉𝐹 between 0.04 to 0.1 . This is substantially larger than if only the carbon fibres 
would be present in a similar assembly and is due to the polymer blobs forming a more 
interconnected structure.   

Three models for this linear compression behaviour were proposed.  None of the models 
describe the process of the spreading of the polymer during the production stage and as such 
still require at least one parameter to be fit or a geometrical description of the CFRF structure 
to be given.  Due to variations between samples, the obtained model curve is very dependent 
on which points were chosen to approximate via the fit parameter. Nonetheless, the trend of 
the measured points is captured quite nicely if an appropriate parameter is chosen (fibrous 
assembly and two stage homogenization models) or enough sample zones are used (FE model).  
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Abstract: The fracture toughness of composite laminates varies with crack length and the crack 

front shape that has thumbnail shape along with the width. A prediction method of failure 

behavior considering these complex failure behaviors of composite materials is required. We 

used 2D FEA and an AE sensor for predicting failure behavior and crack length of composite 

laminates under Mode I loading. The crack length was measured at the side and widthwise center 

of the specimen using cameras. An AE sensor was used for measuring elastic waves induced by 

the fracture of the specimen and predicting crack length. We analyzed acoustic emission signals 

depending on damage mechanisms and the predicted crack length using these signals. FEA was 

conducted using a crack front shape and AE signal and the FEA results with the crack length 

between the side and widthwise center of the specimen was similar to the experimental results. 

Keywords: DCB; Finite element analysis; Crack front shape; AE signal; Equivalent crack length 

1. Introduction 

The fracture toughness of the composite materials varies with crack length and the crack front 

shape with a thumbnail shape widthwise. To ensure the integrity of the structures, a prediction 

method of failure behavior considering the complex fracture behavior of composite materials is 

required. Mode I fracture toughness has been mainly studied because of its lowest fracture 

toughness compared to the others, and a double cantilever beam (DCB) test in accordance with 

ASTM 5528 has been used to analyze the fracture toughness of polymer matrix composites.  

An Acoustic Emission (AE) sensor is a powerful tool for analyzing the fracture behavior of 

composite materials, and many authors [2-6] have studied using it specifically for this purpose. 

Yousefi et al. [2] reported that the correlation between the AE signal and crack length measured 

at side of the specimen show a power law and predicted the crack length using an AE signal. 

Arumugam et al. [5] discriminated frequency ranges (90-120 kHz, 130-200 kHz, 220-245 kHz, 

260-295 kHz, and 300-450 kHz) depending on the damage mechanisms, such as matrix cracking, 

fiber pullout, fiber-matrix de-boding, delamination, and fiber breakage. 

The virtual crack close technique (VCCT) and cohesive zone modeling (CZM) are representative 

methods for predicting fracture behavior using 2D and 3D elements. In particular, finite element 

analysis (FEA) using 2D element is simple and requires relatively less run-time. However, the 

crack front shape shows a curvature, and this shape results in less fracture toughness than 

straight ones [1]. Therefore, we should use the equivalent crack length considering the crack 

front shape for accurate fracture toughness.  
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In this paper, we analyzed the fracture toughness of glass/epoxy composite laminates using an 

AE signal and 2D FEA. To do this, we discriminated the AE signals depending on damage 

mechanisms, and analyzed the correlation between the AE signal and crack length. Lastly, the 

fracture toughness using crack length at side, widthwise center of specimen and a distance to 

centroid of crack front shape as alternative crack length were adopted in a 2D FEA model, and 

we compared with experimental results. 

2. Experimental procedure 

2.1 Specimen Fabrication 

DCB specimens were fabricated using glass/epoxy prepreg (UGN 160 B, SK chemicals 

corporation), and a hand lay-up technique with 32 layers. The polyimide film was inserted in the 

mid-plane of a specimen as an artificial crack, and the composite laminate was cured using an 

autoclave machine. Stacking sequence is [016//+𝜃𝜃/-/ 𝜃𝜃 /014], and ‘//’ indicates a layer inserted 

an artificial crack. Table 1 and Table 2 show the specifications of the DCB specimen and the 

material properties of glass/epoxy prepreg, respectively. 

Table 1: Specifications of DCB specimen. 

Specimen Stacking sequence 
Size 

(mm) 

Thickness 

(mm) 

Artificial crack 

Length(mm) 

Specimen A [016//016] 
25Wx260L 4 50 

Specimen B [016//+30/-30/014] 

 

Table 2: Material properties of glass/epoxy prepreg. 

E1(MPa) E2(MPa) ν12 G12(MPa) 

40,710 10,000 0.32 3,570 
 

2.2 AE sensor 

An AE sensor (UT1000, Physical Acoustic Corporation) was used for measuring the elastic waves 

induced by a fracture of the DCB specimen. To record the AE events, a digital oscilloscope (PXI-

5102) was used, and the signals were enhanced using a preamplifier. The AE sensor was attached 

on the upper surface of the specimen using thin double-sided tape. The distance between the 

AE sensor and loading point was 120 mm. The sampling rate and the sample number was 2MHz 

with 8 bit of resolution and 200k (0.1 sec), respectively.  

2.3 Test procedure 

DCB test was conducted in accordance with ASTM 5528 and at a constant crosshead 

displacement rate of 1 mm/min. Figure 1 represents a schematic diagram of DCB test. The load 

and displacement data were recorded on a computer at 10 Hz. Two cameras were used for 

measuring the crack lengths at the side and widthwise center of the specimen, respectively. 

The specimen with an artificial crack (𝑠𝑠0=50 mm) was loaded until the crack length based on 

side of specimen propagated at 5 mm (𝑠𝑠𝑖𝑖=55 mm) and then reloaded. After that, the test 
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continued until crack length reached 100 mm. In the results and discussion section, load, 

displacement, and crack length data from a crack length of 55 mm to 100 mm were used. 

 

Figure 1. Schematic diagram of the DCB test 

3. Finite element analysis 

3.1 Cohesive zone modeling 

Cohesive zone modeling is a good method to simulate crack propagation. A bi-linear cohesive 

zone element was used for simulating the crack propagation of the DCB specimen under Mode 

I loading. Figure 2 represents the constitutive equation of the bi-linear cohesive zone element. 

The cohesive zone element consists of fracture toughness (GIC), initial interfacial stiffness (K0), 

and interfacial strength (σmax), and the failure of the element would occur when the dissipated 

energy during fracture equals to the fracture toughness. 

 

Figure 2. Bi-liner constitutive equation of the cohesive zone element [3] 

Figure 3 represents FEA model for the DCB specimen using 2D four-node plane strain element 

(CPE4) and cohesive zone element (COH2D4). In the case of the composite materials, the 

fracture toughness varies with the crack length, and these were applied in FEA. 

  

Figure 3. FEA model for the DCB test 
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4. Results and discussion 

4.1 DCB test results 

4.1.1 Load and crack length and cumulative AE energy-displacement curve 

Figure 4 shows the load, crack length and cumulative AE energy-displacement curve. In case of 

Specimen A, the load increased linearly and then decreased gradually after the onset of the crack 

propagation. In contrast, the load increased continuously after the onset of the crack 

propagation and then decreased gradually in Specimen B. This is due to fiber bridging in the 

specimen that has an interfacial fiber angle. In case of Specimen B, the cumulative AE energy 

increased abruptly a few times. This was due to the delamination of the fiber bundle from the 

crack surface. The signal amplitude was very much higher than the other signal, but this behavior 

did not lead to an abrupt load decrease, and there was no abrupt crack propagation. 

  
Specimen A Specimen B 

Figure 4. Load and crack length and cumulative AE energy-displacement curve 

Figure 5 shows a crack front shape with a crack length of 55 mm, based from the side of the 

specimen. In the entire specimen, the crack tip at the widthwise center of specimen preceded 

the crack tip at the side of specimen, and crack front shape showed thumbnail shape. 

  
(a) Specimen A     (b) Specimen B 

Figure 5. Crack front shape 

We used two crack lengths in 2D FEA model respectively. In addition, we assumed that the crack 

front shape is an elliptical shape, and a centroid of the ellipse was applied in FEA model as 

alternative crack length.  

4.1.2 The correlation between accumulative AE energy and crack length 

Yousefi et al. [3] assumed that the correlation between the cumulative AE energy and crack 

length has a power law relation. 
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𝑠𝑠 = 𝛼𝛼 × 𝐸𝐸𝑐𝑐𝛽𝛽 + 𝛾𝛾                                                                                                                                               (1) 

where, 𝐸𝐸𝑐𝑐 is cumulative AE energy, 𝑠𝑠 is crack length, 𝛼𝛼,𝛽𝛽, and 𝛾𝛾 are coefficient related to the 

power function. 

Arumugam et al. [5] discriminated the frequency ranges of the AE signal depending on the 

damage mechanisms and reported that delamination was found to be in the range of 260-295 

kHz. We used these ranges for predicting the crack length using an AE signal. 

Figures 6 and 7 show the predicted crack length using Eq. (1) versus the visible crack lengths. 

Each of them corresponded as expected. However, there were a few errors between 85 mm and 

100 mm of displacement in Specimen B. As mentioned in Section 4.1.1, this is due to the signal 

being higher than the other signal induced by the delamination of the fiber bundle from the 

crack surface, but it was insufficient to lead to an abrupt crack propagation. 

The fracture toughness were calculated using MBT (Modified beam theory) in ASTM 5528, and 

crack lengths at the side, widthwise center of specimen and a distance to centroid of crack front 

shape, respectively. Then the fracture toughness were applied in 2D FEA.  

  

(a) Crack length at the side (b) Crack length at the widthwise center 

 

(c) Crack length as distance to centroid 

Figure 6. Displacement versus the predicted crack length and the visible crack length for 

Specimen A 
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(a) Crack length at the side of specimen (b) Crack length at the widthwise center 

 

(c) Crack length as distance to centroid 

Figure 7. Displacement versus the predicted crack length and the visible crack length for 

Specimen B 

4.2 Finite element analysis results 

  
(a) Specimen A (b) Specimen B 

Figure 8. Comparison of the load-displacement curve between the experimental and FEA results 

Figure 8 shows comparison of the load-displacement curve between the experimental and FEA 

results. Based on the range where the load increases linearly the FEA results using the crack 

length at the side of the specimen were stiffer than the experimental results. In contrast, the 

results using the crack length at the widthwise center of the specimen were more flexible than 
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the experimental results. The results using a distance to centroid of crack front shape were 

similar to the experimental results than other cases. After the onset of the crack propagation, 

all of cases showed a similar trend. 

5. Conclusions 

In this paper, we studied the fracture behavior of glass/epoxy composite laminates using the AE 

signal and 2D FEA. Two cameras were used for measuring the crack length at the widthwise 

center of the specimen as well as the side. An AE sensor was used for measuring the elastic wave 

induced by the fracture of the composite DCB specimen. 

The crack front shape was recorded by a camera set on the upper surface of the specimen and 

the crack length at the widthwise center of the specimen preceded the crack length at the side 

of the specimen. The crack front shape assumed an elliptical shape, and a distance to its centroid 

was considered as alternative crack length. To divide the crack length measured at intervals of 

5 mm in detail, the correlation between an AE signal and the measured crack length was used 

and was assumed that these have power law relation. The AE sensor receives all of signals 

induced by many damage mechanisms, so the signal was filtered between 260 and 295 kHz 

related to delamination. The crack length using AE signal corresponds to the measured crack 

length. However, there were a few errors in Specimen B because of the relative high amplitude 

of the signal induced by the delamination of the fiber bundle from the crack surface, although 

there was no abrupt crack propagation.  

To calculate the fracture toughness applied in 2D FEA, the crack length using an AE signal was 

used. Based on that range where load increases linearly, the FEA results using the crack length 

at the side of the specimen were stiffer than the experimental results. In contrast, the results 

using the crack length at the widthwise center of the specimen were flexible than experimental 

results. Lastly, the results using a distance to the centroid of the crack front shape as crack length 

were similar to the experimental results than the other cases. 

In further work, we should discriminate frequencies depending on the damage mechanisms, 

combining signal and then analyzing the correlation between the AE signal and the crack length 

using cumulative the AE counts as well the cumulative AE energy. 
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Abstract: The production of polymers has been growing since the 20th century, owing to their 

application in a wide range of sectors, from packaging and everyday objects to complex 

structures. Nevertheless, this growth has been brought several societal and environmental 

challenges, since millions of tons of plastic materials are being discarded every year. Up to now, 

landfilling and incineration have been the most waste disposal chosen routes. However, both are 

at the bottom of waste management hierarchy, and can no longer be considered an option due 

to the waste accumulation and intensive energy consumption. Thus, the implementation of a 

circular approach focused on the reusing, reintegration and recycling of polymers and their 

composites is of paramount importance. In the present study, different concentrations of 

production wastes were incorporated into virgin polymeric matrix by melt compounding. The 

thermal, electrical, rheological and mechanical properties were assessed for the recycled 

compounds. 

Keywords:  recycling; thermoplastics; composites; sustainability  

1. Introduction 

The demand for high technological and eco-friendly solutions in highly demanding industries is 

a contemporary phenomenon. However, todays’ generation belongs to a time where it acquired 
paramount interest, rising extremely stringent technical requirements along with new advanced 

materials. In such scenario, common materials applied to specific sectors, including light metals 

and alloys, can no longer assure totally economic and environmental viability. Polymer-based 

composites now stand out, also responding to the market evolution and the industry growth [1]. 

Carbon fiber reinforced polymer (CFRP) composites are composed by two or more distinct 

phases: i) a polymer matrix, which can either be a thermoplastic or a thermoset, and ii) an 

embedded reinforcement. Several advantages arise when a thermoplastic matrix is applied, 

such as reusing, repairing, reprocessability, recyclability and sustainability. High-performance 

and -temperature thermoplastic polymers of the poly(aryl ether ketone) (PAEK) family, in 

particular the poly(ether ether kethone) (PEEK) have been successfully employed on the 

development of advanced composites, owing to their unusual thermal, chemical and mechanical 

properties. PEEK is a linear and semi-crystalline polymer that can be continuously processed up 

to 350 °C, which is promoted by the presence of diphenylene ketone groups. For niche 

applications, as satellites, aeronautic and wear resistance components, the performance of PEEK 

can be further improved by incorporating continuous carbon fibers, giving rise to advanced 

composite materials [1]–[7].  

Driven by new targets to lower carbon dioxide (CO2) emissions and the need for lightweight 

structures, composites market size exceeded 10 billion USD in 2020 and it is expected to exhibit 
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an annual growth rate of over 7.3 % from 2021 to 2027 [8]. The boost in the CFRP exploitation 

is now, more than ever, raising awareness about their fate. An important question arises: what 

to do with the ever-increasing amount of processing scrap (e.g., non-conformities, production 

surpluses, scraps, cut-offs) and, belatedly, the end-of-life (EoL) of complex material composites? 

Up to now, landfilling and incineration have been the waste disposal chosen routes for plastics 

and traditional composites. However, these can no longer be considered viable approaches due 

to waste accumulation and intensive energy consumption issues, not to mention the 

increasingly stringent landfilling requirements. Bearing this in mind, and regarding the high 

energy consumption levels associated to virgin carbon fibers production, it is urgent to enhance 

composites recycling methods and the quality of the recycled materials [9]–[14]. Therefore, 

circular economy and sustainability are highlighted, in a world where progressive efforts are 

being done accordingly.   

Notwithstanding, traditional composites recycling is inherently more difficult than thermoplastic 

matrices due to highly crosslinked nature of the incorporated thermoset resins [1].  Several 

recycling solutions have been implemented in recent years to improve the recycling yield and 

the properties of the recovered materials, including mechanical, chemical and thermal. All of 

them rely on the same principle: fiber size reduction, impurities removal when applicable, re-

manufacturing, the production of high-quality recycled materials/products, and costs involved 

in recovered materials in comparison to virgin raw-materials. Mechanical recycling, the most 

technologically mature technique, consists of reducing components size by shredding 

techniques and further grinding or milling to obtain different particle sizes (that can range from 

fine powder to fibrous constituents). A different approach to attain mechanical recycling is the 

electrodynamic fragmentation, in which “residues” (secondary raw-materials) are shredded by 

means of a high voltage impulse. Other less mature recycling solutions can be found, such as 

electrochemical and biotechnological techniques [1], [10], [13], [15]–[17]. 

Various researchers have proved the viability associated to composite materials recycling, with 

special emphasis on CFRP. Roux et al. [17] demonstrated the recycling feasibility of high-content 

carbon fiber reinforced PEEK composites by fragmenting an aerospace part (door hinges) via 

electrodynamical fragmentation and then manufacturing new door hinges by compression 

molding with 100 % of recycled materials. Door hinges with recycled material exhibited a 

decrease of only 17 % compared to a novel composite. G. Schinner et al. [18] investigated two 

different possibilities for recycling CFR-PEEK composites, and it was found that PEEK  reinforced 

with carbon fiber composites showed satisfactory processability even at high carbon fiber 

contents (50 wt.%).  

In the present study, the performance of PEEK composites reinforced with recycled CFRP 

unidirectional tapes will be evaluated. For the purpose, “residues” will be first milled and 

micronized to obtain a filler used to produce compounds at three loadings, in a co-rotating twin-

screw extruder, under different processing conditions. In terms of material characterization, test 

specimens prepared by injection or compression molding were submitted to mechanical, 

thermal, rheological and electrical analysis. Scanning electron microscopy analysis was also 

performed to characterize the fractured surface of the material after mechanical solicitation and 

rupture.  
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2. Experimental Part 

2.1 Materials 

PEEK 450G™, a suitable grade for injection molding and extrusion, supplied by Victrex™, with a 

melt viscosity of 350 Pa.s at 400 °C and a density of 1.30 g/cm3 at 25 °C, was used as polymeric 

matrix. Unidirectional carbon fiber reinforced PEEK composites, supplied also by Victrex™, were 

milled into a fine powder and, afterwards, mixed with PEEK pellets at different loadings (2.5, 5 

and 10 wt. %). All materials were previously dried overnight at 120 °C. A small portion (< 1 g) of 

micronized tapes was subjected to a granulometric laser analysis on a Coulter LS 230 Small 

VolumeModule Plus™, and the results are depicted in Figure 1. The recycled carbon fiber 

reinforced polymer (rCFRP) presents size distribution from 2 to 310 µm, where d10 = 8 µm, d50 

= 48 µm and d90 = 142 µm, and the average particle size is 63 µm Erro! A origem da referência 

não foi encontrada..  

Figure 1 – PEEK tapes granulometric analysis. 

2.2 Compounding  

The formulations were melt mixed in a co-rotating intermeshing twin-screw extruder, with 

screws rotating at 180 and 300 rpm, to ensure adequate shear rates and residence times for the 

dispersion of rPEEK-CF. The temperature profile in the barrel was kept at 365 °C and the die at 

375 °C. The screws contain three mixing sections consisting of staggered kneading disks and 

separated by conveying sections. Extruded filaments were slowly cooled and solidified to ensure 

an appropriate material recrystallization. 

2.3 Injection and compression molding  

Virgin PEEK and rPEEK-CF compounds were injected according to the data sheet 

recommendations supplied by Victrex™. Compression molding was carried out in a hot plate 

press SATIM TYPE PML 1™, which was used to produce disks for studying the rheological 

behavior and DC electrical conductivities, at 390 °C for 30 minutes. 

2.4 Off-line characterization 

2.4.1 Rheology  

The rheological properties of PEEK and rPEEK-CF compounds were assessed on a Discovery 

hybrid rheometer DHR-1™ (from TA instruments™), equipped with a parallel plate geometry 

0

1

2

3

4

5

P
e

rc
e

n
ta

g
e

 (
%

)

Particle size (µm)

146/1602 ©2022 Borges et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

with a diameter of 25 mm and gap less than 1 mm, at 370 °C. Small amplitude oscillatory shear, 

SAOS, experiments were performed to the samples at an angular frequency sweep from 0.1 to 

10 rad/s. The linear viscoelastic response was previously determined with strain amplitude 

sweeps from 0.05 to 12.5 % and a strain of 5 % was selected for the frequency sweep tests. 

2.4.2 Scanning Electron Microscopy (SEM) 

The morphology of rPEEK-CF compounds was analyzed by scanning electron microscopy Zeiss 

LEO-1530® (Germany). The analysis was performed to verify the interface between the fibers 

and the matrix. The analysis was conducted on fractured surfaces after specimen’s tensile 

strength determination, which were previously sputtered with a layer of gold/palladium 

mixture, under argon atmosphere, to avoid electrostatic charging during analysis.   

2.4.3 DC electrical behavior  

The DC electrical behavior of PEEK and rPEEK-CF compounds was calculated from the slope of I 

vs. V curves, which were measured using an automated Keithley 487™ picoammeter/voltage 

source, with an applied voltage ranging between -300 and 300 V, at room temperature. 

Electrodes comprising gold/palladium mixture were deposited onto sample surface by 

magnetron sputtering using a Polaron SC502™ sputter coater. The geometric parameters were 

used to calculate the resistivity (ρ) of the samples, which was then converted to electrical 

conductivity (σDC) in S/cm. 

2.4.4 Crystallization degree evaluation by DSC 

The effect of rPEEK-CF contents on the crystallization degree of virgin PEEK was evaluated by 

Differential Scanning Calorimetry (DSC) (TA Instruments DSC (model Q20™)). All runs were 

performed at a nitrogen flow of 50 mL/min and samples of 5 to 10 mg were used. Scans were 

carried out by heating up the sample from 50 to 380 °C at 10 °C/min, cooling down to 50 °C, and 

reheating to 380 °C at the same heating rate.  

2.4.5 Stress-strain behavior 

The influence of different loadings of rPEEK-CF on the quasi-static mechanical behavior of PEEK 

was evaluated using an INSTRON 4208® universal instrument with a load cell of 100 kN and a 

constant crosshead speed of 1 mm/min until 0.30 % strain followed by 5 mm/min until failure. 

Analysis was performed by means of ISO-527 standard tensile tests.  

3. Results and discussion 

3.1 Rheology 

Dynamic frequency sweep tests were used to explore the rheological properties of the produced 

compounds containing different loadings of rPEEK-CF. In addition, the potential conductive 

network formation by CF-CF contact or interaction (rheological percolation) was also evaluated. 

The storage modulus (G’), loss modulus (G’’) and complex viscosity (|ƞ*|) are displayed in Figure 

2. 
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Figure 2 – Storage and loss modulus versus angular frequency for virgin PEEK and 10 % loading at 300 rpm ; 

Complex viscosity versus angular frequency for all samples. 

The higher values of G’ at low frequency region in comparison with neat PEEK is due to the 

presence of solid phase. Since no rubbery plateau was found with incorporation of 10 wt.% of 

rPEEK-CF, it can be assumed that the rheological percolation was not achieved, which means 

that no electrical percolation can be anticipated. For all tested materials, G’’ remains virtually 

unchanged since its behavior is dominated by the flow of the viscous phase, and indicates that 

the viscous component of the material dominates the elastic counterpart across all frequencies 

[19], [20]. Moreover, the region where the complex viscosity is independent of the angular 

frequency, corresponding to the Newtonian plateau, remains very similar for formulation 

containing different loadings of rPEEK-CF. 

3.2 Stress strain behavior 

The influence of different loadings of rPEEK-CF in the tensile behavior of PEEK was also evaluated 

and the results are presented on Figure 3. 

 

According to data summarized in Figure 3, it can be observed that both tensile strength and 

young modulus are not significantly affected by the incorporation of rPEEK-CF, even at higher 

loadings. This behavior suggest the following: i) a good dispersion level of rPEEK-CF was found 

by selecting a specific screw design/geometry and the processing conditions studied (180 and 

300 rpm), and ii) the particle size incorporated in neat PEEK is smaller for acting as a mechanical 

reinforcement.  

Figure 3 – Tensile strength (MPa) and Young Modulus (GPa) of the produced materials. 
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3.3 Scanning Electron Microscopy (SEM) 

Figure 4 presented SEM images from the fractured surface of the tensile specimens previously 

tested. Images 1.1 to 1.4 refer to samples with 2.5 wt. % of rPEEK-CF, images 2.1 to 2.4 to 5 wt. 

% rPEEK-CF, and images 3.1 to 3.4 to 10 wt. % rPEEK-CF. 

The morphology of compounds, for each rPEEK-CF loading, showed the absence of fiber clusters, 

suggesting that a good dispersion degree was found and confirming that the extrusion 

conditions were adequate for the development of PEEK composites. No significant differences 

were found for the developed morphology using 180 or 300 rpm. Moreover, it is observed a 

good interfacial adhesion between the fibers and the matrix, along with fibers being pull-out 

probably due to the forces from the tensile test. 

3.4 DC electrical conductivity 

The influence of different loadings of rPEEK-CF in the DC electrical behavior of neat PEEK is 

presented on Table 1.  

Table 1 - Samples electrical conductivity. 

Sample Electrical conductivity (S/cm) 

Virgin PEEK 9.20 × 10-9 

2.5 wt. % ; 180 rpm 8.21 × 10-9 

2.5 wt. % ; 300 rpm 1.71 × 10-8 

5 wt. % ; 180 rpm 7.40 × 10-9 

5 wt. % ; 300 rpm 1.02 × 10-8 

10 wt. % ; 300 rpm 1.18 × 10-8 

Figure 4 – SEM images (1.1 to 1.4 – 2.5 % rPEEK-CF; 2.1 to 2.4 – 5 % rPEEK-CF; 3.1 to 3.4 – 10 % rPEEK-CF). 
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Based on the literature [24], materials with conductivity lower than 10-8 S/cm are considered 

insulators. In this sense, through the analysis of the DC electrical conductivity values presented 

on Table 1, it is possible to conclude that  all developed formulations do not present a significant 

increase of the DC electrical behavior, as expected from the rheological results, probably due to 

the low particle size incorporated. J. King et al. [25] showed that only PEEK composites 

containing 30 wt. % carbon fiber presented increased electrical conductivity.  

4. Conclusion 

In the present work, the performance of PEEK composites reinforced with recycled CFRP 

residues was assessed. For this purpose, compounds were extruded with different loadings of 

rCFRP (2.5, 5 and 10 wt. %), while also varying the extrusion speed between 180 and 300 rpm.  

After the materials characterization, from mechanical, thermal, rheological, electrical analysis 

and SEM observation, it was possible to conclude that with these low incorporations of residues 

were not sufficient to attain the desired reinforcement. At the same time, without a network 

formation between the dispersed CFs, the produced compounds are still insulators. 

Nevertheless, and promoted by the good dispersion achieved, it should be pointed out that the 

introduced fillers did not decrease the performance of the PEEK matrix. Further studies will be 

performed on compounds produced with higher loadings of recycles CFRP, where improvements 

are expected. 
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Abstract: This work presents the implementation of an advanced phenomenological failure 

model to perform ``hot-spot” failure analysis and predict the onset of intralaminar damage of 

fiber-reinforced polymers in large-scale models. The selected failure criteria identify the critical 

failure mode, accounting for general three-dimensional stress states, which is essential for the 

design and analysis of composite laminates under higher levels of triaxiality. Then, to represent 

the quasi-brittle behavior of composite materials up to ultimate strength, these failure criteria 

are coupled with a smeared crack model for transverse cracking and continuum damage 

mechanics models for fibre-dominated damage, which together account for the kinematics of 

matrix cracking and fibre tensile or compressive fracture during damage propagation. 

Furthermore, cohesive elements are used to predict delamination. A test case involving a stringer 

runout loaded in tension was selected for the validation of “hot-spot” analysis, while a series of 

scaled tests on unnotched specimens was used for the validation of the mesoscale model. 

Keywords: Failure criteria; Damage models; Computational methods; Fibre-reinforced 

polymers 

1. Background 

Carbon fiber-reinforced plastic (CFRP) materials play an important role in structural applications, 

namely in aeronautical industry. In fact, thanks to their higher mechanical properties compared 

with those of traditional lightweight metal alloys, composite materials have been increasingly 

used in the last decades for manufacturing primary structures. However, the design of 

aerostructures using composite materials is more complex than using isotropic lightweight 

alloys, due to the radical increase of design parameters that FRP-composites implies. For this 

reason, during the early stages of their design, it is important to choose a convenient design 

strategy to follow, in order to avoid, in a certain measure, the prohibitive cost of their 

mechanical tests. High performance composites, in fact, are very expensive due to the fact that 

their beneficial properties usually rely on the use of high-cost raw materials, namely prepregs, 

and relatively slow and complex manufacturing technologies. These motivations pushed the 

scientific community towards the development of reliable tools for virtual testing of laminated 

composites, aiming to reduce the number of mechanical tests required during the design and 

certification process [1,2]. 

However, detailed numerical models for large aerospace products result in prohibitive 

computational costs with the current state of technology. Therefore, to overcome the need of 
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high-fidelity models involving millions of degrees of freedom, efficient modelling strategies have 

been recently proposed, such as global/local approaches. In this framework, ``hot-spot” 

identification analysis can be used to highlight the most critical structural details where a local 

model would have a crucial role in capturing more accurately the structural behavior. With the 

obtained indications, an efficient global/local modelling strategy can be implemented to address 

the structural response of composite structures. 

To model the phenomena of damage propagation, non-linear constitutive models defined in the 

context of the mechanics of continuum mediums have been developed and implemented in 

finite elements codes in recent years [3,4]. However, continuum damage mechanics (CDM) 

approaches alone cannot realistically simulate the response of the laminates that are dominated 

by delamination, which is discrete in nature and sensitive to the local stress fields and boundary 

conditions. A more effective computational approach in such cases would have to include a 

concurrent combination of smeared and discrete models to capture the interaction between the 

material and structural (or local and global) behavior. For this reason, discrete damage mechanics 

(DDM) can be a suitable approach to progressive failure modelling when delamination is 

explicitly introduced into the model via displacement discontinuities, which they create [5]. 

In this work, the 3D invariant-based failure model was selected and implemented to predict the 

onset of intralaminar failure in “hot-spot” failure analyses and as damage activation functions 

in the mesoscale damage model. This set of failure criteria is presented in the section below. 

1.1. 3D invariant-based failure criteria 

The 3D invariant-based failure theory [6,7] is a set of advanced phenomenological failure 

theories, selected for the present work due to its unique 3D character. These new criteria are 

based on the transversely isotropic yield function developed by Vogler et al. [8]. They have an 

invariant quadratic formulation involving structural tensors that accounts for the preferred 

directions of the anisotropic material. 

The invariant-based failure criterion for transverse matrix failure of unidirectional composites is 

presented in the equation below, where the failure index FIM is defined as a function of the stress 

invariants for matrix failure (I1, I2, I3) and the failure parameters : 

𝐹𝐼𝑀 = {𝛼1 𝐼1 + 𝛼2 𝐼2 + 𝛼3𝑡  𝐼3 + 𝛼32𝑡  𝐼32     𝑓𝑜𝑟  𝐼3 > 0𝛼1 𝐼1 + 𝛼2 𝐼2 + 𝛼3𝑐  𝐼3 + 𝛼32𝑐  𝐼32     𝑓𝑜𝑟  𝐼3 ≤ 0 ,              (1) 

where the stress invariants are given as: 𝐼1 = 14 𝜎222 − 12 𝜎22𝜎33 + 14 𝜎332 + 𝜎232  ,   𝐼2 =  𝜎122 + 𝜎132  ,   𝐼3 = 𝜎22 + 𝜎33            (2)  

and the failure parameters are: 

𝛼1 = 1𝑆𝑇2  , 𝛼2 = 1𝑆𝐿2  ,   𝛼32𝑡 = 1− 𝑌𝑇2 𝑌𝐵𝑇 − 𝛼1𝑌𝑇24𝑌𝑇2 − 𝑌𝐵𝑇𝑌𝑇  ,   𝛼3𝑡 = 12 𝑌𝐵𝑇 − 2𝛼32𝑡 𝑌𝐵𝑇 ,  
𝛼32𝑐 = 1− 𝑌𝐶2 𝑌𝐵𝐶 − 𝛼1𝑌𝐶24𝑌𝐶2 − 𝑌𝐵𝐶𝑌𝐶  ,   𝛼3𝑐 = 12 𝑌𝐵𝐶 − 2𝛼32𝑐 𝑌𝐵𝐶  .                  (3) 
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The failure parameters in Eq. (3) are function of: ST and SL, which are respectively the transverse 

and in-plane shear strengths; YC and YBC, respectively the transverse uniaxial and biaxial 

compressive strengths; and YT and YBT, respectively the transverse uniaxial and biaxial tensile 

strengths. Through the sign of the third invariant I3, this criterion addresses failure under biaxial 

stress states. 

Fibre failure under tension is predicted using the non-interactive maximum allowable strain 

criterion, following the LaRC03 criteria [9]: 𝐹𝐼𝑀 = 𝜀1𝜀𝑋𝑡      𝑓𝑜𝑟  𝜎11 ≥ 0                  (4) 

where  Xt is the ultimate tensile strain. 

Since the failure mechanism under longitudinal compression of fibre-reinforced polymers 

involves mainly the formation of a kink band, resulting from micro-buckled fibers and local 

matrix cracking, this theory introduced a 3D kinking model by recalling the invariant-based 

failure criterion for the transverse case, but in a misalignment frame. In fact, introducing the 

two angles required for the definition of the frame of the kink band, namely the angle of the 

kinking plane ψ and the kinking angle ϕ, it is possible to formulate the invariant-based failure 

criterion for kinking failure prediction in the misalignment frame. 

As it can be observed by the latter frame definition, this set of invariant-based failure criteria is 

clearly fully 3-dimensional (3D), unlike the Hashin or Puck failure criteria that were initially 2D 

criteria and then they have been extended to the 3D case. 

 

Figure 1. 3D kinking model with the definition of the kinking angle ϕ and the angle of the 

kinking plane ψ (adapted from [10]) 

Figure 1 shows the kinking plane and the 3 coordinate systems: the initial coordinate system 

(102030), associated with the material axes of the composite, the coordinate system related with 

the kinking plane (1ψ2ψ3ψ) and the coordinate system related with the misaligned fibers 

(1ϕ2ϕ3ϕ). In the latter coordinate system, the invariant-based failure criterion for fibre kinking is 

formulated as a function of the stress invariants and the failure parameters: 𝐹𝐼𝑘 = 𝛼1𝐼1 + 𝛼2𝐼2 + 𝛼3𝐼3 + 𝛼32𝐼32                 (5) 

with: 𝛼3 = 𝛼3𝑡  , 𝛼32 = 𝛼32𝑡  if 𝐼3 > 0 , and 
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𝛼3 = 𝛼3𝑐  , 𝛼32 = 𝛼32𝑐  if 𝐼3 < 0.                 (6) 

The complete definition of the analytical framework needed to predict failure onset for fiber 

kinking can be found in [7], where the stress invariants are formulated in the misaligned frame 

of the kinkband, so as a function of the angle of the kinking plane ψ and the kinking angle ϕ. 

In [6,7,10] several validation studies of these criteria were performed, comparing the predictions 

with experimental data obtained for different material systems under various scenarios of 

multiaxial loading, including the case of hydrostatic pressure, which no previous failure criteria 

have taken into account. 

Herein, to show the predictions of this advanced failure theory and compare the with well-

known failure criteria, Figure 2 presents the correlation of the predicted envelopes (obtained 

using Tsai-Wu, Hashin and 3D invariant-based failure criteria) against experimental results from 

the WWFE-II [11] for T300/PR319. Furthermore, the influence of YBC on the strength predictions 

of the invariant-based theory was investigated and the effect of the interaction term F*12 of the 

Tsai-Wu theory are included in the figure.  It can be observed that the 3D invariant-based theory 

provides a significant flexibility in fitting complex results with YBC, while the interaction term 

from Tsai-Wu has a negligible influence for the specific test case and Hashin does not offer 

flexibility in the predictions with YBC. 

 

Figure 2. Triaxial failure stress states: shear stress vs. hydrostatic pressure for a UD T300/PR319 

epoxy. 

2. Hot-spot identification method 

The implementation of failure criteria in a FE software for “hot-spot” failure analysis, introduced 

in [11-13], is a robust method to accurately predict critical locations in large global models. The 

identification of “hot-spots” in large models, by means of reliable failure criteria, allows to 

increase the modelling resolution only where required. Advanced phenomenological failure 

theories have been implemented for this scope, such as the LaRC05 in [11].  

As introduced in the previous section, herein the 3D invariant-based failure theory [6] is used 

for the prediction of first-ply failure (FPF) of laminated composite structures. With this aim, the 

formulation of this set of criteria was implemented in a post-processing Python script, 
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compatible with Abaqus/Standard and Abaqus/Explicit, to generate new element output fields, 

by using the full stress tensor of each element and computing the failure index for each of the 

failure modes addressed by the criteria. Because of the fully 3D nature of the implemented 

failure theory, this approach allows the identification of “hot-spots" and the corresponding 

failure mechanisms for damage initiation, creating different output variables to predict fibre and 

matrix failure, under tension and compression. 

To verify the correct numerical implementation of this tool and validate it with experimental 

results, a test case involving an aeronautical reinforced panel under tensile loading was selected, 

for which experimental results are available. The “hot-spot” failure method was applied to the 

panel, targeting the identification of the critical locations for damage onset in the runout region. 

The results of the hot-spot failure analysis are shown schematically in Figure 3. In particular, it 

can be observed that failure initiates in the skin region close to the runout, where the onset of 

damage is triggered by fibre kinking. Additionally, in the zoomed view, failure initiation is shown 

to take place in all the plies of the laminate, in the vicinity of the bolts. Experimental results 

validated the qualitative predictions obtained with this approach; however they cannot be 

disclosed in this paper. 

 

Figure 3. “Hot-spot” failure analysis in the runout region, where the identified critical failure 

mode is fibre kinking. 

3. Detailed damage modelling 

Although “hot-spot” FPF analysis can be useful in guiding preliminary design and identifying the 

most critical areas, it is not sufficient to predict the ultimate load of composite laminates, since 

failure of these materials is governed by a progressive evolution of damage, which must be 

addressed for critical areas. Hence, to predict the inelastic deformation up to ultimate failure in 

local models, these 3D invariant-based criteria are coupled with a smeared crack model that 

accounts for the kinematics of matrix crack and kink band formation during damage 

propagation. To predict delamination, cohesive elements are used at the interfaces between 

layers with different orientation.  
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The mesoscale damage model introduced in this paper is an extension of a composite material 

model proposed in the literature [14], representing the quasi-brittle behaviour of composite 

structures. It is extended to account for the effect of general 3D stress states in the initiation 

and broadening of fibre kinking using the 3D invariant-based failure theory [6,7]. 

A verification study of the mesoscale damage model has been firstly performed at the single 

element level, to check the correct numerical implementation of the model. Just to give an 

example of this study, Figure 4 shows the material response of IM7/8552 (material properties 

from [14]) under an increasing longitudinal compression and constant biaxial transverse 

pressure. It can be observed that the model is able to capture the increase of strength occurring 

due to hydrostatic effect. 

 

Figure 4. Single element test under longitudinal compressive loading and constant biaxial 

transverse pressure. 

Then, a validation study at the coupon level was performed considering experimental results 

from [15]. In particular, the idea was to test the damage model in capturing the size effects in 

the prediction of unnotched tensile strength, i.e. the increase in strength of quasi-isotropic (QI) 

specimens with size when the thickness was changed by repeating the sublaminate stacking 

sequence (“n scaling”, [45/90/-45/0]nS) and the decrease in strength when the thickness was 

increased by changing the ply block thickness (“m scaling”, [45m/90m/-45m/0m]S). Additional 

details can be found in [15]. 

Figures 16-17 show the numerical results of the finite element analyses (FEA) performed using 

Abaqus/Explicit and solid elements, and a user subroutine to run the mesoscale damage model. 

Each case was run with and without cohesive elements to study the effect of delamination in 

the prediction of the tensile strength. The obtained results show that the numerical predictions 

fit quite well the experimental results and that delamination plays an important role in the 

prediction of the tensile strength, especially for ply-level scaled specimens. Furthermore, the 

developed mesoscale damage model proved to capture the size effect in unnotched tensile 

strength.  
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Figure 5. Comparison between the numerical and experimental results for sublaminate-level 

scaled IM7/8522 ([45/90/-45/0]nS) specimens. 

 

Figure 6. Comparison between the numerical and experimental results for ply-level scaled 

IM7/8552 [45m/90 m /-45 m /0 m]S specimens 

4. Conclusion 

In this work, an advanced phenomenological failure theory was implemented to perform “hot-

spot” failure analysis and to extend a mesoscale damage model for general 3D stress states. The 

fist method allows to identify “hot-spot” for the onset intralaminar failure in large scale models, 

while the second is suitable for detailed analysis where the mechanical behavior of FRPs up to 

collapse needs to be investigated. 

Validation studies were performed for both methods. The “hot-spot” identification analysis 

resulted satisfactorily accurate for the prediction of critical locations for intralaminar failure 

onset in a reinforced panel. Then, the mesoscale damage model was able to capture the effect 

of hydrostatic pressure in single element tests and the size effect in unnotched tensile strength, 

with a good correlation with experimental results. 
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Abstract: The proposed contribution concerns the experimental characterization of the strain

rate  effect  on  the  longitudinal  compressive  response  of  a  twill  woven  carbon-polyamide

laminate. A specific test fixture was designed to perform quasi-static and dynamic experiments

with  the  same  specimen  geometry.  Quasi-static  experiments  were  conducted  using

electromechanical  machine,  and  dynamic  material  characterization,  using  Split  Hopkinson

Pressure Bars (SHPB). Particular attention is given to the dynamic stress equilibrium promoted

through the use of an appropriate pulse shaper. Thanks to high speed video recording, the

failure process is observed and valid failure modes are assessed. Digital Image Correlation (DIC)

allows to access to the strain field and to check its homogeneity. In the range from 1.5x10 -5 s-1

to  700 s-1,  the  experimental  results  showed  a  significant  increase  of  +60%  in  the  ultimate

compressive strength.

Keywords: Thermoplastic composite; Longitudinal compression; Dynamic behavior; Split 

Hopkinson pressure bar; Digital images correlation

1. Introduction

Composite materials with a thermoplastic matrix are increasingly used today in the transport

industry.  Thanks  to  their  mechanical  properties,  they  make  possible  to  lighten  structures

compared to metallic materials. Operating costs are therefore reduced thanks to the reduction

in fuel consumption while reducing emissions. Compatible with large-scale production thanks

to their short cycle times, these materials have a limited environmental impact, compared to

composites  with  a  thermoset matrix,  due  to  their  recyclability.  For  example,  carbon fiber

reinforced with polyamide is used in the automotive industry for structural applications. For

that  use  during  service  life,  the  material  is  subjected  to  rapid  loads  such  as  collisions  or

impacts.  The  knowledge  of  the dynamic  behavior  and the mechanical  properties  of  these

materials is crucial  for the sizing of structures and the feeding of representative numerical

simulations.

This article focuses on the mechanical characterization in compression of woven carbon fiber

reinforced  with  polyamide.  This  composite  material  and  its  dynamic  behavior  have  been

accurately studied in tension but few works have focused on compression. Jendli  et al. [1]

ascertained the dynamic in-plane tensile and shear properties up to 300 s−1 of the 2x2 twill

woven carbon fiber reinforced polyamide. Particularly for shear loadings, a positive strain rate

effect is noted and is supposed to be due to the viscoplasticity and visco-damage behavior of

the thermoplastic matrix. Earlier, Todo et al. [2] characterized a woven carbon fiber composite
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with  a  polyamide matrix.  Linear  increases  in  tensile  strength  and absorbed energy  versus

logarithmic strain rate were highlighted.

Split Hopkinson pressure bar system (SHPB) is often used to study the strain rate effects and

the mechanical properties of materials. For composite material, to ensure valid experiments,

special  devices  are  employed. For  flat specimens,  Wiegand [3]  demonstrated  first  the

suitability of a specific testing fixture to ensure valid compression loading conditions. That's

why Koerber and Camanho [4] implemented a specific dynamic fixture to align and stabilize a

thin specimen between bars. Carefully developed in order to not disrupt wave propagation,

this end-loading test setup provides a state of stress equilibrium in the sample. Ploeckl and

al. [5] modified Koerber and Camanho’s testing device [4], enhancing end-loaded specimens

with bonded glass/epoxy tabs. Ploeckl and al. [6] also improved the previous testing apparatus

so as to load flat rectangular specimens, bonded into slotted end caps, by both end- and shear

loading. Yokoyama and Nakai [7] investigated rate effects of carbon fiber laminates employing

cubic and thick rectangular samples. Brooming and end-crushing are prevented inserting end

faces  in  a square notched steel  disk.  Nakai  and al. [8]  applied this  last  loading method to

cylindrical specimens. A positive strain rate effect on the compressive strength is showed from

10-3 s-1 to 103 s-1 in the three principals material axis.

2. Experimental study

2.1 Material, specimen and testing device

The studied material is a polyamide 66 matrix reinforced by 2x2 twill woven carbon fibers. This

materials is used in automotive industry to build body panels for example, and for structural

sporting goods applications such as helmet shells. Using a hot-press, laminated plates were

consolidated in a compression mold during 10 minutes at 285 °C with 0,5 MPa pressure.

20mm  long  rectangular  samples  were  machined  in  thick  plates  with  diamond  tools,

guaranteeing flatness of end-surfaces with close parallel tolerance. An attention is given to the

size  of  the  specimen.  They  must  be  large  enough  to  contains  at  least  one  elementary

representative volume of the material to avoid scale effect [1]. Dry lubricant is applied at each

end to minimize friction with the loading plates and to ensure an uniaxial state of stress. In

order to perform digital images correlation [9], a black and white speckle pattern is applied on

the visible face of the specimen.

A specific test fixture (fig. 1) was developed in order to prevent end crushing and premature

failure of the specimen while loading. Suitable from low to high strain rate testing, it allows

comparison of results at different strain rates. The gripping device consists in two pairs of

machined steel clamps mounted at each end of the specimen. The device is assembled in a

state of simple contact with the specimen thanks to tightened screws.
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Figure 1.  Quasi-static compressive setup (left) and test fixture (right). Front view and side

section view. Load application is described by arrows.

2.2 Quasi-static testing apparatus

An electromechanical testing machine with a 100 kN load capacity is used to perform quasi-

static  experiments.  Strain  gauges  are  bonded  to  the  specimen  and  connected  to  a  data

acquisition conditioner via a Wheatstone bridge.

For a basis of comparison, tests according to ISO 14126 standard [10] with IITRI fixture are

performed. A-type specimens were employed with bonded glass/epoxy tabs. Characterization

tests with the developed device were carried out at several strain rates approximately from

10−5 s−1 to 10−2 s−1. In addition, images of the sample surface sample are recorded with a high

definition  CCD  camera.  The  system  is  completed  with  two  45 W  LED  lamps  to  provide  a

constant lighting of  the specimen. Digital  image correlation (DIC) is  performed with Icasoft

software [11],  allowing  strain  calculation  on  an  area  corresponding  to  an  elementary

representative surface.

2.3 Dynamic test setup

Split Hopkinson pressure bars were employed to determine dynamic compression properties.

They are made of 20 mm diameter steel striker, incident and transmission bars respectively

0.5 m, 3.0 m and 1.8 m long. Strain gauges, located at 1.5 m on the incident-bar and 0,38 m on

the  transmission-bar apart  the  bar/specimen interface,  measure elastic  wave  propagation.

Two sets of strain gauges are bonded on diametrically opposed sides so as to remove bending

and torsion effects. Amplified strain signals are recorded at high speed via a digital oscilloscope

with  a  1 MHz sampling  rate.  A  copper  pulse  shaper  is  placed on  the incident-bar,  on  the

impacted face, to get a gradual loading of the specimen. This approach has been found well

suited for composite materials exhibiting a linear behavior up to failure [4].

So as to verify the absence of dispersion and the accuracy of strain measurement in bars, a

bar-together test is performed to validate one-dimensional wave transport. The striker-bar hits

the pulse shaper at a speed V0. The bar wave celerity is obtained by Cb = (Eb/ρb)
0,5 = 4529 m/s

with  Eb = 160 GPa  the  bar  Young’s  modulus  and  ρb = 7800 kg/m3 the  bar  density.  The

theoretical amplitude εb = V0/2Cb is reached. Between incident- and transmission-bar, the 1.4%
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measured strain difference is considered as negligible since no change is revealed in the signal

shape. Consequently, dispersion correction is not required.

The test fixture is assembled to the specimen and is the placed between bars. The deforming

specimen and  its  failure  modes  are  observed  thanks  to  high-speed  video  recording  via  a

Photron camera with a rate of 150 000 frames per second. The homogeneous illumination of

the  area  of  interest  is  provided  by  two  halogen  spotlights.  According  to the  previously

described protocol, the strain field is also deduced from DIC.

3. Results and discussion

3.1 Quasi-static test results

For each strain rate, three tests are conducted and the longitudinal compression failure stress

is  measured  (tab. 1).  The  ISO 14126  standard  benchmark results  are  marked  with  *.  The

expected brittle elastic mechanical material behavior is  confirmed.  Digital images correlation

attest to  the strain field homogeneity in the specimen gauge and so the non-disturbance of

test fixture. Noticed failure modes, such as brooming and throught-thickness shear, are away

from specimen ends and gripping device. As expected, the results obtained with the proposed

device are fully consistent with benchmark results.

Table 1: Quasi-static test results (*Results according to ISO 14126 standard).

Strain rate (s-1)
Mean failure stress

(MPa)
Standard deviation (MPa) 

Coefficient  of

variation (%)

1.5.10-5 326 12 3.6

*6.1.10-5 *347 *10 *2,8

1.7.10-2 396 28 7.0

3.2 Dynamic test results

Forces acting on the specimen at bar ends are calculated from the strain measurement in

incident  and  transmission  bars  wave  propagation.  Forces  are  given  by  Eq. (1)  and  Eq. (2),

where εinc, εref and εtra are respectively the incident-, reflected- and transmission-bar strains. Sb

is the bar cross section and Eb is the bar Young’s modulus.

F input=SbEb ( εinc+ε ref )     (1)

Foutput=SbEb εtra     (2)

Verifying forces equilibrium and strain homogeneity, the specimen strain rate ε̇s, strain εs and

stress σs are  calculated with Eq. (3), Eq. (4) and Eq. (5), where Ss is the cross section of the

specimen.

ε̇ s=
Cb

ls
(εtra− ( εinc−εref ))     (3)
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ε s=∫
0

t

ε̇sdt     (4)

σ s=
Finput+Foutput

2Ss
    (5)

A representative example of bar strain signals, recorded during a test, is showed in fig. 2. Post-

processed results are given in fig. 3. Due to the early reached stress equilibrium, forces applied

at specimen ends jointly evolve over the time (fig. 3). From failure, curves are plotted with dot

lines. Both SHPB method and optical measurement provide strain data with a good agreement

between the two approaches. Strain homogeneity in the specimen during loading is confirmed

by DIC (fig. 4). Longitudinal stress versus strain curve is given in figure 5. Both strain and stress

calculated with the SHPB analysis are retained for curve plotting.

Figure 2. Representative bar strain signal for twill woven  carbon-polyamide composite

characterization.

Figure 3. Forces acting at bar ends, specimen stress response, strain obtained via SHPB analysis

and DIC, strain rate over the time.
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Figure 4. Longitudinal strain field on the horizontally load specimen with SHPB at ε11 = 0,29%.

Figure 5. Stress-strain response of twill woven carbon-polyamide laminate in longitudinal

compression at  different strain rates.

With  a  coefficient  of  variation  of  5,7%  and  5,6%,  the  mean  failure  stress  is  respectively

489 MPa at 265 s−1 and 530 MPa at 659 s−1. In comparison to previous observations, failure

modes remain valid in the specimen gauge (fig.  6).  From quasi-static to dynamic loadings,

material behavior exhibits a strain rate sensitivity of its longitudinal compressive failure stress.

From 1.5.10−5 s−1 to 659 s−1, a +60 % increase is noticed.

Figure 6. Failure modes in SHPB experiments
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4. Conclusion

This  study investigated twill  woven carbon fiber  reinforced polyamide 66  and  its  dynamic

mechanical behavior.  For thick laminated specimens characterization,  a specific test fixture

device  was  developed  taking  care  of  load  introduction  and  strain  homogeneity.

Electromechanical  machine  and  split  Hopkinson  pressure  bar  were  used  to  perform

experiments  from  quasi-static  to  dynamic  strain  rates.  High-speed  video  recording  was

implemented to calculate strain field via optical measurement and digital images correlation.

Brooming and throught-thickness failure modes were observed away from the specimen end

faces from low to high strain rates. In the range from 1.5.10-5 s-1 to 103 s-1, a +60% increase of

the longitudinal compressive failure stress of twill woven carbon fiber reinforced polyamide 66

is observed.
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Abstract: The development of digital twins for life cycle monitoring of high performance 

composites is becoming a realistic goal. The use of permanently integrated sensors to obtain 

structural health information is a promising method by which finite element models could be 

iteratively updated for remnant life predictions. In the present work, we use acoustic emission 

(AE) sensors to detect the stress waves generated in open hole composites when damage 

initiates and grows under quasi-static tensile loading. Damage characterisation is performed on 

experimental AE data and compared to a finite element (FE)-based damage modelling 

framework. The results from these techniques are then validated through the use of X-ray 

computed tomography (CT) scans, conducted on partially loaded specimens. AE monitoring and 

the FE model show promise in detecting the severity of damage when specimens are subjected 

to progressive tensile loading, although the FE-based model underpredicts the failure load and 

further work is required for damage classification using AE signals. 

Keywords: Damage diagnosis; damage detection, ultrasonics; structural health monitoring; 

non-destructive testing 

1. Introduction 

Despite advances in the design and manufacture of high performance composite materials, a 

lack of confidence in their long-term performance remains a challenge. This can result in over-

engineered design, laborious inspection procedures, and premature replacement of 

components. The layered nature of composites can facilitate the permanent integration of 

acoustic emission (AE) sensors capable of diagnosing the health state of a structure [1]. Provided 

the signals can be correctly interpreted, the use of such sensors to detect and monitor the 

presence and growth of defects and damage could lead to a reduction in downtime for 

inspection and increase the accuracy of lifetime predictions delivered by simulation techniques. 

The aim of this work is to demonstrate that damage can be detected using AE sensors, and that 

the AE data can be combined with a finite element (FE)-based progressive damage model to 

better interpret the damage process in composites structures. The integrated AE-FE approach 

will in the short term lead to a better understanding of damage in composites, and in the long 

term may lead to better structural health monitoring. In the present work, angle-ply carbon 
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fibre/epoxy laminates containing 0° and ±45° plies were investigated. Open hole tensile 

specimens were instrumented with four AE sensors, bonded to the front surface of each 

specimen. These were used to detect acoustic emissions (AE) produced by changes in the 

microstructure during loading – such as from the onset and growth of cracks in the matrix, 

separation of layers (delamination), or fibre fracture. Analysis of the signals and their features 

can enable identification of different damage mechanisms in composites as well as estimation 

of the damage locations [2,3]. In parallel, ultrasonic c-scan and X-ray computed tomography (CT) 

have been employed to characterise the damage in partially loaded specimens. The recorded AE 

and X-ray CT data were used to better understand failure progression in open-hole specimens, 

as well as to assess the predictive capability of an FE-based progressive damage model. 

2. Materials and methods 

2.1 Open-hole tensile loading of composite coupons 

Carbon fibre/epoxy laminates constructed from IM7/8552 (134 gm-1 fibres, 0.125 mm ply 

thickness) were provided by Hexcel Composites with a symmetric “angle-ply blocked” lay-up 

having the stacking sequence [02/-452/902/+452]S. Rectangular specimens with a central 4 mm 

diameter hole (dimensions shown in Figure 1) were subjected to quasi-static tensile loading 

using an electro-mechanical Instron testing machine equipped with a 50 kN load cell (testing 

conducted at The University of Manchester). Four Mistras Pico sensors were attached to the top 

surface for AE monitoring. The delta-T mapping technique [4] was applied to the recorded AE 

data to locate damage events. 

 

Figure 1. Dimensions of open-hole tensile coupons, with surface mounted AE sensors labelled 1-

4. The 23 x 34 mm region of interest imaged by X-ray CT is shown as a green shaded region. 

2.2 Finite element simulation 

An FE-based damage modelling framework [5,6] was used to simulate the initiation and 

progression of damage in the angle-ply open-hole composite specimens subjected to quasi-

static tensile loading. Intra-ply damage is simulated using a continuum damage model [7,8] with 

fibre-aligned meshes of single element thickness. Failure initiation is predicted using an 

approximation of the LaRC 03/04 set of failure criteria [9]. Inter-ply damage (delamination) is 

accounted for using cohesive elements placed between fibre plies [10]. Material properties for 

IM7/8552 were taken from [5]. A mesh sensitivity study showed that an in-plane element size 

of 0.25 x 0.25 mm and loading rate of 1000 mm/min (to accelerate the quasi-static explicit 

dynamic simulation) provided acceptable results with a reasonable runtime and kinetic enrgy of 

less than 5% of the internal strain energy. Models were run using a user subroutine (VUMAT) in 

the commercial FE software, Abaqus. 
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2.3 Non-destructive evaluation of partially loaded specimens by X-ray computed tomography 

Three angle-ply blocked specimens were selected for non-destructive evaluation by X-ray CT 

(conducted at TWI Technology Centre Wales). Details of the specimens are given in Table 1. The 

scans were performed on a North Star Imaging X5000 XCT scanner  using an accelerating voltage 

of 50 kV and tube current of 200 µA. Samples were rotated through 360° capturing 

4000 projections with 2 seconds exposure and 3-frame averages, resulting in a total scan time 

of 8h53min. The scans were reconstructed using the standard North Star filtered back-projection 

reconstruction software efX-CT 2.2.5.0.  

Analysis of the reconstructed datasets was performed in VG studio MAX 3.5.1. Volume 

registration was conducted using the inbuilt 3-2-1 registration method using two references 

planes, one fitted to the front face and one to a side face and finally a reference cylinder fitted 

to the specimens drilled hole. The origin of the co-ordinate axes was defined as the centre of 

the drilled hole on the front face of the specimen (see Figure 2).  

Table 1. Summary of angle-ply blocked composite specimens considered in the study. 

Specimen Applied load (kN) % of mean failure load 

A10 Unloaded 0 

A3 29.0 86 

A13 33.0 97 

A14 35.2 100 (failed) 

Mean (6 specimens) 33.9 ± 1.5 100 (all failed) 

 

 

Figure 2. (a) X-ray scanning set-up at TWI Technology Centre Wales, (b) reconstructed 

specimen volume in VG studio MAX 3.5.1 

The total damage in each specimen was visualised using the inbuilt region growing (flooding) 

algorithm. The algorithm uses a selected seed point in the data and continues to a new voxel 

within a selected tolerance of the seed points grey level. Due to the low ply deformation 
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experienced under uniaxial tension, global damage was further segmented in an approximate 

ply-by-ply manner. Ply-by-ply segmentations were achieved by intersecting the total segmented 

damage from the region growing with cuboids having a thickness corresponding to the nominal 

ply thickness of 0.25 mm +0.05 mm tolerance. The interface between plies was visualised 

through the intersection of cuboids with half nominal ply thickness +0.05 mm tolerance, 

positioned between two neighbouring ply regions. 

3. Results and discussion 

3.1 Mechanical properties 

The load-displacement curves for the three tested specimens (A14, A13, and A3) are shown in 

Figure 3. The change in gradient of the three curves is due to the inclusion of the compliance of 

the test machine in the cross-head displacement value. A comparison of experimental and 

predicted failure loads from the FE model are given in Table 2. The model underpredicts the 

failure load by 28% when compared against the mean breaking load obtained from the six failed 

specimens. Due to the observed discrepancy, comparisons between failure modes observed in 

partially loaded specimens and model predictions were carried out in terms of the percentage 

of failure load. Figure 4 shows the extent of fibre and matrix damage in the surface 0° and 

subsurface -45° plies, as well as the predicted extent delamination between at the 0/-45 

interface, near the surface of the specimen. It is evident that matrix damage is first sustained in 

the -45° (and +45°) plies. Fibre failure in the surface 0° plies is the critical failure mode that leads 

to ultimate failure. 

 

Figure 3. Load-displacement curves for specimens A14, A13, and A3 compared against curved 

obtained from the FE model (0.25 mm mesh size and 100 mm/min loading rate) 

Table 2. Failure load of angle-ply blocked open-hole composites under tensile loading 

Method Failure load (kN) 

Experiment (6 specimens) 33.9 ± 1.5 

Finite element model 24.2 
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Figure 4. Fibre, matrix, and interface damage in the near-surface plies and interface, as 

predicted by the FE-model. A schematic of the angle-ply blocked lay-up is shown for reference. 

3.2 Acoustic emission monitoring 

Figure 5 shows the total number of AE hits recorded by the four mounted AE sensors during 

loading of specimens A14, A13, and A3. Though the specimens were obtained from a single 

composite panel, there can be differences in their relative acoustic response due to 

imperfections and nonuniformity introduced during manufacture. Despite this, we can observe 

that AE hits are detected from the application of 2 kN load. The number of AE hits recorded 

increases steadily with loading, with specimen A14 generating the largest number of events – 

almost 70,000. Figure 5 shows the positioning of all recorded AE hits in the duration versus 

amplitude feature space. The bulk of signals from all specimens are contained within a point 

cloud, with a larger number of long duration-high amplitude signals recorded when loading 

specimens A14 and A13. This suggests the onset and growth of more severe damage in those 

specimens, particularly delamination and fibre breakage. 

3.3 Damage characterisation by X-ray computed tomography 

X-ray CT shows low level damage emanating from the backface 0° plies for specimen A10 even 

prior to loading. This likely indicates that damage was unintentionally introduced by the hole 

drilling process (see Figure 7). Specimens A3 and A13 show very similar damage morphologies 

but the progression of damage both laterally and longitudinally from the centre of the hole is 

evident under the increased loading of specimen A13 (see Figure 7). Fibre splitting was observed 

in the surface 0° plies and in the -45° plies beneath them. Additionally, the presence of 

delamination at the 0/-45 interface was prominent, bearing similarities to results found in the 

literature [11]. 
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Figure 5. Number of AE hits received by all sensors versus load for specimens A14 (blue), A13 

(orange), and A3 (yellow). 

 

Figure 6. Duration (log scale) versus amplitude of AE hits received by all sensors during loading 

of specimens A14 (blue), A13 (orange), and A3 (yellow). 

1. Summary and outlook 

The goal of this on-going work is to make use of an AE-FE combined methodology for the 

interpretation and characterisation of damage occurrence in open hole composites subjected to 

tensile loading. The work presented in this paper constitutes a small part of the overall project, 

in which six composite lay-ups are considered. In the angle-ply blocked lay-up case, the FE model 

underpredicts the failure load by 28% and fails to predict the severity of the dominant 

delaminations that are present in the partially loaded specimens at the 0/-45 (Figure 7) and the 

0/+45 (not presented) interfaces. The model also fails to predict the longitudinal fibre splitting 

that are clearly observed in the 0° plies. During loading, these fibre splits are responsible for 

“notch blunting”, which leads to a reduction in stress concentrations around the hole and 

therefore higher failure loads in the experiment. 
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The analysis of AE data shows some promise for the detection of damage growth from the hole, 

but further in-depth analysis is required to determine whether damage classification is possible. 

The X-ray CT study enabled the visualisation of intra- and inter-ply damage and, importantly, 

revealed the extent of damage around the hole caused by the drilling process, which has not 

been accounted for in the FE model. The next steps for this research will involve assessment of 

the interface failure criteria in the model, source localisation using AE data, with a view to 

conducting an interrupted tensile test with regular X-ray CT scans to observe early damage 

initiation. 

 

Figure 7. X-ray CT rendering of the through thickness damage for the specimens (A10: 

unloaded, A3: 85%, and A13: 97% failure load). One ray per display pixel is cast into the 

segmented damage. The higher the integrated opacity of voxels along a ray, the brighter the 

corresponding pixel appears in the rendering. 
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Abstract:  

Single-polymer composites (SPCs) are an available option as new recyclable material. Fibre-like 

elements are inserted in a polymeric matrix with the same chemical composition. The unique 

characteristics of the composite are given by the different crystallinity of the two phases, their 

geometrical distribution and the interphase between them. One primary advantage of SPCs is 

the relatively strong stiffness of the interphase between the fibres and the matrix, compared to 

other fibre-reinforced polymeric composites (FRPs). However, the separation between the fibres 

and the matrix still plays a role, as it has been reported since the first works on SPCs. In this work, 

we use a Lattice Spring Model (LSM) to analyse how the mechanical properties of the interface 

affect the properties of the overall composite. Moreover, we investigate how the behaviours 

change when different geometries are considered.  

Keywords: Fracture; Composites; Lattice Spring Model; Polymers  

1. Introduction 

In recent decades, one major goal of material science has been the development of recyclable 

materials with optimized properties. In this context, single-polymer composites (SPCs) emerge 

as a candidate. Tape and fibre-like elements are inserted in a polymeric matrix with the same 

chemical composition. The unique characteristics of the composite are given by the different 

crystallinity of the two phases, their geometrical distribution and the interphase between them.  

One primary advantage of SPCs is the relatively strong stiffness of the interphase between the 

fibres and the matrix, compared to other fibre-reinforced polymeric composites (FRPs).  In 

common FRPs the key actors in the bonding of the fibres are the weak van der Waals forces, 

therefore coatings or matrix modifications are required to improve the adhesion between 

phases. in SPCs it is instead possible to observe molecular entanglements, crystalline and 

amorphous superstructures and other bonding phenomena [1]. However, the separation 

between the fibres and the matrix still plays a role, as it has been reported since the first works 

on SPCs [2]. Columnar layers created around the fibres, called transcrystalline layers (TCLs), are 

reported in the literature for both all-polypropylene (all-PP) and polyamide 6 (all-PA6) SPCs. 

Recent works have also investigated how the mechanical performances are affected by the 

amount of polymerization activator and catalyst and by the temperature at which 
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polymerization occurs. In all-PA6 composites, a trade-off between ultimate strain and ultimate 

strength was observed for different dosages of the activator [3]. 

2. Model definition 

2.1 Mechanical behaviour and numerical implementation 

A particular condition encountered when working with SPCs is the similarity between the elastic 

moduli of the matrix and the reinforcing fibre[4,5]. Considering for example Nylon-6 as a 

reference polymer, literature presents elastic moduli between 0.5 and 4 GPa for both matrix 

materials, fabrics and single fibres[3,6,7]. The differences in the mechanical behaviour of this 

polymeric materials are created by their relative humidity, polymerization and crystallization 

conditions[1,5,8]. 

Anionic PA6 (APA6) matrices have tensile strength values reported between 60 MPa and 100 MPa  [3,9–11], while PA6 fibres can usually reach tensile strength values of 600 MPa [3,12]. 

A typical stress-strain curve of the APA6 matrix shows an initial linear elastic phase, followed by 

a softening which is usually reached at a strain value 3% < 𝜀𝑦𝑚 < 5% [10]. This softening after 

the yielding point is affected by the mould temperature and the relative humidity of the 

caprolactam used in the polymerization, with lower temperatures leading to lower values of the 

strain at failure, with typical values of the strain at break being 10% < 𝜀𝑈𝑚 < 35% [10,11]. PA6 

fibres show an elastic behaviour until fracture, with typical values of the strain at break being 15% < 𝜀𝑈𝑚 < 25% [3] 

In this work, we decided to represent the mechanical properties of the composite phases using 

bilinear stress-strain laws. Both the matrix and the fibre share the same Young’s modulus 𝐸1 

until the matrix yielding point 𝜀𝑦𝑚  is reached. After the yielding point, the matrix and the fibre 

curves proceed with Young’s moduli 𝐸2𝑚 and 𝐸2𝑓, respectively, until ultimate strain is reached. 

To simulate the presence of defects and impurities in the different phases, we assign the 

elongation at break of the computational elements forming the structure according to a 

statistical distribution. We choosae a two-parameter Weibull distribution 

2.2 Lattice Spring Model 

Lattice spring models (LSMs) are numerical models based on regular lattices of one-dimensional 

elements[13–17]. The properties of the single fibres, which can be varied to represent 

heterogeneous volumes, determine the structural response to the external mechanical load. 

Lattice models based on Green potentials have already been used to study the behaviour of 

fibre-based composites [18]. LSMs use a different approach, using ad-hoc elastic bond potentials 

to correctly simulate the elastic energy in the system. Thus, LSMs are ideal to study the fracture 

behaviour of heterogeneous elastic structures, since their definition does not require any a-

priori knowledge of the fracture path [19] and can be modified to represent non-linear elastic-

plastic materials by simply tuning how the elastic energy is represented through the system [17]. 

To simulate composite failure, fracture occurs when the length of the elongated bonds forming 

the structure exceeds the critical strain, leading to the release of the stored elastic strain energy. 

In this work we use two-dimensional x-braced cells, which are able to simulate elastic materials 

with Poisson’s ratio of 𝜈 ≃ 0.3 [13].  
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2.3 LAMMPS implementation 

LAMMPS is a powerful simulator originally developed for molecular dynamics that, today, also 

accounts for other particle-based algorithms such as DEM, SPH, or Peridynamics [20]. The 

software is open source and distributed under GNU General Public License (GPL). LAMMPS is 

gaining notoriety in the computational solid mechanics community thanks to the open definition 

of the particles and potentials forming the system [21,22]. In this work, we have adapted the 

LSM formulation to LAMMPS by defining one-dimensional bonds with elastic and elastic-plastic 

properties connecting two particles of the system. Each lattice spring is defined by two 

functions, 𝐹𝑏(𝑟) and Φb(𝑟), where 𝐹𝑏 is the force applied by the bond to its connecting particles, Φ𝑏 is the bond potential, and 𝑟 is the distance between two particles. 

In this work, we represent each elastic bond forming the structure using the LAMMPS  

bond_style table linear command of the MOLECULE package. This function allows the loading of 

a generic bond with custom 𝐹𝑏 and Φ𝑏, interpolated by LAMMPS through the usage of a linear 

function acting on a look-up table provided by the user. We have provided LAMMPS with two 

tables describing the stress-strain laws for orthogonal and diagonal springs for each phase of the 

composite, i.e. the matrix, the fibres and the interface. 

To apply a tensile load to the structure, we have used the deform command, with a fix 

engineering rate of 𝑅 = 10−2 𝑚𝑚/𝑠. Each strain increment is followed by a relaxation period: 

a new strain increment is applied only after the kinetic energy in the sample decreases below a 

user-defined threshold value. Simulations are performed in a canonical ensemble. 

3. Results 

3.1 Single fibre verification 

It is well known that, in a fibre-reinforced composite, the main mechanism of stress 

transformation from the matrix to the fibre is the interfacial shear stress,  which can be 

analytically estimated by the shear lag model of Kelly-Tyson [23] by introducing the concept of 

critical length, 𝑙𝑐. This is defined as the length that the stress transformation between the fibre 

and the matrix happens which can be estimated as: 𝑙𝑐𝑑 = 𝜎𝑈𝑓2𝜏𝑦𝑚 0 
(1) 

 

In Eq. (1), 𝑑 is the diameter of the fibre and 𝜏𝑦𝑚 is the yielding shear stress of the interface which 

is assumed to be constant in the Kelly-Tyson model. To maximize the strength of the composite, 

it is important that the length of the fibres, 𝑙𝑓 , be higher enough than this critical length to 

guarantee the proper load carrying by the fibres, 𝑙𝑓 > 𝑙𝑐.  

To study the stress transformation between the fibre and the matrix, first, we consider a single 

fibre inserted in a uniform matrix media. We identify the fibre, matrix and the interface between 

them with the symbols 𝑓, 𝑚, 𝑖 respectively. We assume 𝐸𝑓 = 𝐸𝑚 = 3 GPa, 𝜀𝑦𝑚 = 3%, 𝜎𝑦𝑚 =90 MPa, 𝜀𝑈𝑓 = 20%, 𝜀𝑈𝑚 = 30%, 𝜎𝑈𝑓 = 600 MPa, 𝜎𝑈𝑚 = 170 MPa. Regarding the elongation 

at break, we imposed 𝜀𝑈𝑚 = 30%, while for the fibre and interface phases we used a two-
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parameter Weibull distribution with a shape factor of 𝛼 = 10 and scale factors of 𝑚𝑓 = 𝜀𝑈𝑓 =20%. We initially assume a perfect interface, i.e. having the same properties of the matrix.  

From Eq.(1) a critical value for the aspect ratio of the fibre is obtained as: 𝑙𝑐𝑑 = 6002(45) = 6.66 
(2) 

 

In Figure 1, stresses variation along the fibre are shown for a long enough fibre of aspect ratio 𝑙𝑐𝑑 = 50. It can be observed that, after an initial transition region near the edges of the fibre, a 

stress plateau is formed in the middle region, in agreement with our initial assumption of 𝑙𝑓 >𝑙𝑐 

 

Figure 1. Von Mises stresses in the structure. The stresses are reported along three different 

lines parallel to the fibre: the fibre mid axis, the bottom interface axis, and at a distance 4𝑑𝑓 

from the surface of the fibre. Grey vertical lines indicate the edges of the fibre. Coloured 

horizontal lines in the stress map indicate the three corresponding heights. 

3.2 Unidirectional fibres 

The main focus of our simulations is to investigate the effect of interface on the strength of 

composite by considering different values for the stiffness, 𝐸𝑖, and failure elongation, 𝜀𝑈𝑖  of the 

interphase.   To model the effect of interface on the strength, a narrow interphase region of the 

thickness 𝑡𝑖  equals to half the diameter of the fibre 𝑑𝑓 is introduced to the model. We start by 
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the strongest case assuming a perfect adhesion between the matrix and the fibres, thus, 𝐸𝑖 =𝐸𝑚 and 𝜀𝑈𝑖 = 𝜀𝑈𝑚 . We consider a composite material obtained from 20 parallel long fibres 

having 𝑙𝑓 = 𝐿𝑐, where 𝐿𝑐  is the length of the composite sample, and a volume fraction of 𝑣𝑓 =40%. We identify this fibre arrangement with the index G1. Results are shown in Table 1. A 

composite strength 𝑆 = 249.1 MPa is observed. Comparing with the upper limit estimated by 

direct rule of mixture in Eq. (3) a reasonable agreement is observed which validates the accuracy 

of the simulation: 𝑆𝑐 = 𝑣𝑓𝜎𝑈𝑓 + (1 − 𝑣𝑓)𝜎𝑦𝑚 = 0.4(600) + 0.6(90) = 294 𝑀𝑃𝑎 (3) 

 

We then use two different approaches to reduce the performances of the interface. We consider 

lower values of 𝐸𝑖1 , i.e. a softer interface, and lower values of 𝜀𝑈𝑖, i.e. a more brittle interface. A 

45% decrease of the interface strength 𝑆𝑖 leads to a 8% decrease of the composite strength.  

Then, the simulation is performed for short, aligned fibres having the length 𝑙𝑓 < 𝐿𝑐, with 𝐿𝑐  

being the length of the composite. The results are shown in Table 1. To see the effect of fibre 

patterning, we have considered two extreme arrangements identified with the indexes G2 and 

G3. In the G2 arrangement, even and odd rows of fibres are not shifted along their axes, thus 

leading to a brick-like pattern, see Fig. 2(E and F), while in the G3 arrangement the fibres are 

also aligned across every row, see Fig. 2(G and H).  The Stress-strain curves and the 

corresponding fracture patterns are reported in Figure 2. The stress concentrations occurring at 

the edges of the fibres increase the importance of the strength interface. A 45% decrease of the 

interface properties lead to a 25% to 35% reduction of the composite strength for G2 geometries 

and 30% to 40% for aligned fibres arrangements. 

Table 1: Numerical results for different fibre arrangements and values of the interface Young’s 
modulus 𝐸𝑖  and the interface ultimate strain 𝜀𝑈𝑖. The theoretical interface strength 𝑆𝑖 is reported 

for each simulation, alongside the numerically obtained composite strength 𝑆𝑐. 

ID Arrangement 𝜀𝑈𝑖 [mm/mm] 𝐸𝑖1 [GPa]  𝑆𝑖 [MPa] 𝑆𝑐 [MPa] 

ID1 G1 0.3 3 170 MPa 249.1 

ID2 G1 0.2 3 140 MPa 242.7 

ID3 G1 0.1 3 110 MPa 222.5 

ID4 G1 0.3 1 110 MPa 230.1 

ID5 G1 0.3 0.5 95 MPa 229.2 

ID6 G2 0.3 3 170 MPa 214.0 

ID7 G2 0.1 3 110 MPa 142.9 

ID8 G2 0.3 0.5 95 MPa 153.8 

ID9 G3 0.3 3 170 MPa 172.1 

ID10 G3 0.1 3 110 MPa 104.8 

ID11 G3 0.3 0.5 95 MPa 117.1 
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Focusing on Figures 2D, 2E and 2F, corresponding to the brick-like fibre arrangement G2, the 

properties of the interface modify the failure mode of the composite. Figure 2D shows shear 

stress failure modes, since the principal stresses are rotated by 45° with respect to the alignment 

of the fibres, while Figures 2E and 2F show a failure mechanism associated with the 

development of normal stresses aligned with the fibres, thus leading to a brittle-like fracture 

behaviour of the composites. This behaviour is also observed for aligned fibres, G3, as visible in 

Figures 2G and 2H. Poor interface properties lead to a single point failure at the edges of the 

fibre, with no visible fracture in the matrix. It must be noticed that, because of the stress 

concentrations at the edges of the fibres, 𝑆𝑐 < 𝑆𝑚, i.e. the composite performances are worse 

than the ones characterizing the pure matrix. 

 

 

Figure 2. A) Stress – strain curves for different geometries and values of 𝜀𝑖 , 𝐸𝑖1. B-H) Fracture 

maps. The colours indicate the different phases in the composite: blue – fibre, yellow – 

interface, red – matrix. The maps correspond to simulations ID1, ID3, ID6, ID7, ID8, ID9, ID10 (in 

order). 

By comparing the two different approaches we used to decrease the interface strength for both 

G2 and G3 arrangements, it can be observed that softer ductile interfaces (ID8, ID11) lead to 

higher composite strengths than stiff brittle interfaces (ID7, ID10), regarding having lower 

interface strengths 𝑆𝑖 in our study. Furthermore, in ID7 and ID10 simulations we observed 
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debonding phenomena, with multiples crack path being parallel to the fibres. Finally, we observe 

that for G2 and G3 fibre arrangements, softer interfaces lead to lower values of the strain at 

maximal stress 𝜀|𝜎𝑐=𝑆𝑐, while for G1 we found an increment of 1%. This is compatible with data 

available in literature [3], showing that for long unidirectional fibres higher activator dosages 

lead to lower strengths and higher deformations. Further studies are required to investigate this 

relationship. 

4. Conclusions 

We have shown how a Lattice Spring Model can be used to study the propagation of fracture in 

a SPCs, characterized by the similar Young’s moduli between matrix and interface. We show how 

the interface properties become crucial when finite length fibres are considered, and thus the 

fibre edges play a role in the composite behaviour. This is particularly important in SPCs, where 

the strength enhancement is limited by the similarity between the composite phases. Our study 

suggests that for SPCs, long unidirectional fibre arrangement shows a notable potential for 

enhancement in the mechanical performance, while for short fibres it is observed that the stress 

concentrations at the edges of the fibres has a destructive effect on the composite behaviour, 

especially when low strength interfaces are considered 
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Abstract: A multiaxial substructure test has been devised to investigate the load and failure 

response of a spar cap to web joint in a wind turbine blade (WTB). The loading configuration has 

been derived from a finite element model of the full blade subjected to in-service loading 

conditions. It is now the aim to virtually augment the substructure test, using hybrid testing 

technology, to account for the evolving interaction between the physically tested substructure 

and the rest of the structure. The paper provides a brief summary of hybrid testing, the 

challenges associated with applying this to integrated composite structures, and further gives an 

overview of the substructure testing being conducted.  

Keywords: Hybrid testing; Subcomponent testing; Composite structures 

1. Introduction to hybrid testing 

Hybrid testing is a combined experimental and numerical technique that allows physical testing 

of a subcomponent while the remainder of the structure is modelled numerically. The technique 

has often been used in earthquake engineering to investigate seismic protection of civil 

engineering structures as a cost-effective alternative to full-scale shake table tests as shown in 

Figure 1 [1]. 

 

Figure 1. Hybrid test of a building structure to investigate seismic protection: (a) emulated ‘full’ 
structure and (b) hybrid test set-up with numerical and experimental substructure [1]. 
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Typically, parts of the structure with complex physics, i.e. the damper in Figure 1, is 

experimentally tested, while the substructures with well-understood behaviours, i.e. the steel 

frames in Figure 1, are modelled numerically. Displacements and force resultants are then 

exchanged iteratively between the numerical and experimental substructure at the shared 

boundary (green in Figure 1). The communication loop between the actuator controlling 

software of the experiment and the numerical model is established through a middleware such 

as OpenFresco [2] or custom LabVIEW code [3–5].  

For the validation of composite structures across the aerospace, wind energy and marine 

industries, the technique has the potential to spur the development of new substructure test 

methods at a fraction of the cost of full-scale experiments, while capturing structural effects not 

present in coupon tests [6]. However, it was found in recent works [3–5] that highly integrated 

composite structures pose significant challenges for hybrid testing due to their ‘continuous’ 
nature, where sub-structuring leads to complex shared boundaries. This is different from most 

civil engineering structures made from ‘discrete’ structural members such as columns, beams, 
and trusses, where sub-structuring leads to relatively simple discrete hinge-type or nodal point 

shared boundaries as shown in Figure 1. The complex continuous shared boundaries necessitate 

the use of multiaxial loading rigs and advanced experimental methods to control and monitor 

the tests.  

The work presented in [3–5] was carried out on simple lab-scale specimens, and application to 

complex real composite substructures has yet to be demonstrated. The aim of this work is to 

demonstrate how hybrid testing can be applied to a composite substructure experiment, and 

further to elaborate the advantages over conventional testing. To this end, a multiaxial WTB 

substructure is being tested in the Large Structures Testing Laboratory (LSTL) at the University 

of Southampton, UK, as shown in Figure 2.  

 

Figure 2. WTB ‘T-joint’ substructure test currently installed on the LSTL strong floor. 

2. Wind turbine blade substructure test 

The substructure was down selected from various WTB components in agreement with the  

manufacturer, due to its complex construction, structural importance, and high strains present 

in the global (full-scale) WTB analysis. The ‘T-joint’ shown in Figure 3 is the part of the WTB 

containing the spar cap, which reacts the large ‘flap-wise’ bending moments, and the web, which 
reacts the shear force, and the connection between them. 
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(a) (b) 

Figure 3. T-joint substructure test: (a) multiaxial load case and imaging device mounting 

frame (load rig superstructure and actuators hidden),  (b) camera views of gauge zone 

region. 

 

In reality the outer surface of the T-joint is curved as it is part of the WTB aerofoil, however, the 

specimens used for this research are flat bottomed to simplify manufacturability and reduce 

production costs. The main constituent material is glass fibre reinforced polymer (GFRP), with 

wood core materials used for moulding and to form sandwich panels. The layup of the T-joint 

specimens replicates the actual WTB substructure at the interface between the spar cap and the 

web, but is continuous across the spar, when in reality it tapers down towards the outside. The 

specimens are 1.2 m x 0.8 m x 0.4 m. 

The test load configuration, as shown in Figure 3, was developed so that it was practically 

feasible to replicate in an experimental setup while remaining structurally relevant, containing 

key load components that when tested would provide useful information regarding 

substructural load response and design allowables. The test load cases were defined by 

comparing an FEA simulation of the specimen under parameterised loading conditions to the 

matching substructure within the global WTB FEA model and selecting the parameters that 

yielded the best match for the general load case components. 

The multiaxial test was designed to facilitate full-field imaging of all sides of the central region 

of the T-joint, referred to as the ‘gauge zone’, resulting in three stereo digital image corelation 

(DIC) [7] and infrared camera arrangements (Figure 3). DIC is used to monitor the displacement 

and strain fields, while the infrared cameras capture the thermal information necessary to 

obtain a stress metric through thermoelastic stress analysis (TSA) [8]. Prior testing was 

conducted on a ‘two-dimensional’ T-joint cross-section in a uniaxial test machine, from which 

the imaging analysis methods were developed [9]. The natural progression from uniaxial to 

multiaxial load state works towards developing the substructural tier of the ‘testing pyramid’. 
The ability to apply more relevant load cases in substructure tests, along with validated 

numerical models of such tests, will reduce the dependence on the bottom (coupon-scale) tier 
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design allowables with significant knockdown factors, as where relevant, allowables based on 

substructural response can be used. 

3. The opportunity for hybrid testing 

Applying the hybrid testing method to the multiaxial test allows to account for the evolving 

interaction between the physically tested substructure and the rest of the structure, i.e. the 

numerical substructure. This interaction may change during the test due to occurrence of 

damage in either substructure. It is this change in the interaction that cannot be accounted for 

in a traditional substructure test but which may be crucial to accurately represent the load and 

failure response of the investigated structure as a whole. 

Difficulties arise when considering the boundary conditions for the WTB T-joint substructure for 

hybrid testing, in that the component is enclosed by continuous material on all outside edges, 

i.e. handling the shared boundaries becomes challenging and will require advanced 

experimental methods for control. Therefore, the hybrid testing methodology will initially be 

developed on a dummy T-joint specimen made from steel before its deployment on the 

composite specimen. Due to the well know material properties of the steel, an accurate 

reference solution to benchmark the hybrid testing methodology can be obtained based on a FE 

model of the full structure. The set-up will also be tested virtually where both the physical and 

numerical substructure are simulated and run as a co-simulation in the commercial FE software 

Abaqus. Displacements obtained from LVDT as well as strains derived from DIC measurements 

will be considered in the hybrid testing control loop. 

4. Summary and outlook 

A multiaxial substructure test has been set-up to investigate the load and failure response of the 

spar cap to web joint in a composite WTB. The experimental loading conditions were carefully 

deduced from a full-scale FE blade model, and loading frames and fixtures have been design. 

Camera equipment and arrangements have also carefully been selecting to enabling DIC and 

TSA during the substructure test. The next steps are: 

- To conduct a conventional quasi-static substructure test where the load cases are known 

prior to testing as derived from the FE blade model. 

- To devise a virtually augmented substructure test, where hybrid testing technology will 

used to control the experimental boundary conditions, increasing the fidelity of the 

substructure test by accounting for the interaction between physical substructure and the 

rest of the blade, i.e. the numerical substructure. 

- To compare the hybrid testing approach to the conventional substructure test. 

Overall, the developments presented in this paper and the planned future work, will pave the 

way to a better understanding of hybrid testing in the context of substructure testing of complex 

integrated composites structures. This in turn will lead to a better understanding of the load and 

failure response of structures which will aid structural design and model 

development/validation. 
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Abstract: In this research, the mechanical properties and the repair ability of vitrimer 

composites manufactured by different production processes (Resin Transfer Molding- RTM & 

thermoforming) were studied and compared with conventional composites. The bonding 

properties of the vitrimer resin were also investigated in terms of adhesive bonding. The 

mechanical tests were applied to the Interlaminar Shear Strength-ILSS geometry and the Double 

Cantilever Beam-DCB geometry. For the evaluation of the bonding properties, specimens of a 

geometry that can simulate a stiffened panel, called lap strap, were manufactured and tested. 

Results indicated that the specimens recovered their initial properties by 60% to 70% and were 

able to eliminate any defects that were induced during the manufacturing process, after the 

repair process. 

 

Keywords: Composites; vitrimer; repair; repair efficiency; 

 

1. Introduction 

Advanced Fiber Reinforced Polymers (FRPs) are among the most important technological 

materials in the aerospace industry, usually for the replacement of metallic alloys. Their high 

specific properties as their high stiffness, the excellent modulus of elasticity in combination 

with the relatively low density are some of the FRPs advantages. They can be used for high end 

applications where specific material properties are a prerequisite. However, the FRPs’ 
relatively low fracture toughness can result to undesirable fracture phenomena that could 

compromise the materials structural integrity. One of the most significant disadvantages of the 

thermoset epoxy polymers and their composites is the difficulty in repair.  
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The three-dimensional cross-linking network that thermosets always form make their repair 

difficult or even impossible [1]. Moreover, their thermoset matrix is non-recyclable and cannot 

be remolded or reshaped in contrast to the thermoplastics. These properties can now be 

achieved thanks to a new and innovative epoxy vitrimer resin that is re-processable, repairable 

and recyclable (3R) [2]. The repair takes place at specific temperature, above the Tg of the 

resin by applying heat and pressure. In this temperature, the dynamic chemical bonds of the 

epoxy can be reshuffled and repair resin/fiber delaminations of the damaged part [3]. 

In this research, the different properties of 3R composites manufactured by different 

production processes (Resin Transfer Molding- RTM and stacking of 3R prepregs) were 

evaluated with mechanical tests. The bonding properties of the vitrimer resin were also 

investigated in terms of adhesive bonding. The mechanical tests applied to the Double 

Cantilever Beam-DCB geometry and the Interlaminar Shear Strength-ILSS geometry. For the 

evaluation of the 3R bonding properties, specimens of a new proposed lap strap geometry 

were manufactured with a 3R resin layer between the two parts and tested [4]. The repair 

process took place by applying heat and pressure.  

 

2. Experimental 

• Manufacturing 

o Materials 

The 5HS carbon fabric C-WEAVE™ 280SA5 T800HB 6K 40B- 5HS x125cm with Spunfab 118CHQ 

4 g/m2 1 face and the UD 24K carbon fabric of 280g/m2 provided by CHOMARAT, were used as 

primary reinforcement. The AIR-RES-7 3R (vitrimer) epoxy resin developed by CIDITEC used for 

the repairable composites. The conventional panels were manufactured using the RTM6 

aerospace grade epoxy resin by Hexcel S.A. 

o Composites manufacturing 

▪ 3R panels manufactured by RTM process 

For both UD and quasi-isotropic panels, the fabrics were cut at the desired dimensions and the 

3R resin was pre-heated at 80oC while degassing took place for 30 min. The manufacturing 

process was the resin transfer moulding technique (Figure 1). The lamination sequence for the 

quasi-isotropic panels was [(±45)/(0/90)]4s and for the UD panel 18 plies of the fabric with a 

Teflon insert at the midplane, were selected. The mould was heated at 130°C and the injection 

pressure was 1 bar. Curing took place at 130°C for 1 hour and at 180°C for 0.5 hour according 
to the curing profile of the 3R resin. The pressure of the mould was set at 4 bars.  

▪ RTM6 panels manufactured by RTM process 

As previously, the conventional panels (both the quasi-isotropic and the UD) were 

manufactured by RTM process. All fabrics were stacked according to the above lamination and 

the tooling was closed. The resin (RTM6) was pre-heated and injected to the mold.  In this 

case, the tooling was heated up to 180º C for 1,5 hours. Once the curing process finished the 

mold was left to cool at room temperature and the panel was extracted. 
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Figure 1. Experimental setup of the manufacturing of the panels by RTM proceess. 

 

▪ 3R panels manufactured from EPP’s 

Single layer enduring prepregs (EPP’s) were used to produce the quasi-isotropic panels by a 

hot-pressing process (thermoforming). The manufacturing process of the single layer prepregs 

is part of another research. The prepregs were stacked on top of each other. In order to 

improve the toughness properties of the produced laminates, a binder veil (Spunfab 118CHQ, 

4 g/m²) was applied on one side of the fabric. To ensure that the individual laminates had the 

same layer structure, this veil side was defined as the top side. A laboratory press Dr. Collin 

GmbH P 300 M was used for the thermoforming process. In order to achieve a homogeneous 

pressure distribution on the laminates in the pressing process, a layer of silicone (HT 60 WHT 

silicone sheet, thickness 1.5 mm, provided by MVQ-Silicones) was used. Thermoforming took 

place at 210 °C for two hours under 2 MPa pressure.  

• Characterization techniques 

o Interlaminar Shear Strength (ILSS) 

The interlaminar shear strength was investigated using the short beam shear geometry. ILSS 

specimens were cut from quasi-isotropic laminates according to ASTM 2344. Mechanical testing 

was performed on a Universal Testing Machine WDW-100 by Jinan S.A. equipped with a 100kN 

loadcell under 3-point bending. The interlaminar shear strength was evaluated by the short 

beam shear geometry. The maximum strength (MPa) was estimated from equation (1): 

Strength ILSS= 0.75 × 𝑃𝑚𝑎𝑥𝑏×ℎ                                                                                                                        (1) 

where P is the maximum load (N), b is the width of the specimen (mm) and h the specimen 

thickness (mm). 

o Mode-I Fracture Toughness (GIc) 

The interlaminar fracture toughness of the composites was evaluated using Mode-I test. For this 

test, Mode-I specimens were extracted from the UD laminates. A two-part epoxy resin Epikote 

828 lvel (DGEBA) by Hexion S.A. was used as adhesive to bond two piano hinge tabs (one at each 

side) at one end of each specimen. Testing took place at an Instron 8001 Universal Testing 

Machine with a 100kN loadcell according to ASTM D 5528. The displacement rate was set at 2 
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mm/min. The strain energy release rate, GIc, was calculated using the modified beam theory 

method and equation (2): 𝐺𝐼𝐶 = 3𝑃𝛿2𝑏(𝑎+ |𝛥|)                                                                                                                                          (2) 

where P is the applied load (N), δ is the displacement (mm), b is the width of specimen (mm), a 
is the delamination length (mm) and Δ is the correction factor. 

o Lap Strap (model structure geometry) 

Lap Strap specimen geometry can simulate the stiffening of a composite laminate. This 

geometry is comprised of two parts, the lap and the strap with a resin adhesive layer between 

them. Both parts were extracted from the quasi-isotropic laminates. Mechanical testing was 

performed at an Instron 8001 Universal Testing Machine with a 100kN loadcell under tensile 

mode (Figure 2). The stress was calculated as the ratio of the load over the cross-section area 

(thickness × width) and the strain as the ratio of the extension over the grip-to-grip distance. 

 

 

Figure 2. Lap Strap specimen during mechanical testing. 

3. Results 

• Interlaminar Shear Strength (ILSS) 

Table 1 illustrates the initial and repaired strength values that obtained from the ILSS tests. In 

case of the specimens that manufactured with RTM process, the initial values that achieved was 

at 37.53 MPa while after the repair the maximum strength reached the 21.74 MPa, with a repair 

efficiency of ca. 58%. Specimens that produced by stacking of 3R prepregs, exhibited maximum 

strength values of 7.32 MPa with the repaired values to be increased at 10.98 MPa. In this case, 

the recovery of the properties exceeded the 100% (150%) since the prepregs that manufactured 

for this research had a lower resin content than the initial ones. 

Table 1: Interlaminar Shear Strength (ILSS) results. 

Type of CFRP Strength (MPa) 
Repair 

efficiency (%) 
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3R CFRP RTM process initial    37.53 ± 6.39  

3R CFRP RTM process repaired    21.74 ± 2.86 57.9 

3R CFRP Prepregs initial 7.32 ± 4.27  

3R CFRP Prepregs repaired 10.98 ± 7.69 150.0 

 

• Mode-I Interlaminar fracture toughness 

The mode-I interlaminar facture toughness was calculated for specimens that produced with a 

conventional and aerospace grade resin (RTM6) and specimens with the 3R resin. Table 2 

presents the GIc values for both composites and especially for the repairable composites the 

values after the repair. As can be seen, the 3R composites exhibited 10% increased properties 

when compared to the conventional composites. Also, a recovery of the fracture toughness of 

34% was achieved. 

      Table 2: Mode-I results of Interlaminar fracture toughness. 

Type of CFRP GIc (J/m2) Difference of properties (%)  

Conventional CFRP 204.67 ± 51.22  

3R CFRP initial 225.38 ± 44.18 +10.12 

3R CFRP repaired 76.72 ± 55.25 Repair: 34.0 

 

• Lap Strap geometry 

Figure 3 illustrates representative stress vs strain plots from Lap Strap specimens before and 

after the repair. As can be observed, the debonding of the lap from the strap had a sudden 

character that mentioned with a small drop of the stress. 

 

Figure 3. Representative Stress-Strain plots of lap strap specimens before and after 

repair. 
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The repaired lap strap specimens presented a recovery of 70% in terms of strength values in 

comparison to the initial specimens. Specifically, the initial composites showed an average 

maximum strength of about 76 MPa while the repaired composites exhibited an average 

maximum strength of about 53 MPa (Table 3). 

      Table 3: Results of maximum strength of lap strap specimens. 

Type of CFRP Strength (MPa) 
Repair 

efficiency (%) 

3R CFRP Lap Strap initial    76.36 ± 11.17  

3R CFRP Lap Strap repaired    53.14 ± 19.59 69.7 

 

4. Conclusions 

In this work, innovated composites manufactured with a new vitrimer resin that was re-

processable, repairable, and recyclable, called 3R-resin, were demonstrated. Different 

production processes were used such as the Resin Transfer Molding technique and the stacking 

of 3R prepregs. Moreover, composites that produced with a typical aerospace grade resin were 

tested in order to estimate any differences between their values. The repair efficiency of the 3R-

repairable composites was also estimated from the values obtained from mechanical tests at 

the initial composites and those after the repair process. 

In terms of ILSS properties, specimens that manufactured with RTM process exhibited a repair 

efficiency of 58% when specimens that produced using prepregs revealed a recovery of 150% of 

their initial properties due to the elimination of some defects that induced during the 

manufacturing. At mode-I interlaminar fracture toughness, the 3R specimens had better 

mechanical properties by 10% comparing to conventional composites. They also revealed a 

recovery of 34% of their initial properties after the repair process. The lap strap geometry that 

is a new proposed testing configuration, presented a repair efficiency of 73% in terms of bonding 

properties. 
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Abstract: Recently, to save energy in electric vehicles, there has been a need to develop radiant 

heating modules to increase the efficiency of vehicle heating systems. In this study, effect of 

insulation and covering material’s properties (thermal conductivity, emissivity, density, and 

specific heat) on the efficiency of the heating module, was investigated using finite element 

analysis. The radiant heating module were composed of a covering material, a heating film, an 

insulation material, and an injection substrate. Leather, cloth, and suede were used as covering 

material, and honeycomb made of nylon, polyurethane foam, and melamine foam were used as 

heat insulation materials. ABAQUS joule heating simulation was used to calculate the front 

temperature, heat flux of the heating module, and heat receiving unit temperature. As a result, 

the heating module with the melamine foam insulating layer and suede for the covering material 

has the highest efficiency compared to the other cases. 

Keywords: Laminated Composite Heating Module; Radiation; Electric-Thermal Analysis; View 

Factor; Optimization 

1. Introduction  

Since 2014, the European Union has used the Euro 6 standard to regulate emissions in vehicles 

with internal combustion engines. Therefore, automobile company are attempting to reduce 

emissions by focusing on electric vehicles that do not emit exhaust gas [1,2]. Internal combustion 

engine vehicles use engine heat to control the temperature inside the vehicle [3]. However, 

because electric vehicles do not use a combustion engine as a source of power, it is impossible 

to heat the vehicle using the engine's residual heat [4]. Therefore, additional energy for heating 

is necessary, a heating module which use less energy to increase temperature of electric vehicle 

is required for the passenger’s warmth [5]. In this study, the heating efficiency of each material 

was studied through the joule heating simulation of the heating module varying the insulation 

and covering material. In case of covering material, woven fabric, leather, and suede were used 

which are common in vehicle interior materials. PU-foam, melamine-foam, and honeycomb 

structures were used as insulation. Even when the same thermal energy is given to the heating 

module, it shows varied energy efficiency depending on the combination of the insulation and 

covering material, thus it is required to derive an appropriate combination of the insulation and 

covering material. The front temperature and heat flux of the heating module, as well as the 

temperature of the heat receiving component, were estimated and compared in the simulation 

using ABAQUS joule heating simulation. The heating module was laminated with covering, 

heating film, insulation, and injection substrate. To generate heat in the joule heating 

simulation, a continuous current was applied to the heating film. Heat was generated and 

transmitted to other components of the heating module via conduction, raising the temperature 
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of the covering material, insulation, and injection substrate. The heating module and the heat 

receiving unit had a rectangular cross section, and the heat receiving unit was 70 mm apart from 

the heating module. Radiation from the heating module raised the temperature of the heat 

receiving unit. A view factor was adopted to define the radiant heat transfer between the heat 

receiving unit and the radiant heating module. The view factor is a geometric variable that is 

independent of the radiation surface's attributes, such as emissivity, and can be expressed as 

the radiation surface's shape, size, and distance. In this study, the simulation was conducted 

with consideration of the view factor between the heating module and the heat receiving unit. 

 

Figure 1. Laminated composite heating module optimization through joule heating simulation 

2. Thermal-electrical analysis 

2.1 Heat transfer 

For the thermal-electrical analysis, three types of heat transfer were considered: conduction, 

convection, and radiation. 

2.1.1 Conduction 

Conduction is a phenomenon in which energy is transmitted from a high-energy mass to low-

energy mass by interaction between mass. Conduction in solids is caused by vibration by 

molecules inside the lattice model and energy transfer by free electrons. When the 

temperatures of both sides of the wall with a thickness 𝛥𝑥 and a surface area 𝐴 are different 

from 𝑇1  and 𝑇2 , the heat transfer rate transferred from the high temperature to the low 

temperature can be calculated by Eq. (1) [7]. �̇� = 𝑘𝐴 𝑇1−𝑇2∆𝑥                     

(1)       

Where 𝑘 is thermal conductivity which is a quantitative expression of how well it transmits heat. 

Conduction was reproduced in thermal-electrical simulation by defining that the temperatures 

of the surfaces in contact were the same, and within same material, conducted through thermal 

conductivity. 

2.1.2 Convection 

Convection is heat transfer that occurs at the interface of a solid and a liquid or a solid and a gas, 

and it is called that natural convection when heat is transmitted by fluid movement produced 
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by density changes in the fluid due to temperature changes. Heat transfer by convection can be 

expressed as the Eq. (2) [7]. �̇� = ℎ𝐴(𝑇𝑠 − 𝑇∞)                  (2) 

Where h is the convection heat transfer coefficient, A is the area of convection, T s and T_ are 

the temperature of the surface where the convection occurred and the temperature of the fluid 

which has sufficiently distant from the surface.  Natural convection is considered to occur at the 

front of the heating module in all cases in the simulation. 

2.1.3 Radiation 

Unlike conduction and convection, radiation does not require an intermediate medium to 

transfer thermal energy. Radiant heat is emitted by any objects having a temperature higher 

than the absolute temperature, and heat transfer through radiation can be calculated using Eq. 

(3) [7]. �̇� = 𝜀𝜎𝐴(𝑇𝑠4 − 𝑇𝑠𝑢𝑟𝑟4 )                  (3) 

Where 𝜀 is emissivity, 𝜎 is Stefan-Boltzmann constant that has the value of 5.67E-8 W/m2K4, 𝐴 

is area that emit a radiant energy, 𝑇𝑠 is surface temperature, 𝑇𝑠𝑢𝑟𝑟 is temperature of surround. 

In the simulation, the ambient temperature of the heating module was same, but different 

emissivity was applied for each covering materials. 

2.2 View factor 

The view factor is a geometric variable used in this study to define radiant heat transfer between 

the heating module and the heat receiving unit that is unaffected by the surface properties of 

two objects in radiant heat transfer. Radiant heat transfer between the two surfaces is related 

not only to the distance but also to the direction of the surface [7,8]. In order to consider the 

effect of direction and distance in radiant heat transfer between the two surfaces, pure 

geometric values view factor independent of surface characteristics and temperature are used. 

The view factor of radiation that is released from surface 1 and directly hits surface 2 is defined 

as F12, and in this study, the view factor between the heating module and the heat receiving unit 

is defined by Eq. (4). 

𝐹12 = 2𝜋�̅��̅� (𝑙𝑛 [(1+�̅�2)(1+�̅�2)1+�̅�2+�̅�2 ]12 + �̅�(1 + �̅�2)12 tan−1 �̅�(1+�̅�2)12 + �̅�(1 + �̅�2)12 tan−1 �̅�(1+�̅�2)12 −
�̅� tan−1 �̅� − �̅� tan−1 �̅�)                                                                                                                        (4) 

 

Figure 2. Coaxial rectangular plates 
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Where 𝑋 is length of one side of plate and 𝑌 is length of the other side of rectangular plate with 

same axial. 𝐿 is distance between two plates. �̅� and �̅� are normalized length of each side of 

plate respect to 𝐿 (Figure.2). 

2.3 Thermal-electrical simulation modeling and material 

The cross section of the heating module had a rectangular shape with a 300 mm width and a 

200 mm length. Heating modules were laminated with four materials which were described 

previously. Heat receiving unit was modeled 70 mm away from the front part of heating module 

with same size (Figure.3). ABAQUS thermal-electrical heating simulation was used in the analysis 

tool. The electrical current was supplied to the heating film for 120 seconds to generate joule 

heating in which the heat was generated by the resistivity (2.4E-2 Ω ∙ 𝑐𝑚) of the film. The view 

factor between the heating module and the heat receiving unit was defined only in range 

of from 0 mm to 70 mm, which is the distance between the heating module and heat receiving 

unit. In the other range, the view factor was defined as 0 to exclude radiant heat transfer. The 

front temperature, heat flux, and heat receiving unit temperature were calculated as the 

average of each side after the simulation. 

 

Figure 3. Schematic of simulation model and materials 

 

Figure 4. (a) Definition of honeycomb diameter, section view of nylon honeycomb according to 

diameter: (b) 5 mm, (c) 10 mm 

The heating module was laminated with four different parts that were bonded together. First 

layer was the covering material at the front. The covering material is located closest and visible 

to the passenger, leather, cloth and suedes were used in the commercial vehicle [6]. Second 
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layer was heating film which converts electrical energy into heat to raise the temperature of the 

heating module. Third layer was insulation layer. In this work, three types of insulation materials 

were used: polyurethane foam, melamine foam and nylon honeycomb with 5/10 mm diameter 

(Figure. 4). The last layer was the injection molded polypropylene substrate that can support all 

of these layers. The thermal properties of these material were shown in the Table 1. 

Table 1: Properties of materials that used in joule heating simulation 

Material Property Value Material Property Value 

Leather 

Emissivity 0.95 

Suede 

Emissivity 0.9 

Density 

[kg/m3] 
563 

Density 

[kg/m3] 
281 

Thermal conductivity 

[W/m·K] 
0.14 

Thermal conductivity 

[W/m·K] 
0.2 

Specific heat 

[J/kg·K] 
1500 

Specific heat 

[J/kg·K] 
1500 

Cloth 

Emissivity 0.77 

Heating 

film 

Emissivity 0.03 

Density 

[kg/m3] 
137 

Density 

[kg/m3] 
2700 

Thermal conductivity 

[W/m·K] 
0.045 

Thermal conductivity 

[W/m·K] 
205 

Specific heat 

[J/kg·K] 
1300 

Specific heat 

[J/kg·K] 
900 

PU-foam 

Density 

[kg/m3] 
207 

Honeycomb 

(PA6) 

Density 

[kg/m3] 
1084 

Thermal conductivity 

[W/m·K] 
0.0222 

Thermal conductivity 

[W/m·K] 
0.25 

Specific heat 

[J/kg·K] 
2000 

Specific heat 

[J/kg·K] 
1310 

Melamine 

foam 

Density 

[kg/m3] 
8 

Injection 

substrate 

Density 

[kg/m3] 
1050 

Thermal conductivity 

[W/m·K] 
0.035 

Thermal conductivity 

[W/m·K] 
0.11 

Specific heat 

[J/kg·K] 
1200 

Specific heat 

[J/kg·K] 
1920 

Heat 

receiving 

unit 

Emissivity 0.9    

Density 

[kg/m3] 
988 

   

Thermal conductivity 

[W/m·K] 
0.145 

   

Specific heat 

[J/kg·K] 
1670 
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3. Result and Discussion 

3.1.1 Front temperature of heating module 

 

Figure 2. Front temperature of heating module according to covering material 

Figure. 5 is the simulation result of the front temperature of the heating module. The heating 

module with melamine foam insulation reached the highest temperature and the fastest heating 

rate in all the covering materials. It is because melamine foam has a low thermal mass compared 

to other insulation materials. Meanwhile, honeycomb with a diameter of 10 mm and 

polyurethane foam were ranked as the second and third, respectively. The honeycomb with a 

diameter of 5 mm showed the lowest temperature and slowest heating speed meaning worse 

efficiency of the heating module.  

3.1.2 Front heat flux of heating module 

The front heat flux showed a similar tendency to that of the front temperature. Melamine foam 

shows the highest heat flux emission at the front of heating module. Depending on the covering 

material, heat flux was high in the order of suede, leather and cloth (Figure.6). Although the 

emissivity of leather and the suede are similar, heat flux emitted due to radiation as can see in 

Eq (3) is proportional to the fourth square of temperature. Therefore, suede showed higher heat 

flux than leather. 

 

Figure 3. Heat flux of heating module according to covering material 

3.1.3 Temperature of heat receiving unit  

In the case of the temperature at the heat receiving part, the tendency was slightly different 

depending on the covering material. When the covering material is leather and suede, the 

melamine foam showed the highest temperature of heat receiving unit. The temperature were 

decreased in the order of honeycomb with 10 mm diameter, PU-foam, and honeycomb with 5 

mm diameter. When the covering material was cloth, melamine foam and honeycomb with 5 

200/1602 ©2022 Lee et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

mm diameter were same in order with leather and suede, but honeycomb with 10 mm diameter 

and PU-foam showed similar temperature of heat receiving part (Figure. 7). 

 

Figure 4. Temperature of heat receiving unit according to covering material 

 

Figure 5. Joule heating simulation according to insulation/covering material: (a) front 

temperature, (b) heat flux, (c) temperature of heat receiving unit 

The efficiency of the radiation heating module could be maximized when the melamine foam 

was used as the insulation and suede covering was used as the covering material, based on the 

results of the front temperature, heat flux of the heating module, and heat receiving 

unit temperature. When honeycomb with 5 mm diameter and cloth were used as the insulation 

material and covering material, respectively, the radiant heating module's efficiency was the 

lowest (Figure. 8). The highest efficient module's front temperature, heat receiving 

unit temperature, and heat flux were 48°C, 15°C, and 78% higher than those of the lowest 

efficient module. As a result, the most efficient radiant heating module could be designed with 

the best combination of melamine foam for insulation and suede for covering material. 

4. Conclusion 

In this study, the heating module was designed and simulated to compare the efficiency of 

radiant heating module. The module used a laminated composite heating module containing 

three types of covering materials: leather, cloth, suede and four types of insulation materials: 

PU-foam, melamine foam, honeycomb with 5/10 mm diameter. In addition, a view factor of two 

parallel surface was defined to accurately simulate radiant heat transfer between heating 

module and heat receiving unit. The efficiency of module was evaluated based on the front 

temperature, heat flux of heating module and temperature of heat receiving part. As a result, 

the optimum laminated composite heating module combination could be obtained when 
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melamine foam and suede were used as insulation and covering material. This result will be used 

in designing an efficient radiant heater for electric vehicle. 
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7. Çengel, Y. A., Ghajar, A. H., 2020 Heat and mass transfer: Fundamentals & applications New 

York, NY: McGraw-Hill Education. 

8. Narayana. “View factors for parallel rectangular plates” Heat transfer engineering 19(1998): 
59-63. 

202/1602 ©2022 Lee et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

FLEXURAL BEHAVIOUR OF POLYURETHANE FOAM FILLED HIGH 

PERFORMANCE 3-D WOVEN I-BEAM COMPOSITES  

 

Eyuphan, Kucukkalfaa-b, Melisa, Dincera-b, Emir, Karcia, M. Ali, Vurala, Kaan, Yildiza-b,  

 Elif, Ozden-Yenigunc, Basak, Ozkendircid, Hulya, Cebecia-b 

     a: Aerospace Research Center, Istanbul Technical University, Istanbul, 34469, Turkey – 

kucukkalfa16@itu.edu.tr 

b: Aviation Institute, Istanbul Technical University, Istanbul, 34469, Turkey 

c: School of Design Textiles, Royal College of Art, SW7 2EU, London, UK 

d: Faculty of Fine Arts and Design, Dogus University, Istanbul, 34775, Turkey 

 

Abstract: Sandwich composites have several industrial applications due to their lightweight and 

high specific strength. Strengthened polymeric foams by nano-reinforcement have high contact 

surface between core and face-sheets bring advantages including elimination of the face-sheet 

and core debonding and water accumulation in the structure. Furthermore, filling area between 

the web and the flanges of I-beams with polymeric foams can enhance strength and load bearing 

capacity while assisting structural integrity. In this work, polymeric foams and 3-D woven 

composites are combined to obtain high-performance I-beam composites. Foaming process of 

neat and 0.1 wt.% carbon nanotube (CNT) reinforced polyurethane foams was achieved in the 

area between the web and the flanges of 3-D woven glass fibers by a novel free-rise foaming 

method. Composites were fabricated by the vacuum infusion method, and three-point bending 

tests were performed to evaluate the increment in load bearing capacity, flexural strength and 

flexural modulus. 

Keywords: Structural integrity; 3-D woven I-beam composites; polyurethane foam; carbon 

nanotubes; flexural strength. 

1. Introduction 

Sandwich composites are commonly used materials especially in aviation, space and marine 

industry, owing to their great bending strength and lightweight compared to laminated 

composites or metal alloys with same dimensions. Considering the structural similarity between 

sandwich composites and I-beams where flanges of I-beams and face sheets of sandwich 

composites resist higher stresses, while web of the I-beams and cores of sandwich composites 

transfer stresses and decrease the effect of external loads. Therefore, this structural similarity 

enhances the usage of sandwich composites where I-beams were traditionally used. Honeycomb 

cores have been widely used in sandwich composites, however, drawbacks such as moisture 

absorption and face sheet-core debonding arising from their open cell structure diminish their 

use in future composites [1]. Novel material concepts such as polymeric foams with higher 

contact surface area between core and face-sheets due to their closed-celled structure bring 

advantages including elimination of above-mentioned drawbacks. Furthermore, these 

innovative foams can be strengthened with the integration of micro and/or nano 

reinforcements. Carbon nanotubes (CNTs) [2–4] and carbon nanofibers (CNF) [5,6] due to their 

high strength and cellulose nanocrystals [7,8] because of low-cost and ease of supply are the 

most preferred nanomaterials used in foam reinforcement studies. Considering the 
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enhancement brought by the additives, foam-cored sandwich composites have the potential of 

replacing honeycomb-core sandwich structures. 

Besides being used as a core in sandwich composites, polymeric foams have found applications 

in strengthening beams. Akrami et al. [9] developed bio-inspired T-joints using polyvinyl chloride 

(PVC) foams inserted to the intersection of web and flange. The resulting T-joint outperformed 

its conventional equivalent in terms of peak load in bending by 40% and stiffness by 60%. Their 

idea can easily be extended to I-beams. On the other hand, instead of placing the polymeric 

foam at the intersection of web and flanges, filling the area between web and flanges might 

even lead to greater enhancements in strength and stiffness while assisting structural integrity. 

Lacki and Derlatka [10] integrated polyurethane (PU) foams into to the area between web and 

glass fiber reinforced flanges of an I-beam made of aluminum alloy and obtained 200% increase 

in the buckling resistance. 

Recently, 3-D woven composites are under investigation since they have a potential to avert 

delamination problems, leading to increased structural integrity while enabling manufacturing 

of near-net complex shapes [11]. 3-D weaving methods can be easily utilized to manufacture 

ideally delamination-free structural composites such as I-beam structures. The weaving pattern 

and the amount of resin for impregnation provide a control on the mechanical properties of the 

resulting composite structures. 

This study aims to combine polymeric foams (PU foam) and 3-D woven composites to design 

and manufacture high-performance I-beam composites. In this work, 3-D woven I-beams were 

weaved using glass fibers and vacuum infusion method was utilized to fabricate fortified I-beam 

composites with epoxy resin. Foaming process of neat and 0.1 wt.% CNT reinforced PU foams 

were directly achieved in the area between web and flanges of the woven glass fibers. This 

approach brings almost no weight increase compared with conventional material usage while 

improving the mechanical properties of the structure. Other advantages of this novel free-rise 

foaming approach include reduced production time and material requirement and enhanced 

overall structural integrity. To evaluate the influence of the utilized approach on the mechanical 

properties, three-point bending tests were performed and load bearing capacity, flexural 

strength and flexural modulus were determined. 

2. Experimental 

2.1 Materials 

600 TEX E-glass fibers with 16µm fiber diameter were purchased from Şişecam, Istanbul. Hexion 

MGS L160 epoxy resin having a viscosity and density of 700-900 mPas and 1.13-1.17 g/cm3 at 

25°C, and Hexion MGS H160 curing agent were both purchased from Dostkimya, Istanbul. Polyol 
9022/100, density of which is 100 kg/m3, and PMDI for the foaming process were acquired from 

Active Foam, Istanbul. Multi-walled CNTs with 92% purity and 8-10 nm diameter were purchased 

from Nanografi, Istanbul. 

2.2 Fabrication of I-Beam Composites 

3-D woven I-beams were made of 600 TEX E-glass fibers, where TEX implies that the mass of 

1000 meter long fiber in terms of grams. The weaving geometry shown in Figure 1 which is called 

“Load Bearing with X vertical wall” (LB-X) was used to obtain the 3-D geometry using 2D weaving 
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machine. Since the fabric contains two warp layers with differing lengths, two warp beams were 

utilized to create the 3-D geometry [12]. Web length and flange width were weaved as 2 cm and 

16 cm, respectively. I-beam composites were fabricated using vacuum assisted resin transfer 

molding method (VARTM) which is one of the main composite fabrication techniques. Epoxy and 

curing agent were mixed with 4:1 weight ratio during VARTM process. Both peel ply and mesh 

were placed under and over of the I-beam to make demolding easier and acquire efficient epoxy 

distribution, respectively. Teflon film coated molds were placed into a gap between web and 

flanges of I-beam to preserve model shape. 

 

Figure 1: The “LB-X” weaving geometry. 

2.3 Foaming Procedure in I-Beam Composites 

Instead of pouring PU into a mold and inserting it after sizing with desired dimensions, the 

foaming process of the PU foam was directly performed in the area between the web and the 

flanges of I-beam composites without using adhesives. Firstly, for the neat PU foam, polyol and 

PMDI were mixed at 2000 rpm for 60 seconds with 50:50 weight ratio according to the 

manufacturer's manual. Then, polyol-PMDI blend was poured into one of the areas between 

web and flanges and free-rise foaming occurred for 15 minutes at room temperature. As the 

next step, the specimen was reversed and the other area was filled with foam and the same 

free-rise foaming procedure was repeated. Finally, I-beam sandwich composite was held in a 

40°C oven for 10 hours for curing. All these steps are illustrated in Figure 2.a. For the CNT 

reinforced PU foams, CNTs were added to PMDI and sonicated for 5 minutes at the %30 

amplitude in a beaker wrapped by ice cubes to prevent overheating. The rest of the procedure 

was the same with neat PU foam. The final appearance of vacant, neat foam-filled and CNT 

reinforced foam filled I-beam composites are shown in Figure 2.b,2.c and 2.d, respectively. 

2.4 Compression Tests of PU Foams 

The manufacturing procedure of both neat and CNT reinforced PU foams to obtain compression 

test specimens is parallel with the process in I-beam composites. The only difference is that the 

polyol-PMDI blend was poured into an aluminum mold, which was heated in the oven at 40°C 
for 1 hour before molding, instead of pouring into the gap between the web and the flanges of 

I-beam structure. The average density of neat and CNT reinforced PU foams were calculated as 

111.7 ± 1 and 113.0 ± 1 kg/m3, respectively. Flatwise compression tests of foams were 

performed by Shimadzu universal test machine (UTM) according to ASTM C365 standards. Test 

specimens were cut to 30 x 30 x 15 mm3 dimensions and 5 specimens were utilized for both neat 

and CNT reinforced PU foams. Test speed was 0.5 mm/min. 
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Figure 2: a) Foaming process takes place directly in the area between the web and the flanges 

of I-beam composites. b) vacant, c) neat foam filled and d) CNT reinforced foam filled I-beam 

composites. 

2.5 Bending Tests of I-Beam Composites 

ASTM C393 standard for sandwich composites was used in this work since no corresponding 

standard was declared for three-point bending tests of 3-D woven I-beam composites. 

Specimens were sized for both I-beam composites and foam inserted I-beam composites as 140 

x 50 x 20 mm3 and the span length of the test apparatus was set as 90 mm. Test speed was 6 

mm/min. 

3. Results & Discussion 

3.1 Compression Test Results of the PU Foams 

The compression test mechanism and the results are given in Figure 3. According to stress/strain 

curves, compressive strength of neat PU foam (N_PU) and 0.1 wt.% CNT reinforced PU foam 

(CNT_PU) were 1.07 MPa and 1.09 MPa, respectively. Moreover, compressive modulus of neat 

foam and CNT reinforced foam were computed as 26.64 MPa and 30.43 MPa, respectively. 

Therefore, the results indicate that 0.1 wt.% CNT addition let to 1.83% and 14.23% increase in 

compressive strength and modulus, respectively, as compared to neat PU foams. 

 

Figure 3: Compression test mechanism and results. 

206/1602 ©2022 Küçükkalfa et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

Enhancements in compressive properties of neat foam with CNT addition can be explained by 

the existence of stiff CNTs within the PU foam and changes of the microstructure. As a result of 

CNT addition, thicker cell walls and smaller cell sizes occurred and denser foams were obtained. 

3.2 Three-Point Bending Tests of I-Beam Composites 

Three-point bending test apparatus and stress/strain curves of I-beam composites are shown in 

Figure 4. The force/displacement data were used to evaluate the load bearing capacities of I-

beam composites, and the stress/strain curves were utilized to compute flexural modulus and 

flexural strength. The corresponding results are summarized in Table 1. According to test results, 

the load bearing capacity of the I-beam without foam (LBX), neat foam filled (N_PU_LBX) and 

CNT reinforced foam filled (CNT_PU_LBX) are 2.52 kN, 3.46 kN, and 3.53 kN, respectively. 

Therefore, the results show that the load bearing capacity was increased by 53.7% with neat and 

57% by CNT reinforced foam insertion. Moreover, flexural modulus of LBX, N_PU_LBX and 

CNT_PU_LBX were calculated as 478.63 MPa, 629.81 MPa, and 670.32 MPa, respectively. Also, 

31.59% and 40.05% increase in flexural modulus was obtained by neat and CNT reinforced foam 

addition. Furthermore, flexural strength values were found as 14.67 MPa, 22.77 MPa and 23.07 

MPa for LBX, N_PU_LBX and CNT_PU_LBX, respectively. It was seen that neat and CNT reinforced 

foam insertion yielded 55.18% and 57.23% increase in flexural strength. 

 

Figure 4: a) Three-point bending test apparatus, b) stress/strain curves. 

Table 1: Summary of three-point bending test results. 

Specimen 

Load Bearing 

Capacity 

[kN] 

Increase  

[%] 

Flexural 

Modulus 

[MPa] 

Increase 

 [%] 

Flexural 

Strength 

[MPa] 

Increase 

 [%] 

LBX 2.52 - 478.63 - 14.67 - 

N_PU_LBX 3.46 53.70 629.81 31.59 22.77 55.18 

CNT_PU_LBX 3.53 57.00 670.32 40.05 23.07 57.23 
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Compared to neat PU insertion, 0.1 wt.% CNT reinforcement of the foam brought additional 

enhancements of 6.15%, 26.78%, and 3.72% to load bearing capacity, flexural modulus and 

flexural strength, respectively. Therefore, these results are considered to be substantially 

promising as greater improvements can be achieved with higher CNT concentrations with 

negligible weight penalty. 

Structural integrity is another aspect that should be considered to design safe and reliable 

structures, increasing the use of I-beam 3-D woven composites. Similar to an earlier study [12], 

during three-point bending tests of I-beam (LBX) composites, twisting and/or torsional buckling 

(Figure 5.a) was observed under high loadings. Strengthening the web and flanges with 

nanomaterials might increase the material properties but might not be the solution of buckling 

under bending load. Additionally, adding ribs to the area between web and flanges might avoid 

the twisting behavior, however, additional challenges such as proper joint design between ribs 

and I-beam, cracks at joints or new weaving design to maintain single-piece 3-D structure might 

arise. Due to these issues, foam insertion between web and flanges might be one of the easiest 

and the most applicable methods. Figure 5.b, illustrates that, with the foam insertion, the 

delamination between the flanges and the foam occurs shortly before the failure loading. This 

clearly shows that twisting response of the beam is no longer a concern, and delamination does 

not exist until failure and the structural integrity of beam was maintained. Furthermore, Figure 

5.c shows the foam filled I-beam crushed instead of delamination at similar loading given in 

Figure 5.b. The reason of this behavior at high loadings was interpreted to be the lack of adhesive 

between the foam and the beam. Moreover, Figure 5.d indicates that at failure the beam cracks 

at the center cross-section, the point where the bending moment is maximum. This behavior 

encourages the idea that the pure bending force was achieved. 

 

Figure 5: a) Twisting and torsion of LBX, b) delamination between flanges and foam at 

CNT_PU_LBX, c) structural integrity maintained by foam insertion, and d) crack at the center of 

N_PU_LBX. 

4. Conclusions 

In this work, foam insertion by direct manufacturing of free-rising PU foam in the area between 

the web and the flanges of 3-D woven I-beam structures was investigated. This novel approach 
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bears the potential of obtaining high-performance composites and acquiring enhanced 

structural integrity. In accordance with this purpose, neat and CNT reinforced PU foams were 

utilized and bending properties such as load bearing capacity, flexural modulus, and flexural 

strength of I-beam composites were determined. The results showed remarkable increases of 

57.00 %, 40.05%, and 57.23% in load bearing capacity, flexural modulus and strength with CNT 

reinforced PU foam insertion, respectively. Furthermore, twisting at higher loadings under the 

bending test for I-beam composites was suppressed by foam insertion. Therefore, the crucial 

crack at failure load occurred in the mid-section of the foam-inserted test specimens which 

implies that the structural integrity was enhanced and pure bending condition was achieved. 

For future work, an adhesive layer bonding the foam and the I-beam, can be applied to the inner 

beam surface before free-rise foaming to avoid or retard delamination. Furthermore, 

nanomaterial content in PU foam can be optimized to obtain better bending properties with 

small amounts of weight enhancement. Also, nanomaterials can be combined such as CNT/CNC 

(Cellulose nanocrystals) or CNT/CNF (Cellulose nanofibrils) to prevent agglomerations and non-

uniform distribution in dispersion media at higher nanomaterial concentrations. 
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Abstract: Polyamide (PA) from the recycling of the vacuum bags – auxiliary material –   and 
short carbon fibre from the recycling of structural prepreg composite materials, both used in the 
manufacturing process of aircraft composite parts, have been combined to produce PA/short-CF 
filament for Additive Manufacturing process, and to produce PA/short-CF pellets for Injection 
molding processes, to manufacture parts with no structural requirements that can be 
reintroduced again in our product life cycle, following a Circular Economy approach. 

Keywords: sustainability; recycling; reuse; circular economy; composite materials. 

1. Introduction 

The use of Carbon Fibre Reinforced Polymer (CFRP) composites in the manufacturing processes 
of aeronautical components is currently the main solution for the design and manufacture of 
structural elements in the aerospace industry, due to their excellent specific mechanical 
properties and their outstanding experience during their operation.          

This has allowed a significant reduction in greenhouse gas emissions to the level of 63.5 grams 
per passenger and kilometer traveled in 2020 in the case of Airbus, in addition to a significant 
reduction in maintenance and operating costs. 

However, if we want to maintain, or even increase, the current level of use of high-performance 
composite materials, some major challenges need to be solved: reduction in the cost of the final 
structure, reduction in energy consumption during the manufacturing cycle from the base 
material to the final structure, and develop recycling and reuse technologies to produce 
materials and structures with high added value. 

Sustainability is of paramount importance for Airbus. Therefore, among other initiatives, we are 
putting a great effort in recycling and reusing the materials employed in our manufacturing 
processes, not only of the structural carbon fiber (CF) composites, but also, the auxiliary 
materials used. 

This paper will show Airbus work in developing processes to recycle structural carbon fiber 
composites (uncured pre-impregnated composite material), as well as recycling of auxiliary 
materials, where the products obtained from these recycling processes will form together a new 
raw material that will be used in the manufacturing of non-structural aircraft components, thus, 
reintroducing them again in our product life cycle, following a Circular Economy approach. 

Polyamide (PA) from the recycling of used vacuum bags and short carbon fibre from the recycling 
of structural prepreg composite materials, both used in our manufacturing processes, will be 
combined to produce PA/short-CF filament for Additive Manufacturing process, and to produce 
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PA/short-CF pellets for Injection molding processes. Application scenarios and proof of concept 
of the components manufactured will be also presented. 

2. Experimental  

2.1 Materials 

A new composite material is proposed. The matrix used is polyamide (PA) coming from vacuum 
bags used in the manufacturing of aircrafts composite parts (Figure 1).  

 

 

 

 

Figure 1. Vacuum bags used in aircraft composite parts production 

It is a multilayer material whose main component is PA6.6, PA6 in less extent, and a polyethylene 
(PE) sandwiched layer. Prior to a shredding process to reduce the material size and enable a 
better dosage for compound activities (see Figure 2),   the material undergoes an anti-hydrolysis 
treatment.  

  

 

 

 

Figure 2. Vacuum bags shredding process 

The short carbon fibre to be used as reinforcement, is obtained after pyrolysis of Carbon Fibre 
Reinforced Polymers (CFRP) scrapped from the manufacturing of aircraft parts (either uncured 
or cured) (Figure 3). 

 

 

 

 

Figure 3. Short recycled carbon fibre (short r-CF) 

2.2 Preparation of r-PA/short r-CF composites 

A co-rotating twin screw extruder has been employed to: 

1) Produce recycled polyamide (r-PA) pellets (Figure 4.a) with controlled rheology 
properties by the addition of plasticizer, so that the material could be applied to fuse 
deposition modeling (FDM) and injection molding applications.  

pyrolysis 
short r-CF CFRP scrap  
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2) Reinforce r-PA pellets with the incorporation of short recycled carbon fibres (short r-CF) 
(Figure 4.b). The target was incorporating 30% of short r-CF in the r-PA. The parameters 
of the extrusion process are set in order to ensure proper dispersion and distribution of 
the fibre while maintaining, as much as possible, the fibre geometry and morphology, 
so that the final composite meet the required mechanical performance.  
 
 
 
 
 
 

Figure 4. a) r-PA pellets. b) r-PA/short r-CF pellets.  

2.3 Differential scanning calorimetry (DSC)  

The melting behavior, of the pristine PA (brand new vacuum bag film), of the PA after the 
recycling process and of the composites obtained from recycled materials, were was 
investigated by differential scanning calorimetry (DSC) using a DSC Q2000 – TA Instruments, 
according to ISO 11357, operating under a nitrogen flow, using approximately 12 mg of sample 
sealed in aluminum pans. Melting temperatures measured (Table 1) served as reference of the 
process temperature in the extruder, and in subsequent steps (filament extrusion, additive 
manufacturing and injection processes). 

Table 1: Melting temperatures values 

Specimen  Tm [ºC] 

pristine PA  255.8 ± 0.9 

r-PA  253.5 ± 2.0 

r-PA/short r- CF w.o. plasticizer  255.5 ± 3.5 

r-PA/short r-CF + 1% plasticizer  253.9 ± 0.6 

r-PA/short r-CF + 2% plasticizer  251.6 ± 0.3 

*: samples obtained from brand new vacuum bag film 

2.4 Melt flow index 

A GOTTFERT Mi-5 Flow Index Meter was used to evaluate the rheological properties of r-
PA/short r-CF pellets (Table 2), according to UNE-EN ISO 1133-2. Test conditions were: Weight: 
5 kg, temperature 255ºC, nozzle diameter: 2 mm, nozzle length: 8 mm, cutting method: manual, 
preheating time: 5 min. Pellets were pre-conditioned 4 hours at 90ºC. 

 

 

 

 

a) 

b) 
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Table 2: Melt flow index values 

Specimen Mass flow rate (MFR) 
[g/10min] 

Volume flow rate (MVR) 
[cm3/10min] 

r-PA/ short r-CF w.o. plasticizer 4.99 ± 0.12 4.53 ± 3.5 

r-PA/ short r-CF + 1% plasticizer 19.2 ± 0.8 18 ± 0.3 

r-PA/ short r-CF + 2% plasticizer 65.9 ± 2.2 58.4 ± 2.5 

 
3. Additive Manufacturing with recycled aeronautical manufacturing materials 

3.1 Filament extrusion 

 Filaments  to be used in an additive manufacturing process, based on Fused Filament 
Fabrication (FFF), were obtained from r-PA/short r-CF in a filament extruder (Figure 5).   

 

 

 

 

Figure 5. Filament extrusion and produced spool of filament  

3.2 Fused Filament Fabrication (FFF) - Printing trials 

A non-structural part was chosen as proof of concept for the printing trials. These were carried 
out with different part geometries and different designs to set the optimum printing parameters 
in order to fulfill qualitative aspects, i.e. infill resolution, corner details, surface finish, and to 
solve process troubles such as warping or extruder nozzle clogging. Figure 6 shows the proof of 
concept obtained with selected printing parameters.  

  

 

 

 

Figure 6. Flying part trial specimen printed to assess the process  
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4. Injection moulding with recycled aeronautical manufacturing materials 

4.1 Injection molding of coupons for testing 

r-PA/short r-CF pellets were fed into the heated barrel of an injection moulding machine to 
obtain coupon specimens for characterization testing (Figure 7). 

   

 

 

 

Figure 7. Testing coupons specimens obtained by injection molding  

4.2 Tensile properties 

A Universal Testing Machine was used to evaluate the tensile properties (Young's modulus and 
mechanical strength), see Figure 8, of the coupons obtained by injection molding. The tests were 
carried out according to UNE-EN ISO 527-2 Standard. The environmental conditions during 
testing were: Temperature (23 ± 2)ºC, RH (50  ± 5) %. For each r-composite composition, five 
specimens were tested; injected coupons were pre-conditioned 16 hours at the environmental 
conditions mentioned above. 

Testing conditions were: Speed for calculating Modulus E: 1 mm/min, speed for strength test: 
50 mm/min, distance between jaws: 115 mm, Reference length: 75 mm, Load cell: 20 kN, 
mechanical jaws, accuracy of testing machine: Strength (acc. ISO 7500) Class 0.5, and 
displacement indicator (acc. ISO 9513) Class 0.5. Displacement indicator: clamp extensometer 
for elastic modulus, makroeXtens for strength characterization. 

Figure 8. Testing coupons specimens obtained by injection molding  

5. Conclusions and way forward 

The recycling process on the PA6.6 – vacuum bag film barely affects the thermal properties of 
the material. There is a slight decrease in the melting temperature. This value recovers when 
introducing the reinforcement, which could be due to the nucleating effect produced by the 
fibres, this aspect needs further investigation. The addition of plasticizer, as expected, reduces 

MOTOR 

MOULD HEAT 

HEAT SCREW THREAD 

1 
1 

2 
2 

5 5 3 3 4 4 

1: pristine PA (from vacuum bag)          2: r-PA           3: r-PA/short r-CF  
4: r-PA/short r-CF + 1% plasticizer         5: r-PA/short r-CF + 2% plasticizer 

Composition  Composition  
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the polyamide crystallinity, and thus, the melting temperature. Nevertheless, this reduction is 
not significant. 

However, the effect of the plasticizer is more noticeable in the rheological properties. The 
addition of 1% of plasticizer increases the mass and volume flow rates four times, and the 
addition of a 2% of plasticizer, increases these values thirteen times. 

A decrease of the 20% in the tensile properties is observed when comparing pristine (vacuum 
bag film) PA6.6 with r-PA, most likely due to the embrittlement of the PA, thermal aging,  during 
the extrusion process, that could produce a slight decrease in the polymer crystallinity, as 
indicated by the slight decrease in the melting temperature. When adding the reinforcement, 
the higher values are observed in the r-PA/short r-CF + 2% plasticizer (Young’s modulus 20200 
MPa, Tensile strength 226 MPa. These values make the material suitable for applications in non-
structural parts of an aircraft. 

Several applications have been already identified for both FFF and injection manufacturing 
technologies, one being more convenient than the other depending on the volume of parts per 
aircraft, geometric complexity, etcetera; elevator shim, brackets, funnels, drainage tubes, 
system supports, gaskets, machinery items and accessories. Beyond the aeronautical sector, 
these materials would also have great potential for use in automobile and sports industries. 

As for the way forward, r-PA/short r-CF + 2% plasticizer has been selected for the next trials 
since appears with the best balance between rheological behavior (easier processing) and 
mechanical performance. Injection moulding of drainage tube is on-going as proof of concept 
for this technology. The tube will be later on tested to its specific requirements to confirm if 
those are met. 

This preliminary study proves that a second life for auxiliary and composite materials used in 
aircraft manufacturing processes is more than possible, enabling an effective circular economy 
with this greener and zero scrap manufacturing approach. 
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Abstract: The use of long fibre reinforced thermoplastic composites is increasing due to their 

short cycle times and ease of recycling. A major representative of thermoplastic matrices is the 

-caprolactam-based polyamide 6 (PA6). Due to the strict safety regulations of the automotive 

industry, PA6 composites need to be flame retarded. The flame retardant (FR) can be added to 

the matrix or used as a coating. The use of coatings ensures that flame retardants do not alter 

the properties of the composites, prevent the solid additives from being filtered out by the 

reinforcing materials, and prevent delamination caused by intumescent flame retardants. We 

developed -caprolactam-based flame retardant coatings suitable for in-mould coating carbon 

fibre reinforced PA6 composites during thermoplastic resin transfer moulding (T-RTM). 

Keywords: flame retardancy; in situ polymerisation; -caprolactam; polyamide 6  

1. Introduction 

Due to short cycle times and easy recycling, thermoplastic matrix composites are becoming 

increasingly important in many technical fields, particularly in the automotive industry [1]. PA6 

is one of the most commonly used matrix materials to produce long fibre reinforced 

thermoplastic composites. PA6 can be produced from -caprolactam monomer by anionic ring-

opening polymerisation in the presence of an activator and initiator [2]. One of the most 

promising methods for their production is thermoplastic resin transfer moulding (T-RTM) 

technology based on in-situ polymerisation, where the polymerisation of the monomer 

impregnated in the reinforcing materials takes place in the mould. A significant drawback of PA6 

is its flammability, as it melts easily in flames, and melt droplets can cause rapid fire spread. The 

strict fire safety requirements make the flame retardancy of PA6 [3]. 

There are two basic options for polymer flame retardancy: additive and reactive flame 

retardancy. In additive flame retardancy, the flame retardant additive can be mixed directly into 

the unmodified polymer, while in reactive flame retardancy, flame retardant monomers are 

incorporated into the polymer main chain. Of the methods mentioned above, additive flame 

retardancy is the most commonly used method for PA6. The disadvantage of this process is that 

flame retardants that are not soluble in -caprolactam may be filtered out by the reinforcing 

materials. In addition, additives can affect the mechanical properties and viscosity of the matrix, 

which can cause problems during processing. The use of caprolactam-soluble flame retardants 

or flame retardant coatings may solve these problems [4]. 

Höhne et al. [5] used caprolactam soluble hexaphenoxycyclotriphosphazene (HPCTP) for carbon 

fibre reinforced polyamide 6 composites. The authors found that the PA6 composite flame 
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retarded with HPCTP meets the requirements of FAR 25.853 for aerospace applications and 

achieves a self-extinguishing V-0 rating in UL-94 testing.  

HPCTP can also be effectively used in glass fibre reinforced PA6 composites. A V-0 rating and a 

high oxygen index value can be achieved in UL-94 tests. During the initial stage of thermal 

decomposition, HPCTP releases mainly non-combustible gases (NH3, H2O, and CO2). In addition 

to the gas-phase flame retardant effect, a solid-phase effect is also observed in forming a 

foamed carbon layer [6]. 

Alfonso et al. [7] achieved a synergistic effect for the combustion inhibition of PA6 by combining 

red phosphorus with magnesium oxide (MgO) or a polyhalogenated cyclopentadiene derivative 

(Dechlorane Plus - DP). In the case of MgO, the synergistic effect was explained by the ability of 

MgO to increase the rate of phosphoric acid formation, which leads to a higher rate of char 

formation on the surface. In the case of DP, it forms phosphorus-containing radicals from the 

thermal decomposition of hydrochlorinated hydrocarbons. The authors also found that many 

flame retardants commonly used for PA6 flame retardancy inhibit the polymerisation reaction 

of -caprolactam and thus cannot be used for its flame retardancy. 

Our research investigated the development of flame retardant coatings for carbon fibre 

reinforced polyamide 6 composites. The flame retardants used were red phosphorus (RP), 

magnesium oxide (MgO), and expandable graphite. The effect of the flame retardants on 

crystallinity, glass transition temperature, thermal stability, and fire performance was 

investigated.  

2. Materials and methods 

2.1 Materials 

To prepare the PA6 matrix, we used AP-NYLON Caprolactam (CL, Brüggemann Chemical) as the 

monomer. BRUGGOLEN C20P (C20P, Brüggemann Chemical) was used as the activator and 

Dilactamate (DL, Katchem) as the initiator. Magnesium oxide (MgO, Sigma Aldrich), red 

phosphorus (RP, Clariant), and two types of expandable graphite (EG ES100 and EG ES350, 

Graphit Kropfmühl) were used as flame retardants. The difference between the two expandable 

graphites is their particle size and foaming rate: for the ES100 type, the particle size is in 75% < 

150 μm, and the change in volume during foaming is 100 cm3/g, while for the ES350 type, the 

particle size is in 80% > 300 μm, while the expansion rate is 350 cm3/g. We used PX 35 UD 300 

carbon fibre from Zoltek to prepare the composites. 

2.2 Preparation of coating materials 

Reference and flame retardant coatings were tested on their own. The reference PA6 was 

prepared using 87% CL, 3% activator, and 10% initiator. 10% flame retardant was used to 

produce flame retarded PA6. The materials were stored in a vacuum oven, and the flame 

retardants were dried at 80 °C for 4 hours before use. The monomer and activator, and in the 

case of flame retarded samples, the flame retardant, were mixed and melted at 120 °C using a 
heated magnetic stirrer. After adding the initiator, specimens were prepared in an aluminium 

mould at 150 °C. 

 

218/1602 ©2022 Kovács et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

2.3 Preparation of composites with coating 

An aluminium mould at 150 °C was used to model T-RTM and in-mould coating. In the mould 

with the dimensions of 100x100x2 mm3, 5 layers of unidirectional carbon reinforcement were 

pre-placed in [0]5 layer order. We used 87% CL, 3% C20P and 10% DL for the matrix. The CL and 

the C20P were mixed and melted at 120 °C. Then, after adding DL, the system got into the closed 

mould using a syringe, and in-situ polymerisation was carried out between the reinforcing 

material. The coating was applied to the composite surface in a 2.5 mm deep aluminium mould. 

The coating was applied using the same method and monomer/activator/initiator ratio with 10% 

flame retardant.  

2.4 Methods 

Differential scanning calorimetric measurement (DSC) was performed with a TA Instruments 

Q2000 device. 2-5 mg samples were analysed in 50 ml/min nitrogen flow. We used 

heat/cool/heat cycles in a temperature range of 25-250 °C with heating and cooling rates of 10 

°C/min. 

The thermal stability of the samples was tested using a TA Instruments Q500 TGA device. The 

test was carried out on 2-5 mg samples under 30 ml/min nitrogen flow. The samples were 

heated in a temperature range of 30-600 °C with a heating rate of 20 °C/min. 

We performed UL-94 flammability test according to ISO 9772 and ISO 9773. The flame spread 

rate can be determined from the horizontal arrangement (H-type), and the flammability 

classification can be determined from the vertical arrangement (V-type). The dimensions of the 

samples were 120x15x4 mm3. 

The oxygen index tests (LOI) were performed according to ISO 4589-1 and ISO 4589-2 standards. 

LOI is defined as the minimum oxygen content by volume of an oxygen-nitrogen gas mixture 

flowing at a specified velocity in the test sample that is still burning. The size of the samples was 

120x15x4 mm3. 

To determine the complex combustion characteristics of the samples, we used a mass loss type 

cone calorimeter (MLC, Fire Testing Technologies Inc.). In the test, we exposed samples to a heat 

flux of 50 kW/m2 based on the ISO 13927 standard. The dimensions of the coating samples were 

100x100x4 mm3, and the dimensions of the coated composites were 100x100x2.5 mm3. 

3. Results and discussion 

Firstly we characterised the coating materials according to thermal and fire behaviour. Then we 

investigated the coated composites focusing on fire performance. 

3.1 The effect of FRs on the glass transition temperature and crystallinity (DSC) 

The effect of the flame retardants on the glass transition temperature and the crystallinity was 

investigated by differential scanning calorimetry. The results are given in Table 1. 

The crystalline fraction was calculated from the enthalpy of the first heating curve using the 

following equation: 𝑋𝑐 = ∆𝐻𝑚1∆𝐻100%(1−𝛼) ∙ 100                  (1) 
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where H100%=188 J/g is the theoretical value of the enthalpy of crystallization for 100% 

crystalline PA6,  [-] is the filler fraction. 

Based on the DSC measurements, the added additives had no significant effect on the glass 

transition temperature of PA6. In general, the Tg and Xc values obtained agreed with those 

reported in the literature. However, the residual CL in the system may distort the results due to 

inadequate polymerisation. The CL sublimates at 60 °C, which, in the best case, only occurs in 

an endothermic peak, but the baseline may be shifted in some cases.  

Table 1: DSC results of reference and flame retarded PA6 samples (Tg: glass transition 

temperature; Hm1,2: enthalpy of crystallisation for the first and second heating; Hc: enthalpy 

of crystallisation; Xc: crystalline fraction. 

Sample Tg [°C] Hm1 [J/g] Hm2 [J/g] Hc [J/g] Xc [%] 

PA6  49 78.6 40.5 45.9 42 

PA6/10%RP 51 59.4 28.6 32.9 35 

PA6/10%MgO 44 73.2 43.7 42.6 43 

PA6/10%EGES100 46 66.7 36.2 32.9 39 

PA6/10%EGES350 45 104.2 31.1 29.3 62 

PA6/5%RP/5%MgO 49 103.6 37.0 37.1 61 

PA6/5%RP/5%EGES100 50 80.7 35.2 35.6 48 

PA6/5%RP/5%EGES350 47 80.1 50.1 50.2 47 

PA6/5%MgO/5%EGES100 46 95.0 47.0 46.3 56 

PA6/5%MgO/5%EGES350 49 127.9 28.3 26.9 76 

 

3.2 The effect of FRs on thermal stability (TGA) 

The thermal stability of the samples was tested using TGA. The results are presented in Table 2. 

The temperature associated with 5 and 50% mass loss was shifted towards higher values than 

the reference PA6. The improvement in thermal stability was also reflected in an increase in the 

residual mass, which is favourable from an application point of view. The samples containing 

expandable graphite performed exceptionally well: although their decomposition usually 

started below 200 °C, the temperature for 50% mass loss was above 400 °C in all cases, except 

the samples containing MgO as well, and the maximum decomposition rate occurred at the 

highest temperatures. For samples containing 5% RP and expandable graphite, the graphite with 

a larger particle size (EG ES350) led to a higher residual mass due to the larger expansion of the 

graphite. Similar observations were made for samples containing MgO and expandable graphite. 
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Table 2: TGA results of reference and flame retarded PA6 samples (T-5%: the temperature at 5% 

mass loss; T-50%: the temperature at 50% mass loss; dTGmax: maximum moss loss rate; TdTGmax: 

temperature belonging to the maximum mass loss rate). 

Sample 
T-5%  

[°C] 

T-50%  

[°C] 

dTGmax  

[%/°C] 

TdTGmax  

[°C] 

Char yield at 600 °C  

[%] 

PA6  104 324 0.8 139 3.4 

PA6/10%RP 332 439 1.5 432 35.0 

PA6/10%MgO 155 391 1.2 412 16.3 

PA6/10%EGES100 243 446 1.0 437 38.6 

PA6/10%EGES350 152 435 1.0 439 27.1 

PA6/5%RP/5%MgO 123 383 0.9 435 7.4 

PA6/5%RP/5%EGES100 120 407 1.0 436 9.1 

PA6/5%RP/5%EGES350 214 425 1.0 442 11.4 

PA6/5%MgO/5%EGES100 192 354 1.2 341 6.2 

PA6/5%MgO/5%EGES350 111 354 0.7 370 15.4 

 

3.3 Fire performance of PA6 coating materials 

The flammability of reference and flame retardant coating materials was analysed by LOI, UL-

94, and MLC. The results of the UL-94 and LOI measurements are shown in Table 3.  

Table 3: UL-94 and LOI results of reference and flame retardant coating materials. 

Sample UL-94 ranking LOI [%]  

PA6  HB 21 

PA6/10%RP HB 26 

PA6/10%MgO HB 21 

PA6/10%EGES100 HB 25 

PA6/10%EGES350 V-1 25 

PA6/5%RP/5%MgO V-2 25 

PA6/5%RP/5%EGES100 V-0 26 

PA6/5%RP/5%EGES350 V-1 25 

PA6/5%MgO/5%EGES100 HB 24 

PA6/5%MgO/5%EGES350 HB 24 
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The oxygen index of the samples containing flame retardant was higher than that of the 

reference, except for the sample containing pure MgO. Although the oxygen index of the 

individual compositions is not an outstandingly high value, it can be seen that the UL-94 

classification of the samples containing expandable graphite is significantly better than the 

reference. The PA6/5%RP/5%EGES100 sample has the highest oxygen index (26%) and is the 

only sample to achieve a V-0 self-extinguishing rating in the UL-94 test. 

The complex combustion properties of the samples were investigated using MLC. The results 

compared to the reference PA6 without flame retardant are shown in Figure 1. 

The flame retardants significantly reduced the peak heat release rate (pHRR): the best 

performing sample (PA6/10%EGES350) had a maximum heat release of only 253 kW/m2 

compared to the reference value of 729 kW/m2. For samples containing red phosphorus, the 

ignition time was in all cases shorter than the ignition time of the reference, which can be 

explained mainly by the gas phase mechanism of the additive. In general, the residual mass of 

the sample was higher than the reference due to the flame retardant additives. While the 

reference sample was almost completely burnt, the sample with high graphite additives retained 

almost one-third of its mass. Neither red phosphorus nor magnesium oxide provided 

outstanding results when used alone, but their combination with the two types of expandable 

graphite showed favourable flame retardancy. A significant shift characterised the graphite 

samples in the times to ignition and peak heat release rate, which in all cases can be explained 

by the intense foaming of the additives. The intense foaming caused the sample to ignite and 

reach the peak heat release rate only much later during combustion. The time course of the heat 

release also illustrates the intensive foaming: These samples foamed into the cone calorimeter, 

which caused the heat release curve to have an incomplete decay. 

 

Figure 1. Heat release rate of reference and flame retardant coating materials 
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Based on preliminary testing of the coatings, the following samples were used as coatings for 

carbon fibre reinforced PA6 composites: PA6/10%EGES350, PA6/5%RP/5%EGES350, 

PA6/5%MgO/5%EGES100, PA6/5%RP/5%EGES100. 

3.4 Fire performance of coated CF/PA6 composites 

The MLC results for the reference and flame retardant coated PA6 composite samples are shown 

in Figure 2. 

Compared to the reference composite without flame retardant (347 kW/m2), only sample 

PA6/CF/5%RP/5%EGES100 had a lower heat release (274 kW/m2). In all cases, the residual mass 

was increased due to the flame retardants, but the samples ignited sooner than the reference 

except for PA6/CF/5%RP/5%EGES100. The poorer fire performance of these samples may be 

explained by the significant sedimentation observed in samples with EG ES350, and a 

noteworthy amount of the flame retardant remained in the inlet. 

 

Figure 2. The heat release rate of reference and flame retardant coated carbon fibre reinforced 

polyamide 6 composites 

4. Conclusions 

In our work, we first investigated the effect of different flame retardants on the crystallinity, 

glass transition temperature, thermal stability, and flammability of the PA6 matrix. Red 

phosphorus, magnesium oxide, and expandable graphite with small and large particle sizes were 

used as flame retardants. They did not considerably affect the glass transition temperature and 

crystallinity, but they improved the thermal stability compared to the reference. Neither red 

phosphorus nor magnesium oxide showed outstanding results when used as sole additives, but 

their combination with expandable graphite is favourable in terms of flame retardancy. The best 

formulations were applied to coat carbon fibre reinforced polyamide 6 composites. T-RTM and 

in-mould coating were modelled by preparing the composites and coatings. The composite 
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coated with 5% red phosphorus and 5% small grain expandable graphite showed the best fire 

performance. 
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Abstract: Carbon fiber reinforced Sheet Molding Compounds (C-SMC) offer great potential for 

weight savings by substituting metallic materials in many areas of the mobility sector. However, 

components in this application area may be subjected to elevated operating temperatures up to 

120 °C. In this work, therefore, three SMC materials with epoxy-based resin systems and carbon 

fiber reinforcement are investigated with respect to their thermomechanical properties. One 

commercially available material and two newly developed materials are considered. The 

materials are tested by using dynamic-mechanical thermal analysis in a 3-point bending test. The 

results to be compared are the dynamic flexural modulus and the glass transition temperature. 

The materials show a loss of the dynamic flexural moduli between 6 % and 18 % at 120 °C. One 

of the newly developed materials discloses a small drop of 6 %, which is on a par with the 

behavior of aluminum. The evaluation of the glass transition temperatures reveals that the 

materials have a dynamic flexural modulus between 67 % and 72 % at their lowest glass 

transition temperature. This indicates that the glass transition temperature may not be a 

suitable value for estimating the maximum operating temperature of the C-SMC. 

Keywords: Sheet Molding Compound; Carbon fiber reinforced Sheet Molding Compound; 

Dynamic-mechanical Thermoanalysis, Glass Transition temperature; High Temperature 

Applications  

1. Introduction 

In order to meet the goals of the Paris Climate Agreement, CO2 emissions in all areas of mobility 

must be significantly reduced in the upcoming years. In 2018, road transport alone accounted 

for about 26 % of CO2 emissions within the European Union [1]. This also results in the endeavor 

to increase the energy efficiency of transport. In addition to switching to alternative propulsion 

systems, vehicle CO2 emissions can be reduced by weight savings at system and component 

level, regardless of the propulsion technology [2, 3]. Current developments aim to substitute 

metallic materials by fiber reinforced polymer composites (FRPC) for weight reduction. 

However, compared to metallic materials, FRPC often involve higher raw material and 

manufacturing costs [4]. The higher manufacturing costs usually result from a low proportion of 

fully automated processes. For this reason, Sheet Molding Compound (SMC) material and 

process can play an important role to reach these goals. These compounds are compression 

molded and based on polyester or epoxy resins, which are produced as flat semi-finished 

products from a resin paste and chopped fibers in a fully automated process. For component 

manufacture, the semi-finished product is cut to size, stacked to form the component weight 

and placed in a hot sealing edge mold. Due to the heat effect in the mold, the viscosity of the 

SMC decreases, it starts to flow and fills the mold completely. The flowing process of the 

material enables very complex geometries such as ribs and webs. This behavior enables a great 

design freedom for the components. SMC enabled for the first time to manufacture glass fiber 
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reinforced polymer composites (GFRPC) components in large-scale production, which could 

compete with metallic components in terms of price. Since then, glass fiber reinforced SMC (GF-

SMC) have been used primarily as structurally low-stress components, such as outer skin 

components in the automotive industry or for electrical insulating components. In 2020, 25 % 

of the mass of FRPC components produced in Europe was based on SMC/BMC, which is the 

largest production value before open mold processing [5]. In order to economically exploit the 

potential of FRPC for weight reduction in further areas, current developments aim to use SMC 

in structurally highly stressed components. To improve the mechanical properties of SMC, the 

reinforcing glass fibers are replaced by carbon fibers (C-SMC) and the fiber content is increased, 

typically from 30 wt.-% up to 60 wt.-%. One disadvantage of commercially available C-SMC 

materials is the drop in the mechanical properties at operating temperatures above 100 °C. Ogi 

and Yamanouchi investigated the influence of temperature on C-SMC based on a vinylester (VE) 

resin system. The flexural modulus of elasticity and flexural strength were determined at five 

temperatures between 20 °C and 110 °C in order to predict the failure behavior of the material. 

From this, it was found that with increasing temperature, the elastic modulus of C-SMC 

decreases significantly.[6] C-SMC competes with the widely used aluminum die casting process, 

which can also reproduce complex component geometries. Aluminum also exhibits a 

temperature dependence of Young's modulus. Compared to room temperature, this still 

possesses about 94 % of its flexural modulus at a temperature of 120 °C [7]. This value can be 

regarded as a benchmark in the context of material development. The lack of mechanical 

performance of available C-SMC materials at higher temperatures is addressed in this work by 

the development of a new C-SMC with increased thermomechanical stability at higher 

temperatures for application in transport and mobility sector. 

2. Materials 

Three different epoxy-based C-SMC materials were investigated in this work. One commercially 

available material from the manufacturer ASTAR S.A. called CARBKID PGK5250-R63 (ASTAR 

5250), which was available as an already processed test sheet. The semi-finished products of the 

other two materials were produced in-house at IVW on a SMC line and processed into test 

panels on a hydraulic press. The resin systems used were "80CF" from the manufacturer Polynt 

Composites and "XP3424" from the manufacturer Schill+Seilacher "Struktol". In the further 

course of this work, the semi-finished products and materials based on the resin systems "80CF" 

and "XP3424" are abbreviated to "Polynt 80CF" and "XP3424". The components recommended 

by the manufacturers as curing agents and process additives were used. Carbon fibers of the 

type "PYROFIL TR 50S 15L" from the supplier Mitsubishi Chemical Europe GmbH with a filament 

count of 15k were used as reinforcing fibers. Due to the selected fibers and restrictions of the 

cutting unit of the SMC line, a fiber content of 40 % could be achieved in the produced semi-

finished products. The manufacturing process of the test panels is illustrated by using the 

example of the Polynt 80CF material in Figure 1. The semi-finished products were produced in-

house on an SMC line (Figure 1 a) and were stacked and placed in a hydraulic parallel-controlled 

pressing tool (Figure 1 b). The tool occupancy was 50 % and the semi-finished product was 

inserted in the center of the tool. The direction of production of the semi-finished product is in 

the x-direction oriented parallel to the shorter side of the pressing tool. The tool temperature 

was 145 °C and the holding time 540 s. The processing pressure during the production of the 

test plates with the Polynt 80CF and the XP3424 materials was 15 MPa, which is within the 
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recommended range of the respective resin system manufacturers. A finished test panel, which 

is used for further testing, is shown in Figure 1 c. 

 

Figure 1: Production of the semi-finished products (a), placement of the stacked semi-finished 

product in the pressing tool (b), finished test panel in the pressing tool (c) 

The known characteristic values of the materials are summarized in Table 1. No manufacturer 

data on the glass transition temperature is yet available for the XP3424 material. The densities 

of the Polynt 80CF and XP3424 materials are calculated by using the density and amount of each 

component being used in the production process.  

Table 1: Properties of the used materials 

Property ASTAR 5250 Polynt 80CF  XP3424 

Fiber content 52 % * 40 % 40 % 

Fiber length 25 mm * 25 mm 25 mm 

Density 1.38 g/cm² * 1.38 g/cm² 1.36 g/cm² 

Glass-Transition 

Temperature (Tg) 
170 °C * 150 °C * N/A 

* Data from technical Data Sheet   

 

3. Methods 

The test specimens were examined by means of dynamic-mechanical thermal analysis (DMTA) 

in a 3-point bending test in accordance to DIN EN ISO 6721-1 [8]. The Eplexor 100 N system from 

the manufacturer Gabo was used for this purpose. Four test specimens of size 50 x 10 x 4 mm³ 

were prepared from each of the test panels according to Figure 2 a. In order to avoid influences 

of the edge area, which occur during the flow process, the specimens were taken at least 20 mm 

away from the edge. Furthermore, two of the four specimens were tested in the x-direction 

shown and another two in the y-direction in order to detect influences of the production 

direction. The support distance was 40 mm and the specimen was subjected to cyclic loading at 

a frequency of 10 Hz. During the test, the specimens were in a climatic chamber under a nitrogen 

atmosphere. The nitrogen was heated from a temperature of 10 °C to 280 °C at a heating rate 

of 2 K/min. During the test, the force and deformation amplitude as well as the phase shift of 

these two are permanently recorded. A schematic drawing of the test setup is shown in Figure 

2 b. 
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Figure 2: Schematic drawing of the test setup 

With this test setup the complex modulus E*, storage modulus E', loss modulus E'' and damping 

factor tan δ can be determined. The storage modulus E' describes the reversible stored energy 

during a vibration amplitude, while the loss modulus E'' indicates the dissipated energy. The 

damping factor tan δ results from the ratio of E' and E''. The absolute value of the complex 
modulus of elasticity |E*| is called dynamic flexural modulus. It is determined from the initial 

stress and the resulting deformation and serves as a characteristic value for assessing the 

stiffness of the materials under investigation. The glass transition temperature Tg can be 

determined by using DMTA in accordance with ISO 6721-11 [9] with using three different 

methods. In the onset method, the intersection of two straight lines is used. The first straight 

line is the result of two points of the storage modulus, which lie before the increasing drop of 

the modulus. The second straight line is the tangent of the inflection point of the steep drop of 

the storage modulus. The second method determines the glass transition temperature by the 

maximum value of the loss modulus E'' and the third method by the maximum value of tan δ. 
Typically, the largest determined glass transition temperature is via tan δ, followed by loss 
modulus and onset. 

4. Results 

The dynamic flexural modulus curves of the three tested materials are shown in Figure 3. For 

this purpose, the mean value of the four test specimen was calculated at each temperature 

point. The absolute values of ASTAR 5250 are higher than those of the other two materials being 

produced at IVW at each temperature. However, this can be explained by the higher fiber 

content (52 % ASTAR 5250 to 40 % Polynt80CF and XP3424). Apart from the absolute values of 

the dynamic flexural moduli, the progression for the subsequent component properties is 

particularly interesting. The material ASTAR 5250 shows a steady decrease of the dynamic 

flexural modulus over the entire course. Up to a temperature of approx. 130 °C, the modulus 

drops almost linearly, followed by a steeper drop up to a temperature of approx. 200 °C. The 

Material Polynt 80CF shows a plateau up to about 50 °C after a short increase of the dynamic 

flexural modulus between 10 °C and 23 °C. Thereafter, an approximately linear decrease can be 

monitored up to a temperature of 120 °C. In contrast to the other two materials, the dynamic 

flexural modulus of the XP3424 material is at a similar level up to a temperature of 120 °C. Above 
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this temperature, a steep drop in the modulus is seen within a small temperature range of 

approx. 40 °C. 

 

Figure 3: Dynamic flexural modulus of the tested materials 

Since the fiber contents of the investigated materials differ, the following Figure 4 shows the 

decrease of the dynamic flexural modulus as a function of temperature in relation to room 

temperature. The dynamic flexural modulus at room temperature corresponds to 100 %. This 

clearly shows, that at a temperature of 60 °C, all materials still have a dynamic flexural modulus 

of over 95 %. At 100 °C, the dynamic flexural modulus of the materials ASTAR 5250 and Polynt 

80CF decreases significantly to 88 % and 91 %, respectively. The material XP 3424 still exhibits a 

dynamic flexural modulus of 95 % at this temperature. From 100 °C to 120 °C, the dynamic 

flexural modulus of the XP3424 drops by one percentage point, while the ASTAR 5250 and Polynt 

80CF drop by 5 %P. At 140 °C, all materials show the largest drop in dynamic flexural modulus. 

There, the remaining dynamic flexural moduli range from 64 % to 72 %, with the Polynt 80CF 

material showing the lowest relative dynamic flexural modulus. 

 

Figure 4: Dynamic flexural modulus of the tested materials in relation to room temperature 
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Using the obtained values, the glass transition temperatures of the three materials can be 

determined. Figure 5 shows an example of the determination of the glass transition 

temperatures according to the three methods mentioned above, using one test specimen per 

material. The solid red line indicates the glass transition temperature to be read. 

 

Figure 5: Determination of the glass transition temperature using Onset E’, Peak E’’ and Peak 
tan δ method 

The glass transition temperature was determined for all four test specimens of the materials. 

The resulting average value of the glass transition temperatures is listed in Table 2. As expected, 

the glass transition temperatures are lowest with using the onset E’ method, followed by the 

peak E'' and peak tan δ methods. The glass transition temperatures, which are given in the data 
sheets of the materials, range between the values by the Peak E'' and Peak tan δ methods for 
the ASTAR 5250 and the Polynt 80CF. 

Table 2: Glass transition temperatures  

Method ASTAR 5250 Polynt 80CF  XP3424 

Onset E´ 140.58 °C 137.95 °C 140.14 °C 

Peak E´´ 156.70 °C 146.27 °C 150.33 °C 

Peak tan δ 185.10 °C 154.97 °C 158.4 °C 

Data sheet 170 °C 150 °C N/A 

 

In practice, the glass transition temperature is often used as a guide to the maximum operating 

temperature of the material. Therefore, Table 3 shows the relative values of the dynamic flexural 

modulus compared to its maximum value. This shows that the dynamic flexural moduli of all 
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materials at the glass transition temperature, determined by the onset method, are in a similar 

range of about 70 %. At the glass transition temperatures, determined by the Peak E'' method, 

the difference between the materials is more pronounced. Here, ASTAR 5250 still has 60.84 % 

of its maximum dynamic flexural modulus, while the other two materials have only 48.96 % and 

42.59 %, respectively. This trend is also evident in the dynamic flexural moduli at the glass 

transition temperature determined by the peak tan δ method. 

Table 3: Relative value of the dynamic flexural modulus at glass transition temperature 

compared to peak value 

Method ASTAR 5250 Polynt 80CF  XP3424 

Onset E´ 72.13 % 67.02 % 70.45 % 

Peak E´´ 60.84 % 48.96 % 42.59 % 

Peak tan δ 39.88 % 27.71 % 22.45 % 

Data Sheet 49.92 % 39.56 % N/A 

 

5. Conclusions 

Within the scope of this work, three different C-SMC materials were investigated with respect 

to their thermomechanical properties by means of a dynamic-mechanical thermal analysis in a 

three-point bending test. The commercially available material ASTAR S.A. CARBKID PGK5250-

R63 (ASTAR 5250) and two newly developed materials based on resin systems from the 

companies Polynt Composites (Polynt 80CF) and Schill+Seilacher "Struktol" (XP3424) are 

compared by the dynamic bending moduli as a function of temperature and the glass transition 

temperatures of the materials. The absolute values of the dynamic flexural modulus of the 

ASTAR 5250 material are above those of the other two materials at each temperature. This is 

due to a significantly higher (52 % to 40 %) fiber content of ASTAR 5250. The influence of 

temperature on the dynamic flexural moduli of the investigated materials is very different in 

different temperature ranges. The commercially available material ASTAR 5250 shows a steady 

decrease of the dynamic bending modulus over the whole measured temperature range. The 

Polynt 80CF material also shows such a drop. Compared to the other two materials, the newly 

developed material based on the XP3424 resin system shows a small drop in dynamic flexural 

modulus up to a temperature of 120 °C. There, the XP3424 material still has about 94 % of its 

flexural modulus compared to room temperature. This value corresponds to that of aluminum, 

with which C-SMC competes. At this temperature, the material Polynt 80CF shows approx. 86 % 

and the material ASTAR 5250 still approx. 82 % of its flexural modulus in relation to room 

temperature. The decrease of the flexural modulus with increasing temperature can have a 

strong influence on the component properties, since important quantities such as the natural 

frequency are affected. Furthermore, the glass transition temperatures of the materials were 

determined by three different methods within the scope of this work. Depending on the 

method, the materials have between 22 % and 72 % of their flexural modulus at their glass 

transition temperature in relation to the maximum value. It can be deduced from this, that the 

glass transition temperature is not a suitable value for deriving the maximum service 

temperature of the C-SMC, if the stiffness of the component at high operating temperatures is 

a critical factor. In particular, since the data sheets usually do not mention, which method was 
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used to determine the glass transition temperatures. Depending on the application, it might be 

more useful to give the mechanical properties of the C-SMC materials for different temperatures 

or to determine the temperature at which the stiffness or strength of the material fell below a 

certain value (for example, 95%) compared to room temperature. The newly developed material 

based on the XP3424 resin system shows great potential for use in applications subject to high 

thermal stress, since the drop in the dynamic flexural modulus at temperatures up to 120 °C is 

very low compared with commercially available materials. Therefore, further factors influencing 

the properties of the material are to be identified and optimized in upcoming investigations. 
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Abstract: The global market of electric vehicles has been extremely growing due to the interest 

in eco-friendly energy. Therefore, the weight reduction and lithium battery protection are the 

critical issues in electric vehicles industry.  In this study, the underbody shield was designed with 

carbon fiber reinforced polymer and self-reinforced polypropylene composites to protect the 

lithium battery pack of electric vehicle from external shock with light weight. The impact 

simulation was performed, then the optimal shape was designed. The vehicle crash test was 

conducted with electric vehicle equipped with the manufactured composite underbody shield. As 

a result, the composite underbody shield could destroy the obstacle, and no electrical or 

mechanical damage occurred to the battery pack. 

Keywords: CFRP composites; spreading tow; electric vehicle; Finite element analysis. 

1. Introduction 

The electrical vehicle industries have been rapidly growing in recent years due to the interest in 

eco-friendly energy [1-2]. Since the lithium battery is the main power source of electric vehicles, 

the battery packs with several batteries are usually loaded under the vehicle. In the case of 

lithium batteries, there is a risk of explosion or fire if an external shock is applied. Therefore, the 

protection of battery pack from external impact must be considered. Excellent mechanical 

properties are required to protect the battery pack from ground impact, while at the same time 

reducing the weight of electric vehicles is also an important issue in order to increase the driving 

range in consideration of energy efficiency. The battery protection pack was mainly designed 

using metal material such as aluminum and titanium [3]. Therefore, to reduce the weight, the 

entire battery pack cannot be covered by protection structure, and there are limitations in 

dimensions such as installing some structures for crushing obstacles in front of the battery pack. 

The fiber reinforced polymer (FRP) composites have excellent mechanical properties such as 

high specific strength and specific modulus. In particular, the carbon fiber reinforced polymer 

(CFRP) composites shows excellent mechanical strength and modulus compared to the other 

composites. If a thermoplastic resin is used as a base for a CFRP composite material, a specific 

shape can be realized through thermoforming, which is an advantage that can reduce the 

production time in the industrial field. Among the various FRP composites, the hybrid composite 

has the advantage of being able to implement improved properties by compensating for each 

other's shortcomings by using a mixture of composite materials with different properties. 
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In this study, the underbody shield design was conducted to protect the battery pack of electric 

vehicle with hybrid composites for weight reduction. The optimal geometry and appropriate 

hybrid ratio were found through an impact simulation. The CFRP woven composites which was 

fabricated with spreading carbon fiber (CF) tow and polyethylene terephthalate (PET) tape and 

self-reinforced polypropylene (SRPP) composites were applied to fabricate the designed 

underbody shield as hybrid composites. The adhesion properties of hybrid composites were 

analyzed through weight drop test and the optimal fabrication process condition was 

investigated. The vehicle crash test was performed with electric vehicle equipped with the 

designed underbody shield. 

 

Figure 1. Schematic of underbody shield which was composed with collision profile and shield 

plate. 

 

2. Underbody shield design 

2.1 Geometry of underbody shield 

The underbody shield design was conducted based on the battery pack dimension of electric 

vehicle (Smart EV D2, Semisysco, South Korea). The overall dimension and geometry of 

underbody shield was shown in Fig. 1 (a). The underbody shield is composed of two parts. The 

first part is the collision profile, which is primarily responsible for crushing large obstacles. The 

other one is a shield plate and it covers the entire battery pack to protect from impact loading. 

As indicated in Fig. 1 (b), the collision profile is hollow cylinder shape with the outer diameter of 

20 mm, inner diameter of 14 mm, and the thickness of 3 mm.  

The shape design was conducted according to the collision profile position and shield plate angle, 

and four cases were shown in Fig. 1(c). Cases 1 and 2 show the case where the collision profile 

is located on the upper surface of the shield plate, and Cases 3 and 4 show the case where the 

collision profile is located on the underside of the shield plate. And it can be divided into two 

cases according to the angle that the shield plate wraps around the CPB. 
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Figure 2. The overall dimension and geometry of (a) underbody shield and (b) collision profile. 

(c) The four cases of underbody shield according to the geometry 

 

2.2 Hybrid composites design 

The hybrid composites were used to the underbody shield plate to maximize the weight 

reduction. The unidirectional carbon fiber reinforced polymer (CFRP) composite was used for 

CPB, and the hybrid composite was applied to the shield plate to achieve further lightweight 

with CFRP and self-reinforced polypropylene (SRPP) composites. The SRPP composites have a 

lower density than that of CFRP composites, but the mechanical properties were also weaker 

than that of CFRP composites. Therefore, to achieve both battery pack protection and weight 

reduction through higher mechanical properties, it is necessary to find the optimal hybrid ratio 

between the CFRP and SRPP composites. The optimal hybrid ratio was found through finite 

element analysis using the underbody shield of the appropriate shape determined in the 

previous section. The hybrid ratio was defined as the number of SRPP plies divided by the 

number of CF/PET plies. 

2.3 Finite element analysis 

The impact simulation was performed using commercial finite element software ABAQUS. The 

CF/PET composites and SRPP composites properties were used in the shield plate part. The 

collision profile was modeled with unidirectional CF/PET composites properties and the fiber 

direction was assigned with local coordinate. The fixed boundary condition was assigned to the 

mounting position. The concrete obstacle was modeled with a cylindrical shape as an impactor, 

and the brittle-cracking model was applied [4, 5]. The overlap length between the lowest point 

of underbody shield and top point of concrete impactor was set by 25 mm. For the impact 

simulation, the speed of 32 km/h was assigned to the concrete obstacle, and this obstacle was 
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set to move towards the underbody shield during the simulation. Through this collision 

simulation, an appropriate shape was selected after performing cases 1-4. After simulation of 

various thicknesses of shield plate for the determined shape, an appropriate thickness was 

chosen for the hybrid composite. After that, the optimal hybrid ratio was determined by 

performing simulations on the hybrid composite. In addition, to analyze the behavior of the 

underbody shield according to the collision location, three types of collision body positions were 

analyzed as shown in Fig. 3. 

 

Figure 3. (a) Impact simulation model of underbody shield and (b) various impact location. 

 

3. Mechanical experiments 

3.1 Underbody shield fabrication 

The CF/PET tape was fabricated with spreading CF tow. The spreading CF tow has advantage in 

impregnation due to the thin and wide shape as shown in Fig 4. Therefore, when spread CF tow 

is used, it is possible to produce composites that is uniformly impregnated even in a 

thermoplastic matrix with high viscosity. Hybrid composite is a CF/PET woven fabric laminated 

on the outer layer and SRPP composite material on the inner layer. The hot-melt film was 

inserted between the CF/PET woven composite and SRPP composites to enhance the adhesion. 

The thermoforming was performed with CF/PET and SRPP composites and the process condition 

was shown in Table 1. 

Table 1: Thermoforming process condition. 

 Temperature Pressure Time 

CF/PET composites 270 ℃ 1000 tons 100 seconds 

Hybrid composites 170 ℃ 500 tons 10 minutes 
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Figure 4. CF/PET woven composites and the schematic of spread CF tow shape 

 

3.2 Weight drop test 

The weight drop test was performed to analyze the adhesion properties of hybrid composites 

based on the ASTM D 7136 [6]. The impact ball mass was 5.0 kg and the impact velocity was 3.13 

m/s. Fig. 5(a) shows the weight drop test system, and the rectangular-shaped specimen was 

fixed to the lower part of the tester using a clamp. The hybrid specimen was fabricated with 

CF/PET woven and SRPP composites as shown in Fig. 5(b). The final specimen was indicated in 

Fig. 5 (c) and the dimension of it was 100 mm in width, 150 mm in length.  

 

Figure 5. (a)  Weight drop test system (b) CF/PET woven composites (c) Polypropylene fiber (d) 

Hybrid composites specimens of weight drop test.  

 

3.3 Vehicle crash test 

The vehicle crash test was conducted with electric vehicle equipped with the designed 

underbody shield at Automobile technology test center (Ulsan, South Korea). The concrete 

obstacle was fabricated 7 days before the test as shown in Fig. 6 (a). The concrete obstacle was 

fixed to the steel plate with bolt joint as shown in Fig. 6 (b-c). The steel plate height was 

controlled so that the overlap length between the obstacle and underbody shield was 25 mm. 
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The deformation amount of underbody shield was measured through laser displacement sensor, 

and the battery properties were monitored through a sensor attached to the vehicle. 

 

Figure 6. (a) Concrete specimen fabrication process with silicone mold (b) fabricated concrete 

obstacle (c) Concrete obstacle fastened to the steel plate using bolt joint. 

 

4. Result and Discussion 

4.1 Underbody shield design 

The deformation behavior of underbody shield was different according to the underbody shield 

shape. Fig. 7 (b) shows the maximum deformation of each point with respect to the geometry 

cases. The max deformation amount of point 2 was higher when the collision profile was located 

on the upper surface of the shield plate such as case 1 and 2. Especially, case 4 shows 

significantly low deformation amount compared to other cases. It means that if the collision 

profile receives an impact load first, the underbody shield was deformed less. On the other hand, 

if the shield plate collided with the concrete obstacle firstly, it was not able to break down the 

concrete obstacle and large deformation occurred together with it. Therefore, further analysis 

was performed to find the appropriate thickness of shield plate and optimal ratio of the hybrid 

composites using case4 shape. As the thickness increased and the CF ratio of hybrid composites 

increased, the impact deformation was reduced. Since the gap between the underbody shield 

and the battery pack was 10 mm, it was assumed that deformation of more than 4 mm should 

not occur in order not to affect the battery pack. Therefore, the thickness of the underbody 

shield satisfying this condition was 2.4 mm, and the hybrid ratio between CF and SRPP was 

selected as 2. Fig. 7 (c) shows the deformation with respect to the impact location. The amount 

of deformation at point 2 was always the largest regardless of the collision location. 

 

Figure 7. (a) Displacement measurement points of underbody shield model. Impact simulation 

result according to (b) the geometry cases and (c) impact location. 
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4.2 Mechanical characteristics 

Fig. 8 shows the result of weight drop test. The separate SRPP plies were observed in the 

specimen which was fabricated at 150 °C. On the other hand, in the case of specimens 

manufactured at a higher temperature, SRPP composites did not separate with appropriate 

consolidation. Therefore, the largest fracture area was found in the specimens manufactured at 

150 °C, and relatively large fiber failure occurred in the specimens fabricated at 160 °C. In the 

case of the specimen fabricated at 180°C, the specimen deformed significantly due to the high 

temperature, and the optimal process condition was selected at 170 °C. 

 

Figure 8. Result of weight drop test for the hybrid composites specimen with respect to the 

fabrication temperature. 

 

4.3 Vehicle crash test 

Fig. 9 (a) shows the vehicle crash test with electric vehicle, and Fig 9(b) is an image captured by 

a high-speed camera at the moment when the underbody shield collides with the concrete 

obstacle. As a result of vehicle crash tests, the concrete obstacle was shattered, and the 

maximum deformation on the underbody shield was around 5 mm, which did not affect the 

battery pack. In addition, there was no leakage or change in electrical characteristics when the 

condition of the battery before and after the crash was checked, indicating that the battery pack 

was successfully protected by the underbody shield. 

 

Figure 9. (a) Vehicle crash test with electric vehicle and (b) high-speed camera image at the 

impact moment 
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5. Conclusion 

In this study, the underbody shield was designed to protect the battery pack of electric vehicle. 

The optimal geometry and appropriate hybrid ratio were found through an impact simulation. 

The appropriate fabrication process conditions were determined through the weight drop test 

to enhance the adhesion between the CF/PET and SRPP composites. The designed underbody 

shield was fabricated using CFRP and SRPP composites as hybrid composites. The vehicle crash 

test was performed with electric vehicle equipped with the designed underbody shield. 

Consequently, the deformation of underbody shield was lower than 5mm and the there was no 

change in electrical characteristics of battery.  
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Abstract: High glass transitions, high storage moduli, high thermal stability and low water 

absorption values are crucial criteria of high performant materials. This work proposes the 

chemical combination of aromatic biobased epoxy monomers with potential biobased 

anhydrides to produce thermosetting materials with competitive performances. Triglycidyl ether 

of phloroglucinol (TGPh) and diglycidyl ether of vanillyl alcohol (DGEVA) were copolymerized with 

hexahydro-4-methylphthalic anhydride (HMPA) or methyl nadic anhydride (MNA). The produced 

thermosets have high biobased organic carbon content, ~69‒77%, high glass transition values 

(>100 °C for DGEVA-based resins and >200 °C for TGPh resins), high storage moduli (2.7‒3.1 GPa 
at 30 °C), high thermal stability (T5% = 329‒359 °C) and very low water absorption (in average 
~1.5% after 15 days). The performances of these biobased thermosets and of their carbon fibers 

based composites open windows of application in space, aerospace, or naval industries. 

Keywords: aromatic biobased epoxy monomers; vanillin; phloroglucinol; curing; high glass 

transitions; thermosets for space application 

1. Introduction 

Epoxy resins are one of the most used thermosetting systems due to their high mechanical 

properties, good thermal stability, processability and compatibility with other polymers,[1] 

having a broad range of applications such as composites,, structural materials in civil 

infrastructures and, in automotive and aerospace industry.[1,2] Over 90% of these epoxy 

materials are based on bisphenol A (BPA) which has been classified as carcinogen mutagen and 

reprotoxic (CMR) being submitted to restrictive regulations in numerous countries.[3] Focusing 

on aerospace and space applications, it is known that thermosets used in these fields have very 

good mechanical properties but also a good performance at high temperatures. This last 

characteristic is related to the high temperature values of the glass transition (Tg), which in 

general, for the aeronautical industry is between -50°C‒60 °C, while for the space environment 

the Tg value is ranged between -150‒150 °C.[2] Therefore, the materials used in these fields 

exceed these upper temperature limits for a higher resistance of components manufactured 

over time and to special environments. In this context, epoxy monomers derived from biomass 

such as vanillin and phloroglucinol were used in this work to produce high glass transition 

biobased thermosets. Vanillin is the main component of the natural vanilla extract and is 

originally extracted from vanilla orchid pods. The most important industrial process to obtain 

vanillin is the chemical depolymerization of lignin.[1] Another bio-renewable resource used in 

this work is the phloroglucinol, compound found in marine brown algae or bark of fruit, but also 

obtained by synthetic route from benzene.[4]  

In this study, the main goal is the development of bio-based epoxy thermosets starting from bio-

renewable compounds. DGEVA and TGPh, laboratory made monomers were crosslinked with 

HMPA or MNA anhydride, the reactions being initiated by 1MIM or 2E4M. 
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Physico-chemical and thermo-mechanical properties of the materials were investigated by 

thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA), Shore tests, water 

absorption and gel content. Composites were prepared thereafter using carbon fibers and 

thermomechanical properties were tested. 

2. RESULTS AND DISCUSSIONS 

2.1. Curing behaviour of the epoxy/anhydride systems  

The non-isothermal curing behaviours of TGPh and DGEVA epoxies were monitored by DSC 

(Fig.1). Based on reported studies,[2] the curing temperatures for the epoxy resins used in 

aerospace applications are ranged between 120-135 °C and can increase up to 180 °C. Specific 

values of crosslinking reaction studied by DSC, such as the reaction peak temperature (Tpeak), the 

interval of the thermal curing (Tonset-Tend) and the reaction enthalpy (ΔH) are given in Table 1. In 

Fig.1, the TGPh-based formulations display a lower onset temperature of reactions with MNA or 

HMPA anhydrides (40‒60 °C), compared with the homologous formulations with DGEVA. At the 

same time, TGPh-based formulations have a larger curing interval of temperature (ΔTreaction ~160 

°C) compared to DGEVA ones (ΔTreaction ~80 °C). An parameter related to the reactivity of the 

compounds is the Tpeak value of the DSC exothermic peak: lower is the Tpeak, higher is the 

reactivity of the mixtures.[5,6] In Fig.1 can be seen that for both TGPh- and DGEVA-formulations, 

the curing reactions with HMPA anhydride are slightly more reactive than those with MNA 

anhydride. 

Table 1: Dynamic DSC data of the curing process  

Formulations Tonset -Tend  (°C) Tpeak (°C) ΔH (J.g-1) 

TGPh-MNA_1MIM 45‒205 132; 173 257 

TGPh-MNA_2E4M 58‒212 141 258 

TGPh-HMPA_1MIM 36‒200 115; 151 315 

TGPh-HMPA_2E4M 58‒201 127 292 

DGEVA-MNA_1MIM 83‒174 149; 153 290 

DGEVA-MNA_2E4M 99‒175 157 284 

DGEVA-HMPA_1MIM 68‒175 134; 144 319 

DGEVA-HMPA_2E4M 90‒171 143 343 

It can also be seen that the reaction enthalpy of the mixtures was generally few influenced by 

the nature of the initiator, excepting the DGEVA-HMPA system, where 2E4M is more efficient 

i.e. higher ΔH, lower Tpeak value and ΔTreaction. 

 

Figure 1. DSC thermograms of heating at 10 °C/min of a) TGPh/anhydride and b) 

DGEVA/anhydride formulations  
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3.2. Investigation of thermo-mechanical properties of the bio-based epoxy thermosets 

The thermomechanical performances of the designed bio-resins were determined by DMA 

analysis using a three-points bending mode. The temperature-dependent curves of the storage 

modulus (E’) obtained for epoxy thermosets are represented in Fig.2. The E’ values at 30 °C for 
all the prepared thermosets are very close, between ~2.7 and 3.1 GPa (Table 2). We used the E’ 
values in the rubbery plateau to evaluate the crosslink density (ν) according with the rubber 

elasticity theory,[7]: 

 𝜐 = 𝐸′3𝑅𝑇                                                                     (1) 

where E’ is the storage modulus in the rubbery plateau, R the gas constant, and T the absolute 

temperature. Table 2 show the crosslink densities values calculated at Tg + 70 °C. 

Table 2: Physical and thermo-mechanical properties of the epoxy/anhydride thermosets  

Thermosets 
Density 

(g/cm3) 

Hardness 

Shore D 

tests 

E’ 
at 

30 °C 

(MPa) 

Glass transition 

(°C) υ 

(mmol∙cm-3) 

Mc 

(g/mol) 

Gel 

Content 

(%) 
Tg 

(DSC) 
tan δ 

TGPh-MNA_1MIM 1.20 89 2822 211 ± 1 210 7.26 165.12 99.88 

TGPh-MNA_2E4M 1.22 88 3133 184 ± 1 199 7.98 144.15 99.72 

TGPh-HMPA_1MIM 1.17 88 2691 179 ± 1 197 6.68 174.68 99.80 

TGPh-HMPA_2E4M 1.16 87 2925 178 ± 1 189 7.62 152.40 99.62 

DGEVA-MNA_1MIM 1.12 81 2929 106 ± 1 104 4.598 244.16 99.22 

DGEVA-MNA_2E4M 1.13 81 3062 107 ± 1 108 4.193 268.50 96.77 

DGEVA-HMPA_1MIM 1.05 80 2729 93 ± 1 96 3.191 326.75 99.70 

DGEVA-HMPA_2E4M 1.10 81 2838 94 ± 1 99 3.492 315.38 94.75 

The average molecular mass between crosslinks (Mc) was also calculated based on the equation 

established by Tobolsky:[8]  𝑀𝑐 = 3𝜌𝑅𝑇𝐸′                                                                           (2) 

The trifunctional molecule of TGPh provides the development of a more compacted networks, 

thus more rigid than those developed with DGEVA. The ν of TGPh-thermosets is ranged between 

6.7 and 8 mmol∙cm-3, while those with DGEVA are with 40-50% lower, varying between 3.2 and 

4.6 mmol∙cm-3. Tan δ is associated with the macroscopic Tg transition and is dependent on 

various physico-chemical and mechanical factors.[9] Its shape is correlated with the network 

structure, the width of and the breadth of the peak giving information on the degree of 

homogeneity of the network.[10] TGPh-thermosets have higher tan δ values, with lower 
amplitude of the peaks and wider curves compared to those developed with DGEVA (Fig.2). We 

obtained a very good correlation between the tan δ and Tg results, with high values for TGPh- 

thermosets, around 180‒210 °C. Compared to these resins, the materials developed with DGEVA 
show lower values ranged between 96 and 108 °C. Based on industrial requirements, these 

resins can be considered suitable for hard material applications.[10,11] The designed TGPh-

based resins can successfully be used for structural aerospace components, [2,12] as the 

obtained Tg values of our resins are comparable with those of commercial products: Park 

Aerospace Nelco® N5000-30/32 BT: Tg=205 °C; Park Aerospace Nelco® N4000-29: Tg =185 °C; 

Dow VORAFORCE™ TW 103/TW 158: Tg=175‒185 °C; Hexcel® HexPly® 108: Tg=190‒210 °C. 
A similar behaviour was revealed by the stiffness values (Table 2) of these thermosets, obtained 

by Shore D hardness tests which are ranging between 80‒89 SD. According with the Shore D 
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scale these materials are enclosed in the extra hard materials category, having similar properties 

to resins such as Master Bond EP17HTDA-1, Henkel Loctite® Stycast® EO 1058, Epoxy Technology 

EPO-TEK® OE100-T, which are especially useful for both prototyping and manufacturing in the 

aerospace, automotive, naval, electronical, applications. Another important parameter for 

aerospace application is the density of the material which is recommended to be below 1.3 

g/cm3. To demonstrate the importance of the weight of the materials, we can take as an example 

a large commercial aircraft (150 tons) with 250 passengers for which a reduction of 1 kg leads 

to a decrease in fuel consumption by about 120 L per year.[13] The developed thermoset epoxy 

resins show density values ranged between 1.05 and 1.22 g/cm3, making them suitable 

candidates for space and aerospace applications. 

3.3. Thermal stability of the TGPH- and DGEVA-based thermosets  

The TGA and DTG curves plotted in function of temperature are displayed in Fig.3. The statistic 

heat-resistance index (Ts) of the bio-based epoxy materials gives an indication of the thermal 

stability of thermosets and was calculated according with equation (3). [14] 𝑇s = 0.49[𝑇5% + 0.6(𝑇30% − 𝑇5%)]                 (3) 

where T5% and T30% represent temperatures for a mass loss of 5% and 30%, respectively. 

In Fig.3, both the TGPh and DGEVA thermosets follow a similar thermal degradation pattern 

under oxidative atmosphere (air), composed from two stages. The main degradation step occurs 

in the temperature range from 250 to 540 °C. The maximum degradation rate peak for the TGPh 

resins can be observed at about 369‒379 °C, while for the DGEVA systems the Tdmax can be seen 

at 399‒409 °C depending on the anhydride nature. This first stage represents the main 
degradation step, the pyrolysis, the percentage of mass loss for materials with MNA being 

ranged from 60 to 70% and for HMPA from 72 to 84%. In this step occurs the thermolysis of 

network structure, with the breaking of aliphatic chains and the loss of small molecules.[15] The 

second degradation stage with a mass loss of approximately 15‒35% takes place above 560 °C, 
being characteristic to the thermo-oxidative degradation of C‒C linkages and other functional 
groups.[16] The T5% values for the synthesized materials are ranged from 320 to 360 °C, results 

comparable to those of commercial materials (Park Aerospace Nelco® N4000-6 FC: T5%=325 °C; 

Park Aerospace Nelco® N4350-13 RF: T5%=350 °C). The heat resistance index (Ts) represents the 

temperature of the polymers in the physical heat-tolerance and is ranged in the case of our 

resins between 178‒185 °C, being slightly inferior to the commercial epoxy and polyimide 
resins.[17] 

Figure 2 : Storage modulus (E’) and tan δ curves of the bio-based epoxy thermosets with a) 

TGPh and b) DGEVA determined at a heating rate of 3 °C·min−1 with a 1.0 Hz oscillating 

stress and 20 μm amplitude. 
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3.4. Water absorption  

The WA% measurements of prepared thermosets were evaluated based on ASTM D570 

standard. The WA% curves of TGPh- and DGEVA-based thermosets present a similar behaviour 

over time. The materials hydrostability can be impacted by various factors, such as the network 

density, protocol and the curing parameters, but also the presence of free hydroxyl or other 

polar groups which can facilitate the polymer-water affinity by hydrogen-bonding.[18,19] The 

water uptake value is ranged between 1.5 and 1.95%, except for the TGPh-MNA_2E4M matrix 

which after 15 days of immersion gain the water content equilibrium at the value of about 2.8%. 

Following the results, we can conclude that these materials present a very low hydrophilicity 

being comparable with commercial products (Cookson Group STAYCHIP® 3105=1,5%; Cookson 

Group STAYCHIP® 3100=1,14%; Henkel Loctite® ABLESTIK 2053S Epoxy=1%; Hexcel® F161 Epoxy 

Resin=2,8%). 

The bio-based carbon content (BCC) of the materials was determined based on the study of Pan 

et al.[20] were in the first step is calculated the carbon percentage for each compound, and then 

the bio-based carbon content for all the formulations. Both epoxy monomers and initiators are 

compounds laboratory synthetised by glycidylation [21–23] of phloroglucinol and vanillin with 

bio-based epichlorohydrin [24], so they are 100% bio-based, while HMPA and MNA are for the 

moment  petrochemical-based compounds. The BBC by weight of the designed thermoset resins 

was calculated using the equation: BCC = ∑(W100%∙TC100%)∑(W100%∙TC100%)+∑(W0%∙TC0%) ∙ 100                                        (4) 

where W100% – is the mass of the constituent 100% bio-based, expressed in grams, TC100% – is the 

total carbon of the constituent 100% bio-based, expressed as a percentage of the total molar 

mass of the constituent, W0% – is the mass of the constituent 0% bio-based, and TC0% – is the 

total carbon of the constituent 0% bio-based. The biobased organic carbon (BOC) was also 

calculated using equation (5) and the obtained data are tabulated in Table 3. BOC = ∑ 𝑏𝑖𝑜−𝑏𝑎𝑠𝑒𝑑 𝑐𝑎𝑟𝑏𝑜𝑛∑ bio−based carbon+∑ petro−based carbon ∙ 100                                      (5) 

From Table 3, it can be seen a close value of BCC for all the developed materials, ranged between 

55‒61%. Knowing that actually the minimum acceptable percentage of biomass plastics is about 

25% of the total weight of the materials[25], the designed TGPH and DGEVA-thermosets are 

satisfying the required criteria. 

Figure 3 : TGA and derivative thermogravimetric curves (DTG) under oxidative atmosphere of 

a) TGPh- and b) DGEVA-anhydride thermosets at a heating rate of 10 °C·min−1 
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Table 3. Calculated BCC and BOC of the developed thermosets  

Thermoset BCC (%) BOC (%) 

TGPh-MNA_1MIM 56 74 

TGPh-MNA_2E4M 55 74 

TGPh-HMPA_1MIM 58 77 

TGPh-HMPA_2E4M 58 77 

DGEVA-MNA_1MIM 59 69 

DGEVA-MNA_2E4M 59 69 

DGEVA-HMPA_1MIM 61 73 

DGEVA-HMPA_2E4M 60 73 

3.5. Carbon fibers composites  

Studying the physico-chemical and thermo-mechanical properties of the developed bio-based 

resins, the TGPh-HMPA-2E4M thermoset was selected as the best option for the development 

of composites reinforced with carbon fibers (Hexcel). Composites were developed by hand lay-

up method using 12 layers of carbon fibers in different angles, the plies being sequentially laid 

up according to directions of 0 degree, plus 60 degrees, and minus 60 degrees. The obtained 

samples were then autoclave cured by vacuum bag only (VBO) prepreg process for 3h at 120 °C 

and 1h at 160°C, and then post-cured at 180°C for 1h. After crosslinking process, the laminated 

were demolded, cutted at specific dimension (20 mm x 10 mm) and then mechanically tested 

according with IGC 04 26 235 standard at ambient temperature using a Zwick Z250 traction 

machine at 250 kN load.  Based on the obtained data displayed in Fig.4 and Table 4 it can be 

seen laminate revealed a rigid character with a maximum force of about 1380 N, a tensile stress 

of around 73 MPa and an elongation at break approximately 0.26 mm. 

Table 4. Mechanical properties of the developed epoxy composites 

Sample Area 

(mm2) 

Force Max  

(N) 

Tensile stress  

(MPa) 

S1 19.99 1280.48 64.06 

S2 19.02 1533.38 80.62 

S3 18.56 1496.03 80.61 

S4 19.04 1151.13 60.46 

S5 18.88 1291.73 68.42 

S6 18.68 1522.39 81.50 

 Mean 1379 72.6 

 Standard 

deviation 
160 17.5 

Based the literature studies[26] the general properties of the epoxide composites with carbon 

fibers are the are the following: tensile strength = 30-80 MPa, elongation at break = 0.5-1 %, and 

Young modulus = 6-9 GPa. Exploring the www.matweb.com database we were able to conclude 

that the composite developed in this work can be likened to a number of commercial materials 

such as Toray T300 Carbon Fiber - Epoxy Composite (σ=76 MPa, ε at break=1.26 %), Toray 2510 
Prepreg Laminate with P707AG-15 Fiber (Oven Cure) (σ=44.3 MPa, Young modulus=8.41 GPa), 
Goodfellow Carbon/Epoxy Composite (σ=50 MPa, ε at break=0.5 %, Young modulus=10 GPa). 
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4. CONCLUSIONS  

In this work, starting from two biobased epoxy monomers, laboratory synthesized, TGPh and 

DGEVA, thermosets with performances for aerospace or space applications were designed. The 

designed formulations are respecting REACH legislations, in terms of components’ toxicity, and 
those of green chemistry in terms of the processing of curing. The TGPh and DGEVA monomers 

were copolymerized with two anhydrides having a strong potential to be obtained from 

renewable resources, the hexahydro-4-methylphthalic anhydride and methyl nadic anhydride. 

All the tested formulations showed a high reactivity in DSC, with an onset temperature ranged 

from 35‒60 °C for TGPh-formulations and 70‒90 °C for DGEVA-formulations, and a maximum 

temperature of reaction at about 115‒150 °C. These curing parameters led to the design of a 
feasible protocol for up-scaling. DMA analyses showed that the obtained thermosets are stiff 

materials with values of the storage modulus at 30 °C between 2.7 and 3.1 GPa. The materials’ 
glass transition investigated by DMA and DSC, showed values between 96 and 108 °C for the 

materials based on DGEVA, and between 189 and 210 °C for those based on TGPh. After 15 days 

of immersion in water, the developed materials showed a particularly good moisture resistance, 

the maximum amount of water absorbed being a about 1.5-1.95%. The designed thermosets 

also showed a high gel content, > 99% for almost all the systems. We can conclude that resins 

from bio-based and renewable resources, with good physico-chemical and thermo-mechanical 

performances were successfully designed and developed. Also, the objectives of developing 

materials with high Tg and feasible industrial manufacturing protocol have been achieved, 

making these materials sustainable candidates to replace fossil-based materials in important 

sectors such as naval, aerospace and space industry. 
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Abstract: The present work focuses on further investigating the influences of the chemistry of 

an epoxy system and the testing temperature on the stress-transfer capability of the fibre-matrix 

interface in a glass fibre-reinforced composite. We discuss how the apparent interfacial shear 

strength (IFSS) is influenced by the hardener-to-epoxy ratio and testing temperature. The results 

indicated that the IFSS was strongly dependent on both matrix chemistry and testing 

temperature. It was observed that the IFSS showed a significant inverse dependence on testing 

temperature, with IFSS dropping as the temperature was increased for all ratios. Notably it was 

shown that once the testing temperature was raised above the glass transition temperature (Tg) 

that ratios possessing excess hardener had larger IFSS values. From the results presented it is 

hypothesized that residual radial compressive stresses at the interface are influenced by the 

chemistry of the matrix system and relax away at the higher testing temperatures. 

Keywords: Glass Fibres; Fibre/matrix bond; Interfacial strength; Residual stress. 

1. Introduction 

With the world’s continual growing interest in renewable energy, the designers of wind turbine 

blades are now under more pressure than ever to produce larger, more powerful wind turbine 

blades. As such the demand to produce glass fibre-reinforced composites that possess superior 

mechanical properties has never been higher, with a great level of investment having been 

placed into research with the goal of broadening our understanding of how to optimize 

mechanical performance. 

If this performance is to be maximised, then it is critical to optimize the stress transfer capability 

of the interfacial region which exists between the reinforcement fibre and the polymer matrix. 

If this region is weak, with poor ‘adhesion’ between the fibre and the matrix, then the composite 
will fail to reach its true potential in terms of mechanical properties. One accepted mechanically 

measurable value which can be used to define the strength of the interface is the interfacial 

shear strength (IFSS) which can be influenced by several factors including the surface chemistry 

[1], the chemistry of the epoxy system used [2] and the testing temperature [3-4].  

Recent work [2-4] has concluded there does seem to be a relationship that exists between 

stoichiometry, testing temperature and the resulting performance of the interface. However, 

more work on this subject was warranted in order to fully understand what was occurring at the 

interface level. 

Due to the nature of fibre sizing application, the level of coating applied along the whole length 

of the fibre is known to vary [5] leading to the potential for localized pockets of epoxy rich or 

amine rich resin along the entire length of each fibre, threatening overall performance. The 

influence of these potential small differences in mixture chemistry adhesion with a rubbery 
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polymer above Tg has never thoroughly been investigated. This paper thus focuses on studying 

the relationship between testing temperature, the epoxy resin: curing agent ratio (R) and the 

fibre-matrix interface strength (IFSS) using a microbond technique designed for use within a 

thermo-mechanical analyser [3]. 

2. Experimental  

2.1 Materials 

The experiments were carried out using boron free E-glass fibres, sized with γ-

aminopropyltriethoxysilane (APS), taken from larger roving’s manufactured by Owens Corning-

Vetrotex. The nominal tex was 1200 g/km and the average diameter was 17.5 µm for both. The 

epoxy resin used was Araldite 506® (DGEBA) and the curing agent used was 

Triethylenetetramine (TETA) with a technical grade of 60%. Both were purchased from Sigma-

Aldrich and used as received. 

2.2 Sample Preparation 

Preparation of the microbond samples began with the application of the glass fibres to sections 

of 20 mm gauge length card through a combination of double-sided tape and Loctite® super 

glue. Care was taken to ensure that the exposed sections of fibre to be used for the test were 

protected from contamination, whether through surface or human contact. With the fibres in 

place, the next task was to apply the droplets of the epoxy resin system.  

The mixture of the epoxy system was varied for each batch, with the mass of curing agent 

applied to the mixture being varied whilst the mass of epoxy resin was maintained at 5 g. This 

in turn allowed for predefined percentages of TETA to be applied relative to the system. The 

stoichiometric ratio for the system was calculated as 12.0% TETA, equating to an amine: epoxy 

group ratio (R) of 1.0. The mass values were monitored to the nearest 0.01 g using a XSE 205 

Dual Range analytical balance, manufactured by Mettler Toledo with percentages ranging from 

as low as 6.8% up to 22.2%, equating to R ratios ranging from 0.55 to 2.08 respectively. The resin 

mixtures were mixed thoroughly before being degassed for approximately 15 minutes. 

The droplet application process involved applying several minute droplets to each fibre, due to 

the difficulty in producing only a single droplet which would not be too large to test successfully. 

The application of the minute droplets was completed using a 50 µm piece of steel wire. Once 

the application process was complete, samples were transferred to a convection oven where 

they were heated to 60 °C and held isothermally for 1 hour, then further heated to 120 °C and 

held isothermally for 2 hours. The heating rate was 2 °C/minute for both heating ramps and the 

samples were left to cool down in the oven overnight. 

Prior to testing, all samples were examined under 200x magnification using a Nikon Epiphot 

inverted microscope to obtain values for the fibre diameter (Df) and the fibre length (LE) 

embedded in the resin droplet. Multiple photos of each fibre were taken to account for all the 

droplets applied to each sample during the application process. Following testing each sample 

was re-examined using the Nikon Epiphot inverted microscope to identify the initial primary 

droplet that had been loaded during the TMA microbond procedure. 
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2.3 TMA Microbond Procedure 

Development of the Thermo-Mechanical Analysis (TMA) microbond technique has been 

reported previously [3, 6]. The technique uses a TA Q400 thermo-mechanical analyser, in 

combination with the cooling accessory MCA270 mounted with a film/fibre probe and 

microbond setup as shown in Figure 1. The droplet applied to the fibre sits on the shearing plate 

which itself sits on the stationary quartz platform. The movable probe, installed in the centre of 

the stationary platform, then rests on the paper tab of the sample. It is this probe which applies 

the load during the test. The entire microbond setup is then enclosed within the TMA 

temperature controlled, programmable oven. Each sample was initially placed under a very 

small pre-load of 0.005 N, with the free fibre length between the tab and epoxy droplet 

maintained at a constant value of 5 mm to match the samples tested in [2]. 

 

Figure 1. Schematic and close-up photograph of TMA-Microbond test setup. 

 

Figure 2. Load/Displacement curve for TMA microbond test. 
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The notable difference between the TMA and Instron microbond techniques relates to how each 

technique loads the sample. The Instron technique [2] is carried out by measuring the load 

generated during the displacement of a droplet at a constant strain rate however the TMA is 

unable to operate in this mode. Instead, the TMA had to be configured to measure the sample 

displacement during a linear force ramp of 0.15 N/min [3, 6].  The testing procedure proceeded 

as follows: the probe displacement was electronically zeroed and the microbond sample loaded 

into the shearing plate with the paper tab hanging freely below the movable probe. The movable 

probe was then carefully lowered onto the paper tab before the furnace was closed. The initial 

sample length and probe position was then recorded, with the furnace then programmed to 

equilibrate at the desired test temperature (ranging from 20 °C to 120 °C) with an additional 

three-minute isothermal segment to ensure a constant equilibrium temperature was achieved. 

The force ramp was then initiated at 0.15 N/min. As the test proceeded the probe displacement 

would increase and be recorded until a successful de-bond occurred. All tests were conducted 

under a nitrogen flow of 50 ml/min with approximately 30 samples per ratio tested. A typical 

result obtained from a TMA-microbond test is plotted as a force–displacement curve in Figure 

2. The max force value recorded at de-bond, along with the measured fibre diameter and 

embedded length, was used to calculate the apparent IFSS value using Eq. (1). 𝜏𝑎𝑝𝑝 =  𝐹𝑚𝑎𝑥𝜋𝐷𝑓𝐿𝑒                      (1) 

3. Results & Discussion 

Figures 3 to 6 display peak load versus embedded area plots for the samples studied. Figure 3 

shows a comparison between the TMA microbond results at 20 °C and the previous published 

data collected using the Instron microbond technique [2] for R = 1.22.  

 

Figure 3. Comparison between force/displacement plots collected using the TMA microbond 

technique and data collected using the Instron microbond technique, amine: epoxy ratio = 1.22 

and testing temperature = 20 °C. 
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It can be seen that the results collected using the TMA technique correlate well with the results 

collected using normal microbond testing. Figure 4 shows a comparison between the different 

testing temperatures for R = 1.22. We can see that as the testing temperature was increased, 

the peak load of the microbond samples decreased, with a notable drop once the temperature 

was raised above the previous published Tg value of 87.3 °C [2].  

 

  Figure 4. Comparison between force/displacement plots for amine: epoxy ratio = 1.22 at 

different testing temperatures.  

 

Figure 5. Comparison between force/displacement plots for different amine: epoxy ratios at a 

testing temperature 50 °C. 

Figures 5 and 6 shows plots where the testing temperature was maintained at constant values 

of 50 °C and 120 °C respectively whilst the R ratio of the matrix system was altered. At 120 °C 
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the effect of changing the matrix chemistry appears greater than at 50 °C. This suggests that the 

importance of the matrix chemistry to the magnitude of the IFSS may be greater above Tg. It can 

also be seen that the plot shown in Figure 4 does show some correlation with that shown in 

Figure 6, with both possessing a notable point of transition.  

 

Figure 6. Comparison between force/displacement plots for different amine: epoxy ratios at a 

testing temperature 120 °C. 

 

Figure 7. Plot of IFSS versus Testing Temperature. 

Figures 7 and 8 present the apparent IFSS values versus the testing temperature and the R ratio 

of the sample respectively. The data in both figures convey a clear dependence of the IFSS on 

both the chemistry of the matrix system and the testing temperature. The results in Figure 7 

represent the average of individual samples and indicate that the apparent IFSS value decreased 
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as the testing temperature was increased for all ratios, with R ratios close to the stoichiometric 

value initially exhibiting the largest IFSS values for temperatures ≤ 70 °C. Interestingly it can be 

seen in Figure 8 that at temperatures ≤ 70 °C the polymer mixtures containing excess epoxy (R 

< 1) appear to possess higher apparent IFSS values than the polymer mixtures containing excess 

amine. However, once the testing temperature was increased above Tg the apparent IFSS values 

appear to decrease less for ratios possessing excess amine (R > 1), with this relationship 

appearing linear at 120 °C.  In Figure 7 a notable gap between R >> 1 and R ≈ 1 can be seen at 
120 °C. The observed gradient of transition appears to occur differently depending on the 

specifics of the matrix chemistry, with ratios where R ≤ 1 appearing to lose performance sharply 
once above 70 °C whilst ratios where R >> 1 appear to be less influenced by crossing this 

temperature. Figure 8 highlights this further by showing that for temperatures below 70 °C, 

optimized performance occurs around the stoichiometric value but above 70 °C the apparent 

IFSS value increases as more amine hardener was added to the system. Interestingly, Figure 8 

also suggests that there may exist a critical temperature where the IFSS will remain unchanged 

with changes to the matrix chemistry. This may be the case since the plots for 70 °C and 80 °C 

appear to be approaching a mid-point where the transition seemingly occurs. 

 

Figure 8. Plot of IFSS versus Amine: Epoxy Ratio (R). 

Overall, it appears that the apparent IFSS was clearly influenced by the chemistry of the matrix 

system as well as the testing temperature, with performance deteriorating consistently as the 

testing temperature was increased.  A potential explanation is that the residual radial 

compressive stresses (σR) formed at the interface during the curing process are being influenced 

by the properties of the matrix and relaxing away as the test temperature increases [3, 6]. An 

explanation for the linear apparent IFSS trend shown at 120 °C is that due to the increasing 

amine content introduced to the system via the extra hardener, there is a combination of an 

increase in hydrogen bonding as well as an increase in the shear failure behavior of the matrix. 

4. Conclusions 

The results presented in this paper show that the hardener-to-epoxy ratio and testing 

temperature both influence the stress transfer capability of the interface in a glass fibre-
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reinforced epoxy composite, and in some cases significantly. Each hardener-to-epoxy ratio 

tested was shown to possess different apparent IFSS values at each testing temperature. Below 

the epoxy polymer Tg, the highest apparent IFSS value was shown to occur at the stoichiometric 

value, with apparent IFSS decreasing as the ratio deviated further from this value. However, as 

the temperature was increased a transition in apparent IFSS was observed when the testing 

temperature exceeded 70 °C. Whilst interfacial performance continued to decrease overall after 

this point, the optimum relative apparent IFSS value was shown to improve linearly when more 

amine was added to the epoxy system. This was the case even at 120 °C.  

It was hypothesized that there was some correlation between the deterioration in apparent IFSS 

observed and the potential relaxation of the “frozen” in residual stresses at the interface as the 
temperature was increased. It was also observed that at temperatures well above Tg a small 

value of apparent IFSS still existed, despite the proposed residual stresses having likely relaxed 

away. It was hypothesized that an increased level of hydrogen bonding, due to the increasing 

amine content of the matrix system, combined with the variation in shear failure behavior of 

the matrix due to the differing crosslink densities, was potentially responsible for this.  

One practical conclusion from the results presented here is that performance of the interface in 

thermoset composites is strongly related to the chemistry of the polymer matrix adjacent to 

that interface as well as the temperature of the surrounding environment. Fibre sizings typically 

contain chemical reactive groups similar to the polymer matrices in order to promote ‘adhesion’. 
Such coatings are typically not applied consistently, which may well result in unexpected local 

variations in the R ratio. Hence it is possible that key interface properties of a glass fibre-

reinforced epoxy composite may vary along the entire length of the embedded fibre. Small 

changes in R may result in small variations in the level of adhesion with minimum impact on 

performance. However, if the variation from the stoichiometric value is large enough then there 

may be potential for a significant impact on performance of the final composite material, with 

the effect of this increasing with rising temperatures. 
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Abstract: This work concerns the method for obtaining cast iron castings locally reinforced with 

ceramic inserts (preforms) having porous spatial structures. The composite castings were 

fabricated in one step using the pressure less infiltration of ceramic preforms (either alumina or 

zirconia type) with molten white chromium cast iron during pouring the melt into a mold, in 

which preforms were properly placed and fixed.  The detailed structural characterization by 

means of scanning electron microscopy coupled with energy dispersive X-ray spectroscopy 

evidenced uniform and defect-free infiltration of both types of porous ceramic preforms with 

molten metal matrix and a good bonding between them, despite a lack of wetting of Al2O3 and 

ZrO2 by selected alloy. This effect is caused from a positive role of Cr that promotes 

physicochemical interaction between the metal matrix and the reinforcement.  

Keywords: composite; ex-situ; casting; wear; ceramic 

1. Introduction 

Statistical data shows that about 80% of machine and device failures are caused by 

surface wear due to parts rubbing against each other or hydrogen degradation [1]. Abrasive 

wear is a costly and serious problem in lots of different branches of industry [2]. Therefore, it is 

necessary to design materials that offer an attractive combination of price and industrial output.   

A couple of good examples are the ex situ and in situ methods of fabricating metal matrix 

composites by liquid assisted techniques, e.g. casting or sintering [3]. Composites with a ferrous 

alloy matrix reinforced by different ceramic phases (particles, fibers, whiskers) have become a 

recent research subject [4]. Due to their high wear resistance, excellent mechanical properties, 

and high melting temperatures, they are considered to be most promising materials in the view 

of the potential application in the very fields of the industry: mining, automotive, extractive, or 

petrochemical [5]. Additionally, alloys based on Fe are commonly used as the base matrix in 

MMCs (metal matrix composites) on account of their low costs and good mechanical properties 

[6]. 

In order to manufacture composite zones, techniques with high-energy density such as 

thermal spraying, laser plating, laser alloying, or welding methods (TIG – tungsten inert gas) are 

used [7]. Due to the method of fabricating the phase reinforcement, composite layers can be 

classified into two groups: ex situ and in situ (the same as with metal matrix composites). Hard 

ceramic phases such as WC, Al2O3, ZrO2, TiB2, or TiC are widely used as a reinforcement of metal 

matrix composites [8].  
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The manufacturing of local composite zones with oxide ceramic particles is being extensively 

discussed in many scientific studies and industrial research; this is evidenced by the availability 

of a wide range of products that are based on metal matrix composites (MMCs) and offered by 

well-known global companies.  

Over the last decade, many research groups reported the results on synthesis and 

characterization of ferrous matrix composites containing different oxide reinforcements.  The 

ceramic reinforcements are used in the form of either porous preforms or inserts produced with 

a use of different types of organic binders [9-11].  Stir casting method is the second common 

method of obtaining ex-situ composites reinforced by ceramic particles. In stir casting, molten 

metal is stirred with the help of a mechanical stirrer while the particles are added to the melt. 

This action disperses the reinforcing phase to create a composite slurry, containing a suspension 

of reinforcements [12].  

The main goal of our research was to manufacture  cast iron castings locally reinforced 

with porous oxide preforms by pressure less infiltration with molten white chromium cast iron 

directly in a mold. 

2. Experimental 

The ceramic preforms of  porous spatial structures were manufactured by FerroTerm sp. 

z o.o. using either alumina (Al2O3) and zirconia (ZrO2) powder. For trials, the preforms were 

placed in a mold cavity as showing Fig. 1. The perforated metal sheets and nails were used as 

the assembly system to fix ceramic preforms into proper places of sand molds. The molds were 

poured with molten white chromium cast iron at the temperature of 1633 K; the chemical 

composition of which is given in Table 1. 

 

Figure 1 Photos of sand mold (a) along with ceramic preforms (b,c) 

Table 1: Chemical composition of base alloy [wt.%] 

Chemical composition of base alloy [wt.%] 

C Si Mn Cr Ni Mo Fe 

2.81 0.67 0.68 15.5 0.19 1,.43 Bal. 

 

The final castings with the dimensions of 300 × 90 × 50 mm and weighing 14 kg were cut 

in order to take samples from the locally reinforced areas and matrix alloy. Before structural 

characterization, the samples were subjected to grinding and polishing. 

Microstructural observations of both substrate surface and cross-sectioned substrate 

were performed by (1) light microscopy (LM) with the help of Keyence VHX-700 microscope 

allowing 2D and 3D scanning of the ceramic spatial structure as well as the samples, (2) scanning 

electron microscopy (SEM)  using an ESEM FEI XL-30 type microscope and BSE (Backscattered 
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Electron) detector. Chemical composition of selected phases were evaluated by Energy 

Dispersive X-ray Spectroscopy (EDS).  

 

3. Results and discussion 

Fig. 2 shows the macrostructure of the casting with the local reinforcement after shaking 

out process. Designed assembly system was characterized by high thermal stability which can 

be confirmed by presence of nails (lack of burnout process of metal elements). It is worth noting 

that the ceramic spatial structures at the first site seem to be infiltrated by liquid alloy, despite 

lack of the distance between sand mold and ceramic preforms. 

The cross section of the composite zones fabricated ex-situ in white chromium cast iron 

specimens is presented in Fig. 3. The observations carried out did not reveal the occurrence of 

structural defects within the regions in neither the composite nor the base alloy. Additionally, 

these observations confirmed that the ceramic spatial structures made from both Al2O3 and ZrO2  

were well infiltrated by molten metal matrix (pressure less infiltration).  

 

 

Figure 2 Macrostructure of casting with local composite reinforcement - as cast.  

 

Figure 3 Cross section of casting within area of the local composite reinforcement  

The microstructures of the composite zones reinforced by Al2O3 and ZrO2 fabricated ex-

situ in white chromium cast iron are presented in Figures 4 and 5, respectively.  In both cases, 

the transition area  between ceramics phase and metal matrix alloy are free of discontinuities. 

Observations conducted by light microscopy (LM) revealed the presence of the porosity within 

the ceramic preforms only. However, this phenomenon is not caused from infiltration process  

since it is related directly to technological process of manufacturing ceramic preforms because 

ceramic preforms reproduce the initial structure of polymer foams used as templets  for the 

production of the ceramic spatial structures. After the soaking process of the foam in the 

ceramic bulk, they undergo the thermal degradation in the next stages of the process. As a 
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consequence,  the "closed" porosity can be observed within area of ceramic reinforcement (Fig. 

6).  

 

Figure 4 Photos of white chromium cast iron casting locally reinforced with Al2O3 preform  

 

Figure 5 Photos of the white chromium cast iron casting locally reinforced with ZrO2 preform  

 

Figure 6 Photos of the ceramic spatial structure with visible porosity: a) preform made from 

aluminum oxide (Al2O3 preform); b) preform made from zirconium oxide (ZrO2) 

The microstructures of the composite materials manufactured ex situ in the cast iron 

and the selected BSE region of the microstructures of the composite zones with the marked 

areas of X-ray microanalysis (EDS) are shown in Figs. 7 and 8. Within the areas 1, the occurrence 

of O  and either Al or Zr or Al that corresponds to Al2O3 or ZrO2,  respectively. The areas 3 and 5 

contain primarily iron, which is the main component of the metal matrix. Areas 2 and 4 contain 

high amount of Cr, C and Fe which confirmed by the presence of a carbide of the (Fe,Cr)7C3 type 

in the microstructures. In composite zone with  ZrO2 preform, a complex phase was identified 
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within transition areas noted at the metal matrix/reinforcement interfaces. These areas contain 

Zr, Al, Mg, Mn, Fe and Cr probably formed by chemical reaction between ZrO2 and white 

chromium cast iron. 

 

Figure 7 a, b) SEM BSE microstructures of composite zones type Al2O3/white chromium cast iron 

c) area of X-ray microanalysis (EDS) 

 

Figure 8 a, b) SEM BSE microstructures of composite zones type ZrO2/white chromium cast iron 

c) area of X-ray microanalysis (EDS) 
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4. Conclusions  

The local composite reinforcements were manufactured in a cast iron casting as a result 

of placing ceramic preform in a casting mold cavity. The composite castings were fabricated in 

one step using the pressure less infiltration of ceramic preforms. Microstructure examinations 

indicated a positive role of Cr that promotes physicochemical interaction between the metal 

matrix and the reinforcement. 
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Abstract: In this work, the low velocity impact response, and residual tensile and compressive 

strengths of carbon fibre Sheet Moulding Compound (SMC) composites have been investigated 

experimentally. Drop-weight impact tests have been performed at two energies (7.5J and 15J), 

and the extent of damage has been characterized using ultrasonic inspection. The lower energy 

impact produced very little observable damage in the SMCs, while large damage areas with 

visible surface cracking was observed at higher impact energy. The 15J impact samples resulted 

in 16% and 25% reductions in tensile and compressive strengths respectively, whereas the 7.5J 

impact caused no observable change in the SMC performance. Digital Image Correlation (DIC) 

from compression testing showed a relationship between the impact damage area and post-

impact fracture initiation sites.  

Keywords: SMC, Low velocity impact; Compression After Impact; Tension After Impact  

1 Introduction 

Lightweight composite materials are being used increasingly in automotive industry as a key 

strategy to advance fuel efficient vehicle and cope with rising environmental impact. Sheet 

Moulding Compounds (SMCs) made from discontinuous fibre reinforcement and thermosetting 

resins are thus replacing traditional metals due to their high strength-to-weight ratio, low 

production waste, and suitability for high volume production [1]. With advanced manufacturing 

techniques for producing discontinuous carbon fibre composites at high fibre volume fractions 

(>50%), carbon fibre SMC composite have now become an attractive option for structural and 

semi-structural applications in automotive industry. However, their complex and variable 

material behaviour presents a significant design challenge, and requires better understanding. 

For instance, some work has found virtually notch-insensitive damage behaviour in 

discontinuous composites [2], a unique benefit over  continuous fibre composites. While other 

studies have reported fibre length, bundle size, and notch-diameter dependent notch behaviour 

[3, 4], emphasizing the challenge in understanding such material performance. Characterisation 

and optimization work has been done in the past few decades regarding the in-plane quasi-static 

properties of advanced SMCs. However, their residual strength behaviour has received limited 

attention. As their application in automotive industry extends to closure body panels, their 

susceptibility to impact damage (especially at low energy) increases, which can cause a 

significant strength reduction without being easily detected. 

Early studies on the impact response of SMCs, showed an intermediate behaviour between that 

of a brittle and a ductile material, and failure behaviour that is influenced by the 
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geometry/thickness, microstructure, and constituent material (fibre/matrix) type. For instance, 

Kau [5] demonstrated that the impact energy absorption of glass fibre-reinforced SMC 

decreased exponentially with a decrease in sample thickness. Lee et al. [6] also showed 

specimen thickness to be the most important parameter governing the energy dissipation 

capability of SMCs subject to low velocity impact (21 – 34J), and that the variation of initial 

impact velocities had little effect. However, Chaturvedi and Sierakowski [7] investigated the 

impact response of a glass fibre SMC over a greater range of energies (15 – 52J) and reported 

significant correlation between impact velocity/energy, damage size, and the residual tensile 

properties. Impactor size, mass, and shape have also been seen to influence the extent of 

induced damage and the corresponding failure mechanisms [6, 7]. Moreover, Trauth et al. [8] 

studied the impact response of SMCs from 1D and 2D flow, and showed that the microstructure, 

i.e. fibre orientation, significantly influences the damage evolution and failure mechanism.  

In addition to the above studies on the impact response of SMCs, several other works have 

considered the residual post impact properties. Kravchenko et al. [9], for instance, investigated 

the effect of fibre length on the impact and compression after impact behaviour of carbon fibre 

SMCs made of prepreg chips, compared with quasi-isotropic continuous fibre laminates. The 

results showed the short fibre composites to have a larger damage area, greater reduction in 

the residual compressive strength, but greater energy absorption than SMCs with a longer fibre 

length or continuous laminates. This was due to the increase in interfacial shear stress between 

the lower aspect ratio tow chips, which lead to greater energy absorption through 

delamination[10]. Such works suggest that SMC composites are more prone to impact induced 

damage [9, 11] than continuous fibre reinforced composites, and exhibit lower post-impact 

residual properties as a result. However other studies have reported contradictory results, and 

superior damage tolerance with SMC [12]. Ogi et al. [13] also studied the impact damage and 

residual tensile strength of 0.3 mm thick carbon fibre SMCs subject to low energy impact 

(ranging from 1.1 - 3.5J). They observed a clear correlation between the extent of impact 

damage and residual tensile strength, depending mainly on impact damage depth. Although 

these studies independently considered the residual tensile and compressive properties of SMCs 

after low velocity impact, no comprehensive investigation is available to compare the different 

load cases. 

Therefore, this study aims to characterize low velocity impact response of carbon fibre SMC 

manufactured from Directed Carbon Fibre Preforming (DCFP) process, and their residual 

strength under both tensile and compressive loads. Digital Image Correlation (DIC) has also been 

employed to study the correlation between the impact damage and post-impact failure 

initiation sites. 

2 Materials and Manufacturing 

In this work, the carbon fibre SMCs were prepared from 25 mm, chopped, T700SC-12k carbon 

fibre tow in Derakane 782 vinyl ester resin using a DCFP process. Five layers of randomly 

distributed chopped carbon fibre tows and six layers of resin paste were alternatively deposited 

over 250x250mm area at a nominal volume fraction of 30%. Each charge was then compacted 

at room temperature under 10 MPa pressure to improve the through thickness resin infiltration, 

homogeneity, before it was thermally B-staged at 50°C for an hour. Flat SMC panels of 

400x400x4 mm were manufactured by stacking the B-staged charge material at 25% mould 
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coverage, placed centrally, and compression moulded for 15 minutes at 150°C. A total of six 

panels were prepared and six test samples were extracted from each panel by abrasive waterjet 

cutting. Figure 1 shows a representative fibre orientation distribution in the moulded plaques 

as a result of fibre orientation scanning (based on optical reflectance technique [14]) along with 

sample cutting plan.  

 

Figure 1: Raw image of the SMC panel (left) and representative fibre orientation distribution in 

the moulded plaques, along with sample cutting plan (right). 

3 Experimental work 

Low velocity impact tests were performed on a 150x100 mm standard coupons according to 

ASTM D7136 [15] standard on Instron CEAST 9340 drop impact tower with automated rebound-

catch system. A hemispherical steel impactor of diameter 16 mm and mass 3.265 kg was 

dropped from a drop height of 234 mm and 468 mm corresponding to impact energies of 7.5J 

and 15J respectively. Impact force and velocity were digitally acquired from the force sensor and 

velocity gate connected to the impactor. Five repeat tests were performed for each energy, on 

samples taken from three different panels, to account intra-plaque variability. Ultrasonic 

inspection was used to assess the size and extent of the damage. The dent depth on the 

impacted surface was also measured using a depth micrometre.  

Compression After Impact (CAI) testing was performed in accordance with the ASTM D7137 [16] 

standard for the impact-damaged samples, along with a set of undamaged control samples. 

Samples were securely fixed within a CAI fixture and tested on a universal testing machine with 

100 kN load cell at a loading rate of 1.3 mm/min. Load-displacement curves were then obtained, 

from which residual compressive strength was determined. After evaluating the impact damage 

size from ultrasonic C-scan and visual inspection, tension after impact (TAI) test samples were 

prepared by trimming off 25 mm from each side in the width direction leaving the central 

150 x 50 mm, making sure the damage is fully contained in the samples. Then tests were 

performed with a gauge length of 100 mm at a speed of 2 mm/min. A single camera (2D) Digital 

Image Correlation (DIC) system was used to assess the full-field surface strain during CAI and TAI 

tests.   

4 Results 

4.1 Low velocity impact 

The representative force-history and force-displacement responses of the SMC panels under 7.5 

and 15J impact energies are shown in Figure 2. The smoother curves of the 7.5J impacted 
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samples indicate a negligible effect on the composite stiffness. The post-impact ultrasonic 

inspection (shown in Figure 4) was suggestive of a network of small cracks around the impact 

site of the 7.5J samples, as well as visible signs of some breakthrough damage at the rear surface. 

Alternatively, the impact response of the 15J samples shows considerable fluctuations in Figure 

2 that are representative of greater damage initiation, internal matrix cracking, and 

delamination. These samples also showed visible fracture on the back surface of the specimens, 

and the overall extent of the impact damage can be seen from the low amplitude regions of the 

C-scan images in Figure 4.  

Table 1 also summarizes the low velocity impact response of the two sample groups used for 

TAI and CAI test. Both 7.5J CAI and TAI groups showed very consistent impact response 

behaviour, with less than 1% difference in the mean contact force, absorbed energy, and peak 

displacement. Alternatively, the 15J sample groups generally showed greater variability (8-12%) 

in these parameters; likely due to the significant difference in mean thickness between the 

batches (3.57 mm for CAI and 3.98 mm for TAI). Observations of decreasing impact resistance 

with decreasing sample thickness, as similarly seen here, has been established in related work 

[6]. From ultrasonic C-scans, this also resulted in a 27% smaller mean damage area for the thicker 

15J TAI sample group (365.59 ± 132.15 mm2) than that of the 15J CAI sample group 

(503.24 ± 61.86 mm2). Additionally, the overall mean damage area from all 7.5J impacted 

samples was 64% smaller than that of the 15J samples. Furthermore, as can be seen from Table 

1, the 15J CAI group exhibited greater (63% greater) permanent deformation than the 7.5J 

sample group, while for the TAI sample groups this difference in dent depth was only 34% (likely 

due to the thickness effect).  

 

Figure 2: Representative force-time and force-displacement curves of 7.5J and 15J samples 

(taken from CAI groups). 

Table 1: Summary of low velocity impact test results for CAI and TAI sample groups (values in 

brackets indicate the standard deviation of measured parameters) 

Sample group Thickness, 

mm Contact force, N Absorbed 

energy, J 
Peak disp., 

mm 
Dent depth,  

mm 

CAI 7.5J 3.85 (0.07) 3269.72 (91.94) 3.56 (0.13) 4.31(0.22) 0.20 (0.06) 
15J 3.57 (0.12) 3670.94 (233.07) 10.85 (0.53) 7.05 (0.47) 0.54 (0.32) 

TAI 7.5J 3.75 (0.05) 3307.64 (291.89) 3.46 (0.36) 4.27 (0.37) 0.18 (0.04) 
15J 3.98 (0.15) 4576.93(502.94) 9.17 (0.89) 5.73 (0.23) 0.35 (0.10) 
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4.2 Compression after impact 

The residual compressive strengths of the SMC panels are shown in Figure 3 (left) as a function 

of impact energy. Four pristine samples were also tested as a reference, among which all failed 

outside the central gauge region. Such “other” failure results serve as a minimum baseline 

strength under these loading conditions, but may not be representative of the true compressive 

strength of the panels. Similarly, three of the five 7.5J impacted samples and one of the five 15J 

impacted samples also failed away from the impact site, and have therefore not failed as a result 

of the impact damage. The full failure classification and results can be seen in  

Table 2 and Figure 3 (left).  Quantitatively, there appears to be no significant reduction in the 

compressive strength of the 7.5J impacted samples, with all valid and invalid tests failing at 

similar loads to the pristine samples. However, the occurrence of failure initiation through the 

impacted regions of two samples suggests there may still be a stress concentration and 

knockdown from the true compressive strength that was simply not measurable with the current 

testing configuration. For the 15J impacted samples though, a mean 25% reduction of the 

residual compressive strength was recorded for the four tests with valid failure modes (28% if 

the invalid test is included). Considering the impact response behaviour of individual samples 

from Table 1 against the CAI results in Figure 3 (left), there does not appear to so be any 

correlation between the results. Although plotting the CAI strength against the impact dent 

depth does reveal 15J samples with greater permanent deformation to have lower residual 

strength, even when accounting for the sample that failed outside of the central damage region. 

The post impact ultrasonic C-scans and full-field strain responses of representative 7.5J and 15J 

impacted CAI samples can be seen in Figure 4. Surface strains were measured using DIC and are 

presented at the moments immediately before and after final failure. The image results for  

Table 2: Summary of sample failure location and failure modes in CAI test according to ASTM 

D7137 [16]. 

Failure type, failure area, failure location Control 7.5J impacted 15J impacted 
Lateral, at/through damage, middle - 2 4 
Lateral, gauge/away from damage, middle 2 2 1 
End crushing, at end/edge, top 2 1 - 
 

 

Figure 3: Residual compressive strength as a function of impact energy (left) and residual CAI 

strength of 15J impacted samples with dent depth (right). 
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samples C7.5J-2 and C15J-3 in Figure 4 are representative of all samples with valid failure modes 

(through the damage region), while samples C7.5J-3 and C15J-2 are examples of invalid failures. 

The failure of sample C15J-2 in particular initiated from the conjunction of a manufacturing 

defect (signified by a surface pock mark and a low attenuation region in the C-scan) and another 

high strain region propagating from the unconstrained left bottom edge. 

 

Figure 4: Representative C-scan and the corresponding CAI full-field surface strain immediately 

prior and post final failure in 7.5J and 15J impacted samples. 

4.3 Tension after impact 

The residual TAI strength can be seen in Figure 5 for each of the sample batches at different 

impact energies. Here, the 7.5J impacted specimens also showed no observable strength 

reduction in tension compared with the control group. However, the 15J impacted samples 

showed a 16% tensile strength degradation from the baseline. For most samples fracture 

initiated in the gauge region in the vicinity of the existing impact damage, while samples that 

failed near the clamps were excluded from the analysis. Although some size effect due to 

manufacturing variability was identified in the impact response of samples, the SMC plaques 

showed greater performance (55% to 75%) in tension than in compression consistently for all 

sample groups.  Unlike the CAI results, or other reported literature [13], no clear correlation was 

observed between the individual dent depth of each specimen and the corresponding residual 

tensile strength.  
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Figure 5: Residual tensile strength as a function of impact energy. 

5 Conclusions 

In this study, the low velocity impact response and residual compressive and tensile strength of 

SMC composites was investigated. Ultrasonic C-scan and full-field DIC surface strain 

measurements were used to assess the extent of low velocity impact damage and its correlation 

with post-impact compression and tension failure initiation. At lower energy (7.5J) any damage 

was indiscernible from the inherent material variability, while significant damage areas and 

visible fibre breakthrough were observed at higher energy (15J). Furthermore, the impact 

response of the SMCs, i.e., peak force, absorbed energy, damage size and dent depth, showed 

significant sensitivity to specimen thickness. Lower energy (7.5J) impacted samples showed no 

strength degradation in both compression and tension, while 25% and 16% reductions were 

observed respectively at higher energy (15J). This suggests that compression may be the more 

critical load case for post-impact testing of these composites. Moreover, the correlation 

between impact damage and post-impact failure initiation sites also appeared to be stronger in 

compression rather than in tension. 
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Abstract:  In heterogeneous structures such as composites, load transfer is one of the most 

critical issues that need to be improved where poor interphase between the fiber and matrix is 

observed. Moreover, the weak interface between the composite plies also induces delamination 

behavior as a dominant failure mechanism. An innovative approach, 3D weaving, is used to 

eliminate delamination by improving the toughness of out-of-plane yarns in 3D woven fabrics 

without secondary processing required. In this study, 3D rectangular spacer fabrics were woven 

from E-glass fibers (GFs) with 600 and 1200 TEX linear densities at the same warp and weft 

densities Then, 3D composites were fabricated by vacuum infusion process (VIP) coupled with a 

custom-designed 3D molding. Depending on TEX, void content, fiber volume fraction, mass, and 

crimp values change and the effect on the specific flexural strength of I-beams has been 

investigated. 

Keywords: 3D weaving; structural composite; woven preform; flexural strength; composite 

quality 

1. Introduction 

Structural elements such as beams are thin-walled structures for which the thickness of the walls 

is much smaller than the overall cross-section [1–5]. The beam types used as wing spars, control 

surface spars, floor beams, and wing ribs in these main structures are subjected to major forces. 

Although beams are used in the empennage and the floor, the most significant beams are the 

wing spars and must be considered as a critical system because the sufficient load-carrying to 

remain aloft for the aircraft is much greater in the wing. Shear force and bending moment are 

created when the wings produce lift, so wings must be designed to withstand critical 

combinations of direct bending, shear, and torsional loads [6,7].   

When other structural members of the wing are subjected to load, most of the stress is 

transmitted to the spar, which is the most heavily loaded part of an aircraft and is designed as a 

cantilever beam. While the spar flanges carry most of the direct stresses, the web of the spar is 

designed to resist shear stresses which is a significant part of the total wing lift. Generally, beams 

are produced as laminated composites in the aerospace industry so they provide lightness as 

271/1602 ©2022 Dincer et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
mailto:dincer18@itu.edu.tr
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

well as sufficient strength, which is undoubtedly the most important key point in the design of 

aerospace structures. [4,6,8].  

The continuing trend towards composites due to their high stiffness and strength properties in 

aircraft structures is tackling the delamination problem of conventional fiber-reinforced 

composites. Delamination cracks are easily initiated and then propagated under out-of-plane 

loading conditions due to the absence of reinforcing through-the-thickness, matrix-rich regions, 

weak interface, and interphase properties between plies, which makes the structure suffer from 

low fracture toughness [4,9]. Fabrics produced by the 3D weaving method do not require a 

secondary process for delamination toughening since they already have yarns out of the plane. 

It also does not contain resin-rich regions and disorientated fibers. Therefore, properties such 

as out-of-plane mechanical properties, delamination toughness, impact response, fracture 

toughness, and damage tolerance can be enhanced by the 3D weaving technique [9,10]. The 3D 

weaving process is capable of producing preforms in near net shape without the need to join 

steps and huge trimmings after weaving also made with substantial thickness 3D structures with 

spacer fabrics [11]. 

In this study, rectangular spacer fabrics were woven by the 3D weaving method, by transferring 

the dobby plan created from a weaving design called load-bearing with X-designed vertical wall 

(LB-X) to a modified 2D weaving machine. The main aim is to study the mechanical properties of 

3D I-beam composites (IBCs) based on the effect of 600 and 1200 TEX GFs on 3D woven spacer 

fabrics. In order to discuss the TEX effect, the warp density and weft density were kept the same 

in 3D fabrics with the LB-X design. The vacuum infusion process (VIP) was employed to 

manufacture 3D I-beam composites from 3D woven spacer fabrics. The quality assurance of 3D 

I-beam composites were studied by the investigation of void content through image processing. 

The mechanical properties were studied by 3-point bending tests where the flexural strengths 

of 600 and 1200 TEX IBCs were compared.  

2. Experimental 

2.1 Weaving I-beam preforms with X vertical wall 

By using 600 and 1200 TEX E-glass fiber rovings supplied from Şişecam, 3D rectangular spacer 
preforms with "Load Bearing X vertical wall" (LB-X) design based on the face-to-face principle 

[12] were woven on a custom-built weaving machine. The weaving process was performed in 2 

steps where initially the top and bottom flanges were woven followed by the vertical wall 

formation. Simultaneously, four layers of weaving were performed with the required fabric 

length, flange width, and height of the I-beam. Then, I-beam preforms were extracted from the 

woven fabric and prepared for composite production. During 3D weaving of the glass fabrics, a 

weaving plan is employed referring to the vertical wall of the I beam as an “X” appearance with 
a connection point in the vertical direction. Fig. 1 shows 3D woven I-beams with a flange width 

of 7 cm and a length of 16 cm and a load-bearing wall of 2 cm. Linear densities (TEX) are an 

important parameter for the production of woven fabric in appropriate sizes and have affected 

the warp and weft densities due to yarn widths. 1200 TEX glass fiber has a yarn width greater 

than 600 TEX, and TEX has created a difference in the beat-up movement to obtain a 4 cm-1 weft 

density at a warp density of 12 cm-1. Therefore, the fabrics produced from the weaving of 1200 

TEX glass fiber (LB-X-1200) are tightly woven as it is desired to have the same warp and weft 

density as 600 TEX (LB-X-600). 
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Figure 1. The weft side view of the I-beam preforms obtained by the 3D weaving method, which 

is based on the weft interlacing perpendicular to the warps 

Cover factor, an indicator of the relative looseness or tightness of the fabric, is used to compare 

the relative closeness of yarns in different fabrics and indicates how much the fabric is filled by 

the weft in the warp direction and vice versa. Changing the cover factor can affect the strength, 

thickness, stiffness, stability, and porosity of fabrics [13], [14]. The cover factor is obtained from 

the formula shown in Eq. (1). 𝐾 = 𝑛√𝑁10 ∶ 𝑛 = 𝑦𝑎𝑟𝑛 𝑐𝑜𝑢𝑛𝑡 𝑝𝑒𝑟 𝑐𝑒𝑛𝑡𝑖𝑚𝑒𝑡𝑒𝑟, 𝑁 = 𝑙𝑖𝑛𝑒𝑎𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑇𝐸𝑋)                                        (1) 

where 𝑛, 𝑁, and 𝐾 are yarn count, yarn linear density in TEX, and cover factor, respectively. 3D 

I-beams are woven separately with 6 warps per cm on the upper and lower flanges, a total of 12 

warps. In the cover factor calculation shown in Table 1, only the value of the upper flange has 

been calculated.  

Table 1: Fabric properties of the 3D woven I-beam samples. 

Sample Code Linear Density (TEX) Warp Density (cm-1) Weft Density (cm-1) 
Cover 

Factor 

LB-X-600 600 6 (per flange) 4 24.5 

LB-X-1200 1200 6 (per flange) 4 34.6 

 

2.2 Fabrication of I-beam composites 

Woven I-beam preforms and a mixture of epoxy resin and hardener as a matrix were used for 

composite production by Vacuum Infusion Process (VIP) which is a manufacturing technique 

driven by vacuum pressure [15].  Spacer geometries require special molding since they need to 
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be supported in vertical and horizontal directions and the void content is aimed to be reduced 

for a high quality composite manufacturing. Based on this, a custom-designed mold system is 

used for VIP as presented in Fig. 2 since hollow fabrics were used for composite manufacturing.  

 

Figure 2. IBCs were produced by VIP method with custom-designed molds that support the 

flanges of I-beam preforms. a) 3D woven spacer fabrics in I-beam form, b) custom-designed 

Teflon-coated molds, c) manufactured IBCs 

The epoxy resin was purchased as a brand named Hexion MGS L160 having a 700-900 mPas 

viscosity and 1.13-1.17 g/cm3 density at 25°C. The hardener for this epoxy was Hexion MGS H160 
and the mixing ratio was defined as 4:1. For VIP, infusion mesh and peel ply were placed on a 

glass mold respectively. While infusion mesh ensures the even flow of resin throughout the mold 

surface, the peel ply allows the cured structure to be easily stripped from the molds. To retain 

the preform shape during vacuum, the top and bottom flanges of the woven I-beams were 

supported by inserts of custom-designed Teflon-coated wooden molds through the left and right 

gaps of the vertical wall, and then the system was vacuumed by placing a vacuum bag. The 

wetted fabric was placed aside for 24 hours at room temperature to cure and become a rigid 

state. In order to compare the void content and flexural strength data, 6 samples of 600 TEX I-

beam composites (IBC-600), and 6 samples of 1200 TEX I-beam composites (IBC-1200), a total 

of 12 samples were produced. Table 2 shows the thicknesses, average weights as well as 

dimensions of the IBCs.  

Table 2: Properties of fabricated I-beam composites (IBCs) and woven I-beams. 

Sample 

Code 

Dimensions 

(L*W*H) (mm) 

Vertical Wall 

Thickness (mm) 

 Fabric 

Weight (g) 

Matrix 

Weight (g) 

Fiber Weight 

Fraction 

(FWF) (%) 

IBC-600 160*70*20  20  20  300  46 

IBC-1200 160*70*20 20  30 350  55 
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3. Results and Discussions 

3.1 Characterizations 

The structural strength of composites depends on their production quality. It is expected that 

the strength of composites will be increased by minimizing the negative effects such as stress 

concentration due to manufacturing defects. Voids, one of the manufacturing defects of fiber-

reinforced composites, occur very frequently and have significant detractive effects on the 

mechanical properties of composite structures. In areas such as aerospace where high-

performance structures are required, less than 1–2% void content is generally expected for 

structural applications so that the loss of strength caused by voids is minimized and risky designs 

are avoided [16].  

In this study, the void content of the flanges and vertical walls was examined with an optical 

microscope to determine the production quality of IBCs and, accordingly, their strength. For this 

purpose, optical microscope images of IBCs were taken at positions relative to the resin inlet, 

and the void content increased from the resin inlet to the outlet as shown in Fig. 3. ImageJ 

application is used in the calculation of the void content of the composite structure from the 

images taken by the optical microscope (OM). 

 

Figure 3. Optical microscope image of the void contents depending on the resin inlet and outlet 

positions 

Because the reduction in resin velocity is related to void formation [15], furthermore, the resin 

mixture is rich in dissolved gas from the cavities held near the resin inlet zone, then the cavities 

are driven by the front velocity of the flow, and the motion of the cavities is gradually pushed 

towards the resin outlet zone [16]. Table 3 shows the cover factor and average void content (for 

the 12 samples) relations between the IBCs. 
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Table 3: Relations between the cover factor and void content of IBCs.  

Sample Code Linear Density, TEX Cover Factor Void Content, % 

IBC-600 600 24.5 1.9 

IBC-1200 1200 34.6 2.6 

 

3.2 3-Point Bending Tests 

The produced I-beam composites were also evaluated to determine the mechanical properties 

according to the ASTM D790 standard on SHIMADZU AGS-X 50 kN universal testing machine. 

There are two types of roller support diameters 6 mm and 3 mm. The test speed of the 3-point 

bending test is 1 mm/min.  According to the ASTM D790 standard, the span length was evaluated 

as 80 mm. For the 3-point bending test, 15 N pre-load was applied at 3 mm/min load speed. The 

load-stroke data of the 3-point bending test applied to the IBCs made according to ASTM D790 

were calculated with Eq. 2 and bending stress-strain values were found. 𝜎 = 3𝑃𝐿2𝑏𝑑2                              (2) 

where: 𝜎, 𝑃, 𝐿, 𝑏, 𝑑 are stress (MPa), load at a given point on the load-stroke curve (N), support 

span (mm), width of beam tested (mm), depth of beam tested (mm).  

According to the stress-strain shown in Fig. 4a, it was observed that 1200 TEX IBCs with higher 

fiber content withstand more stress than 600 TEX. This situation shows the relationship between 

the cover factor and the strength of two IBCs that have the same warp and weft densities but 

differ in terms of cover factor when it comes to TEX change. During the 3-point bending test of 

both 600 TEX and 1200 TEX IBCs, an initial local failure, not an overall failure, was observed in 

the contact of the upper flange and roller of the crosshead [17], as presented in Fig. 4b and Fig. 

4c. For 600 TEX IBCs, distortion was observed while the testing, then the maximum flexural 

stress was observed, but 1200 TEX IBCs had a different behavior where a distortion did not 

occur. It was understood that distortion of the IBC-600s occurred by warping stresses that 

dominated the fracture. Kink band formation occurred in both IBCs due to the large shearing of 

the matrix, and shear failure occurred near the neutral axis at the mid-height of the IBCs. 

Moreover, since the vertical wall consists of two layers due to the LB-X weaving design, the 

applied load subjected to the vertical wall separated the layers from each other and caused the 

first load drop as shown in the stress-strain graph. For a clear discussion of the influence of the 

TEX on the strength, the length-to-span ratio of IBC-600 and IBC-1200 were kept the same. When 

examining the strains along the IBCs, it was observed as maximum in the mid-span. All IBCs were 

manufactured at 2 mm vertical wall thickness and 20 mm height. Therefore, the resin weight 

ratio of IBC-600 was higher than IBC-1200. As a result, the low fiber content and resin-rich 

regions of IBC-600 resulted in lower strengths.  

276/1602 ©2022 Dincer et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

 

Figure 4. a) The stress-strain curves of the IBCs that manufactured from 600 and 1200 TEX, b) 

vertical wall damage of the IBCs, c) upper flange damage of IBCs  

4. Conclusions 

In this study, the flexural strength of IBCs produced from 3D woven spacer fabrics was 

investigated in terms of void content, TEX, and cover factors. When the 3D woven spacer fabrics 

with the same yarn densities in the weft and warp directions were compared in terms of TEX, it 

was calculated that the use of 1200 TEX increased the cover factor by 41% compared to 600 TEX.  

At the same strain value (0.0352), IBC-1200 showed 26% higher flexural strength than IBC-600. 

It was observed that the void content in the IBCs increased by 37% with the increase of TEX. 

Although the destructive effect of the void content reduces the strength of the IBCs, it has not 

changed the strength increase trend created by the increase in TEX, and it has been observed 

that sample 1200 TEX IBCs show higher strength as 11.7 MPa. However, the first significant load 

drop due to the crack formed in the region of the vertical wall near the upper roller of the cross-

head was observed at strain less than 1200 TEX. Studies on this subject will be discussed in detail 

further. 
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Abstract:  It is well known that the main failure mode of fiber reinforced polymer composites 

(FRPs) loaded under compression is fiber microbuckling followed by the formation of kink bands. 

This study uses ultra-fast in-situ synchrotron radiography (50 μs per frame) at the European 

Synchrotron Radiation Facility’s ID19 beam line to study the compressive failure of unidirectional 
(UD) carbon fibre/epoxy FRPs. High spatial and temporal resolution was used to probe the role 

of fiber movement on kink band initiation and propagation. Post-mortem micro-CT was used to 

visualize damage modes in 3D and confirm radiographic results. Radiographs demonstrate the 

propagation of a region of microbuckled fibers across the width of the sample at a rate of 0.2 

μm/μs. This was followed by the initiation and propagation of multiple kink bands in less than 

350 microseconds with a transverse band propagation rate of  at least 16.3 μm/μs. 

Keywords: X-ray computed tomography (CT); fibre-reinforced composites (FRP); fibre 

microbuckling; kink band; compressive failure 

1. Introduction 

Compressive failure of fiber reinforced polymer composites (FRPs) is a critical limitation of their 

use as structural materials. In particular, the compressive strength of unidirectional FRPs is 

typically only 60% of their tensile strength [1].  It is well known that the main failure mode under 

compression is kink band formation, which is often accompanied by fiber microbuckling, fiber 

fractures, and longitudinal splitting. However, how these failure modes interrelate, and their 

contribution to kink band initiation and propagation is still debated.  

It is agreed that matrix shear yield strength and initial fiber misalignment are key parameters 

leading to kinking [1-7]. Further, microbuckling is the cooperative bending or rotation of fibers 

[7-10]; kink bands (fig. 1a) are regions of fibers deflected at a significant angle relative to the 

loading direction and delineated by planes of fiber fractures. They are accompanied by matrix 

shear, giving rise to permanent lateral displacement within the damage zone [5, 8, 11-13]. The 

key geometric features are the kink band width ω, band angle β, and the angle of fiber rotation 
within the band, φ+φ0. Multiple bands tend to form in one of two geometries (fig. 1): complete 

bands “stacked” on one another [11, 14-15] or smaller (sub-critical) bands which do not 

propagate across the sample contained within a complete band [5,13,16,17].  

Much initial experimental work aiming to investigate kink band formation were limited to 2D 

studies post mortem [1, 7]. It is only relatively recently that in-situ studies have been published 

that show a region of microbuckled fibers preceding kink bands. Most of these studies involve 
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compressing an FRP to failure, then reload the sample under optical microscope or SEM. 

[5,11,14,16-17]. Though insightful, especially regarding band propagation, these studies are 

inherently limited as they cannot capture 3D effects or kink band initiation.  

 

Figure 1. Schematic of (a) single kink band geometry (b) sub-critical bands (c) stacked bands  

X-ray computed tomography (CT) presents the opportunity to view 3D images of failed samples 

[12]. Besides imaging damage in 3D, CT is a non-destructive technique and so avoids introducing 

damage during sample preparation. A further benefit of CT is the ability to take images in situ or 

in time-lapse sequences during loading [18]. A tomogram is reconstructed computationally from 

100s or 1000s of radiographs collected as the sample is rotated. This methodology limits the 

temporal resolution and requires that sample movement not occur during the acquisition of the 

constituent radiographs if one is to prevent motion artifacts. 

Previous work by our group has used in-situ synchrotron radiography at 10kHz to view damage 

propagation in real time [13]. These results confirm that kink bands initiate due to fibre micro 

buckling and agree with the mechanism proposed in previous in-situ studies: compression 

causes fibres to buckle, which can additionally lead to longitudinal splits along the fibre 

direction. These splits open while the matrix fails under shear. After matrix failure, the fibres are 

then free to bend or rotate due to the lack of lateral constraint from the matrix. Eventually, the 

fibres cannot bend further, leading to kink band initiation as the fibres fracture. The fractures 

propagate rapidly across the sample to form the final kink band.  

Our previous studies were not able capture the kink event itself due to limited temporal and 

spatial resolution. The aim of this paper is to use ultra-fast in-situ synchrotron radiography 

(20kHz frame rate) during compression of a unidirectional (UD) CFRP to capture the kink event 

and related damage modes. 

2. Experimental 

2.1 Preparation of Unidirectional FRP  

UD FRPs were fabricated from Torayca T700 carbon fibre yarns and Huntsman Araldite LY 

564/XB 3486 epoxy resin. A small-scale resin infusion (SSRI) method was developed to achieve 

cylindrical FRPs with high volume fraction, low porosity, and uniform lateral constraint [9]. 

Following infusion, CFRPs were cured at 80°C for eight hours. The CFRP cylinders were cut into 
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20 mm samples and a 3mm length by 1.5 mm diameter gauge section was ground in their center 

(fig. 2).  The ends of the sample were inserted into steel end caps to better interface with the 

compression rig and adhered using Araldite® Strength in Bonding epoxy. Excess epoxy was 

removed via a small hole drilled in the base of each cap. A notch of 100-200 μm depth was made 

with a razor blade on one side of the sample in the center of the gauge section. The notch was 

to encourage the kink band to form within the field of view of the synchrotron detector. 

 

Figure 2. Schematic showing sample dimensions in mm and coordinate system  

2.2 In-Situ Synchrotron Radiography 

In situ synchrotron x-ray radiography was conducted at the European Synchrotron Research 

Facility’s. Samples were loaded using a tension-compression loading rig developed at INSA-Lyon 

for in-situ CT studies [19].  The samples were compressed at a displacement rate of 1 μm/s, and 
radiographs were collected at 20,000 fps using a Photron FASTCAM SAZ. A pink x-ray beam with 

mean beam energy of 18 keV was used. The resulting voxel size was 1.1 μm and exposure time 

was 50 μs. The failure was recorded over 25 frames; more than 25 frames total were recorded, 

however, there the on-board memory of the high-speed camera is limited [19]. The projections 

were recorded continuously and the oldest image within the buffer is replaced by a new image 

once the buffer is full. This “rolling” data collection is stopped manually after the failure event. 

As such, frame 1 does not correspond to a load of 0N but rather just prior to failure. 

2.3 Post-mortem Microtomography  

Only one of three samples tested failed within the field of view of the imaging detector. This 

specimen was also scanned on a Zeiss Versa 520 X-ray scanner in the Henry Moseley X-ray 

Imaging Facility post mortem. A source voltage of 50 kV was used to produce 3201 projections 

taken over a rotation of 180°. The exposure time was 7 seconds per projection and voxel size 

was 1.28 μm. The Feldkamp-Davis-Kress (FDK) algorithm [20] was used for reconstruction and 

the reconstructed volume was analyzed using Avizo 2019 visualization software.  

3. Results and Discussion 

3.1 Kink Band Geometry Post-Mortem 

The central CT slice in Fig. 3 shows the final kink band geometry. The coordinate system shown 

was chosen post-mortem such that the orientation of the X-Z slice was the predominant shear 

plane and approximately parallel to the plane of the radiographs. The kink band features, 

tabulated in table 1, were measured from the final radiograph recorded during loading because 

the post-mortem tomograph was taken after sample unloading. The values measured from the 

radiograph generally agree with the CT values; there is 2° difference in mean band angle and 5° 

difference in mean fiber angle, either due to stress relaxation upon unloading or to possible 

281/1602 ©2022 Nelms et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

shifting during transport from the ESRF. However, is it important to note a high inherent 

uncertainty in the values in table 1 due to the through-thickness nature of the view.  

 

Figure 3. Central CT slice of the UD CFRP sample after failure. Representative fiber fragments 

within subcritical bands are indicated by orange lines. Orange ellipses indicate longitudinal splits 

Characteristically, there are two broadly parallel planes of fiber fractures which delineate the 

main kink band. The distortion of fibers within the band arises because some of the fibres do 

not lie precisely within the X-Z plane, indicative of mixed-mode(in- and out-of-plane) kink failure. 

Several longitudinal splits are evident, and only one plane of fractures propagates across the 

entire sample width. Instead, the bottom plane of fiber fractures appears truncated by a resin-

rich area and is adjacent to severely curved fibers which have not broken due to lack of lateral 

constraint in this region. This curvature is less severe than in the final radiographs, and each of 

these observations are consistent with previous findings [13]. There is also a concentration of 

sub-critical kink bands near the notch. These bands have a similar angle to the main band and 

fiber fractures but these do not propagate across the full width of the sample.  

Table 1: Mean measurements and their uncertainty for characteristic kink band geometric 

features. Ranges are reported for the sub-critical bands based on measurements of several 

representative bands in Fig. 3 

 β (deg) φ+φ0 (degrees) ω (μm) 

Main band  21 ± 4 52 ± 4 155 ± 4 

Subcritical bands 10±2 - 27±2 39±2 - 55±2 13±3 - 66±3 

Figure 4 shows orthogonal X-Z slices generated from the reconstructed volume of the post-

mortem tomogram selected roughly one-quarter, halfway, and three-quarters through the 

thickness of the sample along the Y direction. These cross sections show a myriad of longitudinal 

splits throughout the sample volume in planes parallel to the loading direction, similar to 

features depicted in [12]. In particular, Fig. 4c shows a two very large splits. These features seem 
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to inhibit kink band propagation in the last quarter of the volume along the Y-axis. The region 

near the largest split is surrounded by highly curved fibers which have not broken due to lack of 

lateral constraint near the split during compression. This may also explain why the sub-critical 

kink bands occur mainly in first half of the sample near the notch (fig. 4a, 4b). It is also notable 

that the kink band is narrower in the central, predominantly, in-plane kink region. 

 

Figure 4. Y-Z slices taken through the thickness of the sample selected roughly (a) one-quarter, 

(b) halfway, and (c) three-quarters through the thickness of the sample. 

3.2 Radiographic Imaging of the Kink Band Formation Sequence 

Figure 5 shows the sequence of events leading up to failure captured during loading in-situ by 

X-ray radiography. It should be borne in mind that some of the features may be misleading 

because each pixel in a radiograph represents the x-ray attenuation through the thickness of the 

sample. However, the main features are confirmed by the CT sections in 3.1. 

3.2.1 Microbuckle Propagation 

Initially, a region of fibers microbuckling elastically in concert can be seen (fig. 5a, 5b). The region 

appears to become reduced vertically as the fibers rotate with increased loading through frames 

1-14. Note, that 11 frames have been omitted between fig. 5a and fig 5b because the per-frame 

increase in fiber rotation within the microbuckled region is small over this period (600 μs). For 

each frame, the largest fiber rotation angle is seen near the notch (fig. 5a-c, fig 6). Essentially, 

this microbuckled region appears to propagate across the sample in 650 μs immediately prior to 

kink band initiation. Previous in-situ studies have reported a similar propagation of fiber 

microbuckling followed by kink initiation [5, 11, 13-14,16-17]. 

To our knowledge, this is the first study with sufficient temporal resolution to report the 

translation rate at which the microbuckled region moves across the sample, and estimate it to 

be 0.2 μm/μs based on the initial length of the microbuckled region (Fig. 5a, 529 ± 32 μm) and 
length just before kinking (Fig. 5b, 637±37 μm). The uncertainty in this value is high due to 
resolution limits and the radiographic (through-thickness) nature of the data. 

3.2.2 Kink Band Initiation and Propagation 

The kink initiates at some point between frame 13 and frame 14 (Fig. 5c). In Frame 14, there is 

evident motion blurring as the fibers move due to lateral motion of the bottom half of the 

sample. A large longitudinal split can be seen beneath the notch as the matrix fails under shear, 

and a crack has initiated from the notch following the path of the microbuckled region partway 

across the sample. In the next frame (Fig. 5d), there is significantly more fiber rotation and nearly 

all of the lateral displacement has occurred by this frame. Areas of high contrast (dark grey lines) 

represent longitudinal splits as the matrix yields. The top plane of fiber fractures has extended 
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nearly halfway across the sample. It appears that another plane has started to form below it but 

this is likely radiographic artefact as the plane of fractures is higher (i.e. the kink band wider) 

near external surfaces than in the center.  Sub-critical kink bands appear to have initiated at this 

point, and the bottom region is blurred as the fibers move. This blurring is indicative of “band 

broadening”, defined as the continuous movement of bending into unkinked fibers [3]. It has 

been observed in-situ before in [11] and is known to follow fiber lock up, i.e., once it is not 

energetically favorable for fibers to continue rotating, the band extends reaching until a 

characteristic band width [2]. Though previously modelled as separate processes [3, 11], our 

results show band broadening and transverse propagation happening simultaneously. 

 

Figure 5. X-ray radiographs leading up to and during failure for frames a) 1, b) 13, c) 14, d)15, 

e) 16, f) 17, g) 18 and h) 25. The blue lines indicate the length of the microbuckled region. 

In Fig. 5e, longitudinal splits have appeared near the base of the notch, indicating severe matrix 

yielding. Several sub-critical kink bands have also formed. By Fig. 5g, both fracture planes have 

propagated across the sample, concluding kink band propagation, and no further lateral 

displacement occurs in the next frame (no further motion blur). Note that kink band initiation 
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and propagation had completed within 300 μs, with the frame shown in 5g providing the clearest 

radiograph because fiber movement had largely completed.  

 

Figure 6: Frame 1 showing region of microbuckled fibers before kink initiation (ellipse). 

Enlarged regions demonstrate that the severity of the buckle angle increases close to the notch 

Building on previous work, our observations suggest that the kink band initiates when severely 

microbuckled fibers begin to fracture. Then, transverse propagation occurs as the fibers fracture 

through the sample and rapidly complete their rotation to their final lock up angle. Once locked, 

band broadening becomes the energetically favorable mode until another plane of fiber 

fractures is energetically favored. These steps appear to occur locally near the notch forming a 

series of sub-critical bands before the characteristic bottom plane of fractures occurs.  

Finally, the total propagation time was 350 μs between frame 13 and 20. It is clear that the wave 

of significant fibre rotation and lateral displacement to the lower half of the sample occurs 

primarily between 5c and d. This suggests that majority of the kink band initiates and propagates 

within 50 μs and must travel laterally at a speed of at least 16.3 ± 1.3 m/sec. The band 

broadening rate can be roughly estimated as 1 μm/μs based on the band width and frame rate, 

but further studies with better temporal resolution are required to confirm this value 

4. Conclusions 

In this study, we present radiographs recorded at 20,000 fps recorded by in-situ synchrotron X-

ray radiography during compression testing of unidirectional CFRP. We have captured the 

sequence of events that occur during microbuckling events and subsequent kink band initiation 

and propagation. We have observed that a region of microbuckled fibers propagates transverse 

to the fiber direction immediately prior to kink band formation at a rate of 0.2 μm/μs. A series 

of sub-critical kink bands form through fiber rotation and fibre fractures, enabling band 

broadening before the fully developed kink band is formed. This process initiates and propagates 

within 50s, giving a translation speed of at least 16.3 μm/μs.  
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Abstract:	 At	 temperatures	 above	 300°C	 the	 polymer	 matrix	 within	 carbon	 fibre-reinforced	

composites	 (CFRCs)	begins	 to	decompose	and	starts	 to	burn.	At	over	550°C	 the	carbon	 fibres	

begin	to	oxidize.	This	can	lead	to	fibre	de-fibrillation	which	poses	harm	to	the	surroundings.	For	

example,	 carbon	 fibres	 are	 electrically	 conductive	 and	 could	 interfere	 with	 surrounding	

electronics.	This	study	examines	the	damage	caused	by	high	temperatures/fire	to	carbon	fibres	

in	CFRCs	and	 the	 effects	 on	 their	 physical	 properties	 including	 fibre	diameter	 reduction,	with	

the	 aim	 to	 provide	 further	 insight	 into	 potential	 hazards	 posed	 by	 exposed	 fibres	 after	 high	

heat	situations.	

Keywords:	Carbon	fibre;	composites;	heat;	fire		

1. Introduction	

The	use	of	carbon	fibre,	predominantly	used	in	carbon	fibre	reinforced	composites	(CFRCs)	 is	

on	 the	 rise	 due	 to	 their	 high	 strength-to-weight	 ratio.	 Combined	 with	 their	 resistance	 to	

corrosion,	 they	 are	 rapidly	 replacing	 many	 metals	 and	 are	 particularly	 attractive	 to	 the	

aerospace	and	automotive	 industries.	 In	general,	CFRCs	have	high	heat	 resistance.	However,	

when	exposed	to	temperatures	above	300°C	the	resin,	organic	matrix	breaks	down	and	loses	

its	mechanical	 properties.	 At	 even	 higher	 temperatures	 the	 resin	 ignites	 and	 at	 over	 550°C,	

oxidation	of	 the	carbon	 fibres	begins	 to	occur	 [1].	While	considerable	work	has	been	carried	

out	on	assessing	 the	effect	of	heat/fire	on	degradation	of	 the	 composite	 resin	 (matrix)	 [2-4]	

and	 CFRCs	 themselves	 [5,6]	 there	 are	 limited	 studies	 on	 identifying	 the	 damage	 to	 carbon	

fibres	within	CFRCs,	and	the	hazards	posed	by	the	exposed,	damaged	carbon	fibres.	

Carbon	fibres	contain	at	least	92wt%	carbon.	The	majority	of	carbon	fibres	are	polyacrylonitrile	

(PAN)-based,	with	 a	 small	 percentage	 being	 pitch-based	 and	 rayon-based.	 Fibre	 diameter	 is	

typically	 5-10µm	 and	 they	 have	 good	 electrical	 and	 thermal	 conductivity	 along	 the	 fibre	

direction	[7].	With	the	increasing	demand	for	CFRCs,	there	are	growing	concerns	surrounding	

the	 hazards	 posed	 by	 carbon	 fibres	 exposed	 during	 a	 high	 heat	 situation.	 Oxidised	 carbon	

fibres	 are	 still	 electrically	 conductive,	 and	 due	 to	 their	 lightweight	 could	 be	 transported	 by	

winds,	 potentially	 interfering	 with	 surrounding	 electronics,	 as	 well	 as	 provide	 an	 adsorbent	

surface	for	ambient	chemicals	and	contaminants.	They	also	pose	a	hazard	to	human	health	-	

broken	fibres	can	be	sharp	enough	to	cut	through	human	skin,	and	under	7µm	these	particles	

are	considered	respirable	and	upon	inhalation	they	can	cause	damage	to	the	trachea	and	lungs	

[8].	

It	 is	generally	accepted	 that	when	carbon	 fibres	are	exposed	 to	heat,	above	550˚C	 in	air	 the	

fibre	diameters	decrease	and	there	is	a	reduction	in	fibre	tensile	strength	because	of	the	mass	

loss	due	to	surface	oxidation	[9].	Mechanical	failure	at	high	temperatures	reduces	the	number	

of	application	carbon	fibres	can	be	used	in.	Their	oxidation	behaviour	is	the	main	restriction	for	
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use	 in	 high	 temperature	 environments.	 In	 theory,	 the	 oxidation	 is	 controlled	 by	 these	

reactions:		

C(s)	+	O2	→	CO2	

C(s)	+	1/2O2	→	CO	

C(s)	+	CO2	←→	2CO	

The	third	reaction	is	referred	to	as	the	“Boudouard	reaction”.	It	determines	the	ratio	of	CO2	to	

CO.	Below	700°C	mainly	CO2	is	produced	and	above	700°C	mainly	CO	[10].	As	the	temperature	

increases,	so	does	the	rate	of	carbon	oxidisation.	At	850°C	the	oxidisation	of	the	carbon	fibres	

to	its	gaseous	products	is	complete	within	a	few	minutes	[11].	

By	 understanding	 the	 extent	 of	 heat/fire	 damage	 to	 carbon	 fibre,	 protective	 measures	 can	

then	be	put	in	place	to	reduce	and	prevent	carbon	fibre	oxidation.	For	example,	adding	flame	

retardants	(FRs)	to	the	resin	is	a	popular	method	to	decrease	CFRCs	flammability	[12].	As	the	

resin	 (organic	 polymer	 matrix),	 which	 deteriorates	 first	 (above	 200˚C)	 in	 CFRCs,	 FRs	 can	

increase	 the	 resin’s	 cross-linking	 ability	 so	 that	when	 subjected	 to	 high	 heat	 or	 fire	 a	 highly	

cross-linked	char	is	formed	and	the	carbon	fibres	do	not	become	exposed.		

2. Experimental		

This	study	examined	the	oxidative	damage	caused	to	carbon	fibres	within	CFRCs	under	a	range	

of	 heat	 and	 fire	 conditions.	A	 series	of	 experimental	 techniques	were	used	 to	 simulate	 fires	

which	radiate	heat	at	temperatures	ranging	from	400°C	to	1100°C.	Mass	loss	and	carbon	fibre	

diameter	reduction	were	used	as	indicators	of	the	amount	of	oxidation	which	occurred.	

2.1	Materials		

PAN	 based	 TR30S	 200g	 2x2	 twill	 weave	 3K	 carbon	 fibre	 from	 Mitsubishi	 (Japan).	 The	 as-

received	carbon	fibre	was	characterised	with	SEM	and	had	a	diameter	of	7.68	±	0.23μm.	The	

control	CFRC	used	an	epoxy	resin	(Epilok	60-822	and	Curamine	32-790),	was	8	plies	thick	and	

made	 via	 resin	 infusion.	 It	 had	 a	 fibre	 fraction	 volume	 of	 58.1%	 and	 laminate	 thickness	 of	

2.8mm.	 15wt%	 of	 the	 following	 FRs	 were	 also	 added	 to	 the	 CFRCs	 resin	 -	 Ammonium	

polyphosphate	 (CC_APP),	Resorcinol	bis-(diphenyl	phosphate),	 (CC_RDP),	9,10-Dihydro-9-oxa-

10-phosphaphenanthrene	10-oxide	(CC_DOPO).		

	

2.2	Thermogravimetric	analysis	testing		

		

The	effect	of	heat	 in	a	controlled	environment	was	studied	using	 thermogravimetric	analysis	

(TGA)	 (TA	 Instruments	 Q600	 SDT).	 Carbon	 fibre	 tows	 were	 cut	 to	 5mm	 length	 pieces	 and	

placed	 in	an	open	platinum	pan.	These	were	continuously	heated	 from	23°C	 to	1050°C,	at	a	

rate	 of	 20°C/min,	 under	 air	 at	 flow	 rate	 100ml/min.	 In	 order	 to	 confirm	 the	 effect	 of	 an	

oxygen-containing	 atmosphere,	 TGA	 was	 also	 carried	 out	 under	 the	 same	 conditions	 in	 a	

nitrogen	atmosphere	(flow	rate	100ml/min).			
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2.3	Cone	Calorimeter	irradiance	testing			

		

To	replicate	real	fire	conditions	using	radiant	heat	fluxes,	the	cone	calorimeter	was	used	from	

50kWm
-2
	 to	 75kWm

-2
,	where	 a	 heat	 flux	 of	 50kWm

-2
	 simulates	 a	 standard	 house	 fire	 at	 the	

flashover	 condition.	 Both	 the	 carbon	 fibre	 2x2	 twill	 weave	 and	 CFRC	 strips	 measuring	

25x100mm	were	exposed	to	the	cone	separately	for	600s,	in	order	to	compare	the	damage	to	

the	fibre	and	see	 if	the	resin	provided	protection.	Samples	were	placed	on	an	aluminium	foil	

covered	holder	in	the	horizontal	position.	Spark	ignition	was	used	to	ignite	the	volatiles	from	

CFRCs.	Fibres	were	 removed	 from	the	different	plies	within	 the	CFRC,	where	 fibres	 from	the	

surface	 ply	 (P1)	 were	 directly	 exposed	 to	 the	 cone	 heater,	 and	 P8	 is	 the	 underneath	 ply.		

Schematic	is	shown	in	Figure	1.		

	

Figure	1:	Schematic	of	CFRC	with	plies	labelled 

	

2.4	Exposure	to	premixed	propane/air	flames		

		

Using	a	propane	burner,	the	effects	of	extremely	high	heat	flux	(116kWm
-2
),	close	to	thermal	

conditions	in	a	jet	fuel	fire,	and	direct	contact	with	a	flame,	were	studied.	The	propane	burner	

set-up	is	given	in	more	detail	in	[13].	CFRC	samples	and	fibre	strips	were	mounted	in	a	250x250	

mm	graphite	plate,	with	a	placement	holder	in	the	centre	of	25x100x3	mm.	This	was	used	so	

edge	effects	of	the	composite	were	negated.	Kaowool	ceramic	fibre	was	used	to	insulate	the	

plate	(Figure	2a).	Each	specimen	was	retained	in	the	sample	holder	using	nickel	alloy	wire.	The	

sample	support	system	was	mounted	vertically	in	a	steel	holder	1.4metres	above	the	ground.	

The	propane	burner	set-up	employed	a	63.5	mm	diameter	Bullfinch	No.	1270	nozzle,	a	burner-

to-plate	distance	of	350	mm,	and	a	propane	burner	gas	pressure	adjusted	so	the	thermocouple	

10mm	in	front	of	the	sample	hot	face	recorded	1,000°C	(graph	in	Figure	2b).	It	took	19	seconds	

from	when	the	propane	burner	was	 ignited	until	a	 stable	 temperature	was	measured.	There	

was	 a	 time	 delay	 associated	 with	 thermocouple	 temperature	 recording,	 but	 for	 each	

measurement,	the	time	to	stable	temperature	remained	consistent.	Exposure	to	the	propane	

burner	lasted	for	120s,	300s	or	600s.		

	

		Heat	 
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Figure	2:	(a)	Sample	setup	(b)	Temperatures	recorded	by	the	thermocouple	in	front	of	flame 

			

Due	to	the	 intensity	of	 the	flame,	some	carbon	fibres	were	 lost	during	the	experiment	so	an	

accurate	reduction	in	fibre	mass	due	to	direct	exposure	to	fire	could	not	be	recorded.		

	

3. Results	and	discussion		

	3.1	TGA	

TGA	on	the	as-received	carbon	fibre	was	carried	out	to	confirm	its	oxidation	behaviour	 in	air	

and	nitrogen.	In	a	nitrogen	atmosphere	only	a	small	mass	loss	of	1.6%	was	seen	at	267°C,	this	

was	 attributed	 to	 the	 loss	 of	 the	 polymer	 sizing.	 This	mass	 loss	was	 also	 seen	 in	 air,	with	 a	

corresponding	small	peak	on	the	first	derivative	(DTG)	curve.	The	major	mass	loss	commenced	

at	 around	 500°C	 and	 continued	 to	 820°C,	 after	which	 the	 fibre	 had	 been	 fully	 oxidised	 into	

carbon	dioxide	and	carbon	monoxide.	TGA	is	given	in	Figure	3.			

	

Figure	3:	TG	curves	in	air	and	nitrogen,	and	first	derivative	of	the	mass	loss	curve	in	air	for	

TR30S	carbon	fibre	

	

(a)	 (b)	

CFRC	

Propane	flame	
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3.2	Irradiance	tests	at	50kWm
-2
	and	75kWm

-2	

Fibres	 from	 different	 plies	 of	 the	 CFRC	 exposed	 to	 50kWm
-2
	 were	 removed	 and	 examined	

under	SEM.	Only	the	underneath	ply	(P8)	had	char	residue	adhering	to	it.	No	surface	damage	

to	the	fibres	were	observed	and	no	change	in	fibre	diameter.	

At	 75kWm
-2
	 no	 char	 or	 resin	was	 found	 on	 the	 fibres	 from	 any	 ply,	 and	 all	 had	 undergone	

oxidation	 as	 seen	 in	 Figures	 4(a-c).	 Fibre	 diameter	 reduction	 to	 5.89	 ±	 0.11µm	 and	 6.65	 ±	

0.11µm	 for	 P1	 and	 P8,	 respectively.	 Fibres	 from	 P1	 had	 areas	 of	 oxidation	 along	 the	 fibres’	

striations,	while	P8	showed	uniform	surface	oxidation.	Given	the	uniformity	of	the	oxidation,	it	

was	most	likely	due	to	the	diffusion	of	gasses	through	pores	and	micro-structural	defects.	

	

Figure	4:	SEMs	of	(a)	as-received	fibre,	(b)	P1	and	(c)	P8	after	heat	testing	

3.3	Premixed	propane/air	flames	116kWm
-2	

CFRCs	lost	mass	within	the	first	minute	due	to	resin	decomposition.	Between	3	and	5	minutes	

only	a	small	amount	of	mass	was	lost	(34.4wt%	and	38.7wt%	respectively).	However,	after	10	

minutes	there	was	significant	loss	of	mass	(53.4wt%)	due	to	oxidation	of	the	carbon	fibres.	No	

char	residue	remained	on	the	fibres,	indicating	that	even	at	3	minutes,	contact	with	a	propane	

flame	(with	a	temperature	close	to	1000°C)	is	high	enough	to	burn	all	resin	from	the	CFRC.	The	

mean	fibre	diameters	for	3	and	5	minutes	were	reduced	and	within	error	of	each	other	(7.14	±	

0.17µm	 and	 6.96	 ±	 0.14µm).	 However,	 after	 10	 minutes	 there	 was	 significant	 diameter	

reduction	 (6.15	 ±	 0.13µm).	 While	 all	 fibres	 experienced	 surface	 oxidation,	 over	 3	 and	 5	

minutes,	 the	 fibres	 still	maintained	 the	 raw	 fibre’s	 inherent	 striations.	At	5	minutes,	 signs	of	

localised	surface	damage	appeared.	

After	10	minutes	larger	localized	areas	of	oxidation	(Figure	5)	were	observed.	Fibres	removed	

from	P8	of	 the	CFRC	after	10	minutes	 retained	more	of	 their	 fibre	diameter	 (6.66	±	0.12µm)	

and	showed	more	uniform	oxidation.	As	carbon	fibre	is	typically	only	92	to	96wt%	carbon	(over	

99wt%	carbon	they	become	brittle	and	are	referred	to	as	graphite	fibre),	there	are	impurities	

remaining	in	the	fibre.	On	contact	with	the	flame	these	may	be	vaporised,	creating	a	localised	

areas	of	oxidation.	Even	a	few	defects	in	the	usual	highly	ordered	structure	of	carbon	fibre	can	

have	large	effects	on	strength,	leading	to	fibre	breakage.	

	

	

	

Area	of	

oxidation 

Loss	of	
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texture	 
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Figure	5:	Fibre	removed	from	P1	of	CFRCs	in	direct	contact	with	the	flame	after	10	minutes	

	

For	 both	 exposure	 to	 the	 cone	 calorimeter	 and	propane	burner,	 fibres	 from	 the	 surface	 P1,	

had	 a	 larger	 reduction	 in	 diameter,	 with	 greater	 signs	 of	 oxidation,	 compared	 to	 those	

removed	from	the	underneath	P8.	This	 implied	that	upper	plies	provided	a	protective	barrier	

in	the	form	of	physical	shielding	and	impeded	the	flow	of	oxygen	to	the	plies	underneath.	

3.4	Irradiance	tests	at	75kWm
-2
	of	CFRC	with	15wt%	flame	retardants	

Residual	 fibre	 removed	 from	CC_DOPO	and	CC_RDP	underwent	more	surface	oxidation	 than	

fibres	 from	 the	 control	 CFRC,	with	 very	 little	 char	 attached	 to	 them.	 However,	 there	was	 a	

noticeable	reduction	 in	surface	oxidation	of	carbon	fibres	recovered	from	CC_APP,	with	fibre	

diameter	reduction	less	than	the	control	CFRC.	This	was	attributed	to	the	large	amount	of	char	

adhering	 to	 the	 removed	 fibres.	Many	of	 these	 fibres	were	encapsulated	 in	 char	 and	bound	

together.	 This	 increased	 their	 mass,	 making	 them	 less	 likely	 to	 be	 transported	 by	 wind	 to	

interfere	with	their	surroundings.	Based	on	the	char	forming	ability	of	APP	[14],	only	this	flame	

retardant	 resulted	 in	 the	 desired	 char	 formation	 and	 fibre	 retention	 effect.	 Investigation	 is	

ongoing	to	understand	the	effect	of	FRs	on	residual	fibre	properties,	including	tensile	strength	

and	electrical	conductivity.		

4. Conclusions	

TR30S	carbon	fibre	was	characterised	and	studied	under	a	range	of	heat	and	fire	conditions.		

• Exposing	carbon	fibre	to	high	temperatures	 in	a	nitrogen	atmosphere	did	not	reduce	

fibre	diameter	but	did	remove	the	polymer	sizing	(above	450°C).	

• TGA	results	showed	fibre	oxidation	began	at	550°C	with	rapid	oxidation	between	700	

and	850°C.	Above	850°C	the	fibre	was	fully	oxidised.		

• Exposing	carbon	fibre	to	a	heat	flux	of	50kWm
-2
	for	600s	caused	no	fibre	oxidation.	

• At	75kWm
-2
	 for	 600s	 there	was	 significant	 carbon	 fibre	oxidation	with	 the	dominant	

mechanism	being	diffusion	of	gasses	through	pores	and	micro-structural	defects.	

• After	 10	minutes	 of	 exposure	 to	 the	 propane	 burner	 (116kWm
-2
),	 the	 flame	 caused	

vaporisation	of	contaminant	particles	creating	sites	for	localised	oxidation.		

• The	addition	of	15wt%	APP	increased	char	formation	which	provided	protection	from	

oxidation	to	the	fibres	within	the	composite.	

292/1602 ©2022 Mckenzie et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites	Meet	Sustainability	–	Proceedings	of	the	20
th
	European	Conference	on	Composite	Materials,	

ECCM20.	26-30	June,	2022,	Lausanne,	Switzerland	

Acknowledgements	

We	are	grateful	to	Dstl	for	providing	funding	for	this	project.		

	

5. References	

	

1. Mouritz	 AP,	 Gibson	 AG.	 Fire	 properties	 of	 polymer	 composite	materials.	 Dordrecht:	

Springer-Verlag	New	York.	2006.	

2. Kandare	 E,	 Kandola	 BK,	 Myler	 P,	 Gerard	 E.	 Thermo-mechanical	 responses	 of	 fibre-

reinforced	 epoxy	 composites	 exposed	 to	 high	 temperature	 environments.	 Part	 I:	

Experimental	data	acquisition’.	J.	Composite	Materials	2010;	44	(26),	pp.	3093-3114.		

3. Kandare	 E,	 Kandola	 BK,	McCarthy	 E,	Myler	 P,	 Edwards	 G,	 Jifeng	 Y,	Wang	 YC,	 Fibre-

reinforced	 epoxy	 composites	 exposed	 to	 high	 temperature	 environments.	 Part	 II:	

Modelling	 heat	 induced	 mechanical	 property	 degradation’.	 J.	 Composite	 Materials	

2010;	45	(14),	pp.	1511-1521.		

4. Mc	Carthy	ED,	Kandola	BK,	Edwards	G,	Myler	P,	Yuan	J,	Wang	YC,	Kandare	E.	Modelling	

Flaming	 Combustion	 in	 Glass	 Fibre-Reinforced	 Composite	 Laminates.	 J.	 Composite	

Materials	2012;	47	(19),	pp.	2371	–	2384.	

5. Tranchard	P,	Samyn	F,	Duquesne	S,	Thomas	M,	Estèbe	B,	Montès	JL,	Bourbigot	S.	Fire	

behaviour	 of	 carbon	 fibre	 epoxy	 composite	 for	 aircraft:	 Novel	 test	 bench	 and	

experimental	study.	Journal	of	Fire	Sciences	2015;	33(3),	247–266.		

6. Grigoriou	K,	Mouritz	AP.	Comparative	assessment	of	the	fire	structural	performance	of	

carbon-epoxy	composites	and	aluminium	alloy	used	in	aerospace	structures.	Materials	

and	Design	2016;	108,	pp	699-706.	

7. Huang	 XS.	 Fabrication	 and	 Properties	 of	 Carbon	 Fibers,	Materials	 2009;	 2	 pp.	 2369-	

2403	

8. Inthavong	K,	Mouritz	AP,	Dong	J,	Tu	JY.	Inhalation	and	deposition	of	carbon	and	glass	

composite	fibre	in	the	respiratory	airway.	Journal	of	Aerosol	Science	2013;	65,	pp.	58–

68	

9. Feih	 S,	 Mouritz	 AP.	 Tensile	 properties	 of	 carbon	 fibres	 and	 carbon	 fibre–	 polymer	

composites	in	fire.	Compos	A	Appl	Sci	Manuf	2012;	43	(5)	pp.	765-772	

10. Yin	 Y.	 Binner	 GP,	 Cross	 TE,	 Marshall	 SJ.	 The	 oxidation	 behaviour	 of	 carbon	 fibres	 J	

Mater	Sci	1994;	29,	pp.	2250-2254			

11. Su	 F,	 Huang	 P,	 Li	 T,	 Yao	 R.	 Oxidation	 of	 Carbon	 Fibre	 and	 its	 Effect	 on	Mechanical	

Properties,	21st	International	Conference	on	Composite	Materials	2017	

12. Braun	U,	Balabanovich	AI,	 Schartel	B,	Knoll	U,	Artner	 J,	Ciesielski	M.	 Influence	of	 the	

oxidation	 state	 of	 phosphorus	 on	 the	 decomposition	 and	 fire	 behaviour	 of	 flame-

retarded	epoxy	resin	composites,	Polymer	2006;	47	(26)	pp.	8495-8508	

13. Gibson	 AG,	 Wan-Jusoh	 WNB,	 Kotsikos	 G.	 A	 propane	 burner	 test	 for	 passive	 fire	

protection	 (PFP)	 formulations	 containing	 added	 halloysite,	 carbon	 nanotubes	 and	

graphene,	Polymer	Degradation	and	Stability	2018;	148,	p	86-94	

14. Kandola	BK,	Biswas	B,	Price	D,	Horrocks	AR.	Studies	on	the	effect	of	different	levels	of	

toughener	 and	 flame	 retardants	 on	 thermal	 stability	 of	 epoxy	 resin.	 Polym.	 Degrdn.	

Stab.	2010;	95(2),	144-152	

293/1602 ©2022 Mckenzie et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20
th

 European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

USE OF CARBON PARTICLES IN FIBER/EPOXY UD LAMINATES 
 

Blanka Tomkováa
, Miroslava Pechočiaková, Jana Novotná 

a: Technical University of Liberec, Dpt. of Material Engineering, Studentská 2,  
461 17 Liberec,  Czech Republic – blanka.tomkova@tul.cz 

 

Abstract: This study focuses on changes in mechanical, thermo-mechanical, and electrical 

properties of epoxy composites reinforced with carbon or glass unidirectional (UD) roving, if the 

resin is modified with 2.5 wt% of carbon particles (synthesized graphene nanopellets, and 

milled recycled carbon fibers). Aim of this work is to study the influence of carbon fillers on 

overall composite properties, and analyse its applicability for improvement of UD epoxy 

laminates without having to significantly change the production technology. 

Keywords: roving, epoxy composite, recycled carbon fiber, unidirectional (UD) reinforcement  

1. Introduction 

High demands on fibre reinforced plastic (FRP) for structural application (e.g. the lowest 

possible weight and high load capacity) led to development of materials made from inorganic 

multifilaments embedded in polymer matrices. While the technical advantages of these FRP 

are undisputed, in recent years much attention has been paid to environmental problem they 

cause when disposed in landfills at the end of their lifetime. This problem is particularly acute 

with thermoset matrix composites. Although there are numerous attempts to their recycling, 

suitable technologies are still lagging behind the growing amount of composite waste [1].   

Therefore, the development of new  "environmentally friendly" composite laminates  is one of 

the fastest growing R&D areas in composite research. The joint idea is to develop a Bio-FRP 

from renewable and sustainable raw materials, which are as light and resilient as the classic 

FRP, and if they are bio-degradable and recyclable the better. As for the textile reinforcements, 

there has been an effort to replace inorganic fibres with natural ones (e.g. hemp or flax), 

however, for many structural composites high performance (e.g. carbon) fibres are still 

irreplaceable [2]. In these cases, the research is focused on binder modification. Many recent 

studies thus present possibilities of improvement for "green" resins or "bio-based" thermo-

plastics using different combinations of micro/nanofillers, mainly those made from recycled 

sources [3-9].  

Their selection depends, in the first place, on the property we aim to improve. When, for 

example, we focus on improvement of thermal/mechanical endurance along with electrical 

conductivity, we must consider the fact that most polymeric materials belong into category of 

insulators [10] with electrical conductivity lower than 10
-14

 S/m. To increase both, electrical 

conductivity, and thermal/mechanical properties, it is necessary to fill polymer matrix with 

sufficient amount of electro-conductive particles and/or nanoparticles, that concurrently 

support arrangement of matrix structure. From this viewpoint, electro-conductive 

carbon/graphite particles of various shapes and sizes seem like very promising material [11]. 

Their market offer is very wide [12], from chopped or milled carbon fibers, over graphene 

nanopellets, carbon black, multiwalled or singlewalled carbon nanotubes, to natural fullerens,  
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and they can be variously combined. In addition, many of them are made from recycled raw 

materials and thus meet the requirements for sustainable product development.  

And there are many other fillers (various minerals, wood-flour, chopped glass fibers, clays, fly 

ash, etc.), that are widely used in all polymer types [13]. Filler volume in structural plastics 

ranges between 15-40wt% depending on the production technology, and requirements on 

utility properties of final composite product. However, we cannot use such an amount in the 

resin that serves as the binder in FRP due to striking increase of resin viscosity in higher 

concentrations. We observed this increase at a concentration around 3wt% [14].  

Our study is therefore focused on influence of fillers' morphology on resin properties, and its 

applicability for improvement of FRP in perspective of appropriate balance between the matrix 

modification and processing requirements (e.g. resin viscosity) in FRP production. We build on 

previous research in the development of fibrous assemblies and structural composites from 

recycled sources [14-20]. For this study we modified green epoxy resin with 2.5wt% of carbon 

based fillers, which were  subsequently applied to carbon, and glass multifilaments, and 

vacuum cured to obtain fiber/epoxy UD laminates.  

2. Experimental  

2.1. Materials 

Series of composite samples with two types of common inorganic reinforcements (carbon and 

glass rovings) were prepared in following compositions: one set was embedded in neat epoxy, 

in the others the matrix was filled with selected type of carbon particles. Their weight ratio 

(2.5wt%) was set with respect to our previous works [14,17,18].  

Fibrous reinforcements 

 Carbon roving (Toho Tenax STS40 F13, number of filaments 24 000, linear density  

of roving 1 600 tex, fiber diameter 7 μm, volume density 1.77 g.cm
-3

) 

 Glass roving (Johns Manville's StarRov 086 1200,  number of filaments 2350, linear 

density of roving 1200 tex, fiber diameter 16 μm, volume density 2.54 g.cm
-3

) 

Epoxy matrix 

Bisphenol A-based low viscosity epoxy resin EnviPOXY 520 (Green epoxy from Spolchemie) 

certified EPD for significant CO2 savings in production, low oil content and high content  

of renewable resources (minimum 28wt% of bio-carbon). It was mixed with cyclo-aliphatic 

polyamine curing agent Telalit 0492 (mixing ratio 100:30 by weight).  

Carbon fillers 

Sigma-Aldrich synthesized graphite powder (GNP), and two types of milled particles from 

recycled carbon – ELG Carbon Fibre's Carbiso (CMF), and carbon web from pyrolysed acrylic 

fibrous waste (CPAN) [19,20]. Morphology of particles was controlled by scanning electron 

microscope (SEM) VEGA3 TESCAN. Perimeter of particles was determined from SEM 

micrographs using Image analysis software NIS Elements, and converted to equivalent 

diameter, see Table 1.  

295/1602 ©2022 Tomkova et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20
th

 European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

Table 1:  Geometry of used carbon fillers analysed from SEM 

Particles GNP CMF CPAN 

Equivalent  diameter*  

de [µm] 
4,3 3,3 4,8 

*The diameter of particle with assumed circular shape, that have the same perimeter p [μm] as the particles observed on the SEM  

Figure 1. Consecutive from the left: graphite powder (GNP), milled Carbiso fibers (CMF),  

milled carbon from acrylic waste (CPAN) 

Milling of carbon particles 

Carbiso fibres and carbon web from acrylic waste were milled by dry pulverization using high 

energy planetary ball milling, see Fig. 2. Carbon material was placed in 80 ml sintered 

corundum container and milled by zirconium balls (10 mm) for 30 minutes in dry state. 

Selected balls/material ratio was 10:1, rotation speed was set at 850 rpm.  

 

Figure 2.  Milling of carbon particles (https://www.fritsch-international.com/sample-

preparation/milling/planetary-mills/details/product/pulverisette-7-premium-line/) 

Composite preparation 

Composite plates 2 mm thick were made from 8 layers of carbon, and 6 layers of glass roving 

to achieve 45wt% of UD reinforcement. The layer were impregnated with pre-prepared epoxy 

resin (neat and modified), then vacuum cured for 24 hour in ambient temperature. This 

process was followed by post-curing of the resin in 60°C for 15 hours.  
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Figure 3. Production scheme for UD fiber/epoxy laminate 

 2.2  Testing methods 

Testing of mechanical properties 

Tensile device TIRA TEST 2300 (Labortech) with adjustable measurement modules and 

corresponding tensile and 3PB jaws was used for analysis of flexural and tensile properties. For 

testing of flexural properties – 3PB test EN ISO 14125, and for testing of tensile properties - 

tensile test EN ISO 527-4 were used. Impact test was run according to ISO 179-1:2010, where 

specimen is laid into horizontal position on Charpy’s hammer struts.  

Testing of thermo-mechanical properties 

Changes of elastic/plastic properties were scanned using DMA1 – 455 (Mettler Toledo) in 3PB 

mode. The specimen has been loaded as free-fixed beam. The tests have been realized in 

ambient temperature 25°C under the 1 Hz load frequency. The test time was 30 minutes. 

Alternating current (AC) conductivity 

AC conductivity AC [Sm
-1

] was measured using AGILENT 4294. The measurements were made 

in the frequency 10 kHz according to ASTM D150-98:2015. A precision analyser was used to 

measure the sample capacitance C [F] and the loss tangent. 

Electromagnetic (EMI) shielding  

Electromagnetic shielding was measured according to ASTM D 4935-10 "Standard Test Method 

for Measuring the Electromagnetic Shielding Effectiveness of Planar Materials", using Rhode 

and Schwarz FSMR Measuring Receiver. According to this Standard, the shielding effectiveness 

was analysed in frequency range from 30 MHz to 1,5 GHz, that covers frequencies from long 

radio waves to the microwave radiation in ultra high frequency spectrum. 

3. Results and Discussion 

3.1 Mechanical and thermo-mechanical properties 

Experimental measurements showed that use of carbon filling improved selected mechanical 

properties of carbon reinforced specimen (see Fig. 4), if compared to neat epoxy the ones.  

The same trend we also observed in specimen reinforced with glass rovings. 
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Figure 4. Impact strength, flexural, and tensile moduli of carbon/epoxy laminates 

We can observe almost identical results for both, composites with synthetic (GNP), and with 

recycled (CMF, CPAN) carbon filling. Comparing complex moduli E*[MPa] of neat epoxy, GNP, 

and CMF specimen via DMA analysis, the same trend showed, see Figure 5. Drop in loss factor 

tan(delta) is another factor proving the improvement of elastic properties of the studied 

composite materials, see Figure 6. 

As the filling made from synthetic graphene showed results comparable to filling made from 

recycled carbon fibers, we can state the milled recycled fibers (CMF or CPAN) have great 

potential as not only cost-effective but also environmentally friendly filling for mechanical 

improvement of composites. 

 

Figure 5. DMA analysis of carbon/epoxy laminates -  complex modulus 
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Figure 6. DMA analysis of carbon/epoxy laminates -  loss factor 

3.2. Electrical properties 

Results for surface conductivity and EMI shielding are shown in Figure 7. It is obvious that 

carbon filling shifted the conductivity of a material, especially when non-conductive fibers 

(glass roving) are the reinforcement. In this case material shifted from highly insulating to 

antistatic category, which is very important transformation for many technical applications of 

such plastics, as it reduces the danger of electrostatic charge. The change of electric 

conductivity also corresponds to the increase in EMI shielding effectiveness. The increase of 

efficiency over 10 dB falls within minimum requirements for least shielding effectiveness of 

protective materials, that expands the potential of glass/epoxy UD laminates in technical 

applications. 

 

Figure 7. Consecutive from the left:  AC Conductivity AC [Sm
-1

] of glass/epoxy laminate and  

EMI shielding effectiveness of epoxy composites 
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4. Conclusion 

When summarizing the results of experiment, it can be stated that carbon filled FRP 

composites performed better properties than those with neat epoxy. It shows carbon fillers 

have great potential for improving the properties of FRP. As an example, we can mention the 

production of rotor blades, where the researches aim to improve their mechanical properties 

while maintaining (or reducing) their weight [21].  

Theoretically, the simplest way, how to improve its mechanical properties, is to increase  

the volume fraction of fiber reinforcement, as we can see e.g., when elastic modulus 

prediction is applied using a simple mixing rule. The problem is, that this modification also 

leads to an increase in the weight of the structure. If the standard blade from glass/epoxy 

laminate contains 50% of glass fibers (calculated modulus is approx. 38 GPa), the laminate has 

a density of about 1650 kg.m
-3

, but at a volume ratio of 60% (calculated modulus is approx.  

45 GPa) it already has 1800 kg.m
-3

, which is weight gain 150 kg per cubic meter. For a blade 

with working area of 5 000 m
2
 and thickness of 0.01 m, this means mass increase of  

7.5 tonnes. When we use a suitable carbon filler instead, at volume composition 

glass/epoxy/filler – 50/47.5/2.5 we calculate modulus approx. 44 GPa, while density shifts to 

1692 kg.m
-3

, which in abovementioned blades means mass increase of 600 kg only [22]. 

Another problem are current production technologies (lamination into a negative form or 

winding of rovings on a positive form), where real composite structure reach maximum fiber 

volume fraction between 45-55%. These facts point to areas where carbon fillers can make  

a significant contribution to improvement of structural composites. 

It is also remarkable that comparable results as for synthetic graphene were achieved for 

particles made from recycled carbon fiber sources. Use of such material supports the 

ecological aspects in design, development, and processing of new fiber/polymer composites. 

Although we have not yet explored all the links between filler content and overall performance 

of studied FRP composites, it is obvious, these materials deserve more detailed studies on 

microstructure, morphology and material properties, as well as on improvements in composite 

samples fabrication. This is main challenge for future work.   
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Abstract: The aim of CerTest is to develop the building blocks that enable lighter, safer and 
more cost efficient composite aerostructures. The research will result in a new approach for 
integrated high‐fidelity structural testing and multi‐scale statistical modelling through Design 
of Experiments (DoE) and Bayesian Learning. The underlying assumption is that it is possible to 
develop a more cost/performance optimised philosophy, by reducing the level of physical 
testing, especially in the bottom/top levels of the test pyramid. Instead, structural behaviour is 
accounted for in a new culture of virtual design and validation that promotes a change towards 
virtual testing, enabling reduction of empiricism, mass savings, expansion of the design and 
performance envelopes, and reduction of design costs and associated development time.  

Keywords: Performance validation, Composite aero-structures, Sub-component testing, Multi-
scale modelling, Bayesian learning, Design of Experiments 

1. Introduction  

Evidence has emerged, that current test, simulation and certification approaches, as outlined 
by the generally adopted “building block” approach [1], inhibit the efficient exploitation and 
optimisation of advanced composite aerostructures. The Programme Grant “Certification for 
Design: Reshaping the Testing Pyramid” or “CerTest” funded by the UK Engineering and 
Physical Sciences Research Council [2],[3] seeks to break this impasse. The academic partners 
are the Universities of Bristol, Bath, Exeter and Southampton. Industrial partners include Rolls 
Royce, Airbus, GKN Aerospace and BAE Systems. CerTest is also supported by the Alan Turing 
Institute and The National Composites Institute (NCC), Bristol, UK.  

The aim of CerTest is to develop the building blocks that enable lighter, safer and more cost 
efficient composite aerostructures. The research will result in a new approach for integrated 
high-fidelity structural testing and multi-scale statistical modelling through Design of 
Experiments (DoE) and Bayesian Learning. The underlying assumption is that it is possible to 
develop a more cost/performance optimised philosophy, by reducing the level of physical 
testing, especially in the bottom/top levels of the test pyramid. Instead, structural behaviour is 
accounted for in a new culture of virtual design and validation that promotes a change 
towards virtual testing, enabling reduction of empiricism, mass savings, expansion of the 
design and performance envelopes, and reduction of design costs and associated development 
time.  
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2. Research challenges 

The CerTest research activities are broken down into 4 key research challenges: 

3. RC1: Development and validation of a multi-scale statistical modelling framework 
incorporating Bayesian statistics, iterative solvers, and model order reduction 
techniques to predict load response, damage initiation and progression in complex 
composite and structures, including the impact of as-designed subsurface features, 
manufacturing variability, damage and their statistical distributions.  

4. RC2: Development and validation of non-destructive evaluation (NDE) toolsets for 
intrinsic meso-scale features, both as-designed and deviations from design, that can be 
applied throughout the design and manufacture of composite aerostructures. The 
toolset will provide an understanding of feature growth and impact on component 
performance, leading to a knowledge base of structurally important features and in-
service damages.  

5. RC3: Development and validation of novel data-rich experimental techniques to 
characterise evolving stress and strain due to features, defects and damage and the 
impact with respect to performance and strength. Furthermore, CerTest develops and 
validates a novel high-fidelity paradigm for data-rich testing, incorporating full-field 
imaging and a hybrid testing platform, for composite aerostructures subjected to 
complex loading.  

6. RC4: Integration of data-rich experimental procedures for testing of large composite 
aero-structures and predictive statistical and multi-scale computational models by 
developing data processing and a closed input/feedback loop based on novel Bayesian 
Learning and DoE techniques.  

A schematic of the CerTest research challenges and their interdependence is shown in Figure 
1. 

Figure 1. Schematic overview of CerTest research challenges and focus on the sub‐structure 
and component test tier  
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2. CerTest research hypotheses  

An underlying hypothesis for CerTest is that reliance on physical testing can be reduced by 
developing the mid-tiers of the testing pyramid.  It is at these length scales that are 
characterised by complexity wrt. material composition, geometric features and load states 
that, where model benchmarking and validation can be conducted via sufficiently realistic and 
thus complex complex sub-structure and component tests. The merger of physical test and 
modelling data, is conducted via a Bayesian inference process or loopomn, which is illustrated 
in Figure 2.  

Figure 2. Simplified overview of dataflow in Bayesian processes in CerTest 

3. Summary and outlook 

CerTest is about halfway through its funding period, and substantial research has been 
conducted with a focus on multi-scale modelling, characterisation of feature and 
manufacturing defects in aerospace composite parts, NDE and experimental method 
development in the 4 research challenges. Presentations covering this research 
corresponding to RC1, RC2 and RC3 mainly will be presented at the ECCM20.  

The current focus, in addition to advancing the research mentioned above, is to develop 
and validate a Bayesian based Design of Experiments approach to facilitate the validate 
the multi-scale models, as well as to define and deploy a series of demonstrator cases, 
where parts or the entirety of the CerTest methodology will be deployed and 
benchmarked against current validation processes used by aerospace industry. 
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Abstract: An aerospace grade carbon fibre/epoxy laminate with increased fracture toughness 

and the ability to repeatably repair delamination damage through a scalable phenoxy 

thermoplastic interleaving method is here-in reported. Compared to a neat carbon fibre/epoxy 

reference laminate, an increase in the propagation critical strain energy release rate (GIC-

propagation) of over 430% is achieved. Recovery of interlaminar fracture toughness of delaminated 

specimens is realized after a simple compression moulding repairing cycle at elevated 

temperature. The GIC-propagation and peak load of interleaved specimens remains greater than the 

reference composites after five fracture and repair cycles. These results were achieved with 

laminates containing only 1.0 wt.% phenoxy and a fibre volume fraction >50 %. Moreover, in-situ 

damage sensing through monitoring electrical resistance has been established alongside a 

repeatably repairable composite for the first time, with specimens showing an increasing 

correlation of resistance change to delamination length after the first repair cycle. 

Keywords: Carbon fibre reinforced composite; multifunctional composites; phenoxy; repairing; 

damage sensing 

1. Introduction 

Advanced fibre reinforced composite materials are being increasingly adopted in engineering 

applications to replace metals in multiple engineering sectors, primarily in automotive, 

aerospace and renewable energy technologies. The reduction in weight with similar or greater 

in-plane stiffness increases fuel efficiency, thereby reducing costs for large structural parts. 

However, the orthotropic nature of laminated composites results in poor out-of-plane 

properties such as impact resistance and interlaminar fracture toughness.  

The highly crosslinked chemistry of aerospace grade epoxy matrix composites means damage 

sustained during service life cannot be repaired without first removing or replacing the damaged 

area, usually through adhesively bonded patches or scarfs [1]. The addition of thermoplastics 

such as EMAA [2,3] or PCL [4,5] have been used to achieve both tough and easily repairable 

fibre-reinforced composites. Unfortunately, most current thermoplastics either produce 

volatiles during the healing process, and/or possess relatively low melting temperatures (Tm) 

and below room temperature glass transition temperature (Tg), restricting their use in high 

temperature environments and reduce flexural properties and in-plane stiffness. In this work, a 

simple repairing route via thermoplastic interleaves is presented which can significantly toughen 

the composite laminates and restore the out-of-plane toughness after a repairing process. A 
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thermoplastic glass transition temperature above 90°C makes this system compatible for high 

temperature structural composites, which has not until now been achieved. 

Second, continuously measured property changes within composites during service-life can be 

correlated to the propagation of their internal damages. Changes in electrical resistance within 

fibre reinforced composites as a result of various damage modes have been previously 

investigated to assess structural health [6-8]. In this paper a repeatably repairable composite is 

presented alongside a structural health monitoring system based on electrical method. The 

benefits to an integrated damage sensing and repairing solution are manyfold, not only in terms 

of reducing costs for industry through greatly increased service-life and remote damage 

localization, but also increased safety for end users and greater sustainability in composites 

through a policy of reusing rather than recycling. 

2. Experimental 

2.1 Materials 

The fibre-reinforced composite system consisted of a high strength cross-ply carbon fabric from 

Formax (UK), with an areal weight of 303 g/m2, and MVR444, a 2-part aerospace grade epoxy 

from Cytec Ltd. (UK). Polyhydroxy ether of bisphenol A (Phenoxy™) in pellet form were procured 
from InChem®, with a specified average molecular weight (Mw) of 52,000 Da. The particular 

molecular weight grade, designated PKHH, possesses a glass transition temperature (Tg) of 92°C 

and a melt flow index (MFI) of 4g/10minutes at 200°C. A polytetrafluoroethylene (PTFE) release 

film (A6000®) of 12μm thickness was used to act as the specimen pre-crack and was supplied 

from Aerovac Systems Ltd. 

2.2 Composite preparation and manufacture 

Interleave fabrication. Thin continuous films of phenoxy were prepared using a melt-

compounding method. Pellets of pre-dried phenoxy were first heated to 240°C within a Dr Collin 

P3100 E Hot Press and then directly compression moulded at a pressure of 240bar. The 

fabricated interleaves had an average thickness of between 120μm and 130μm. 

Fabrication of fibre-reinforced composites. 24-ply laminates were fabricated in a [0,90,90,0]3S 

lay-up. For interleaved laminates, phenoxy films were placed between the two mid-plies of the 

lay-up, covering approximately one half of the mid-ply fabric area, with the remaining midply 

area occupied by a PTFE film to generate the desired pre-crack. Laminates were fabricated using 

a vacuum-assisted resin infusion (VARI) technique, the details of which can be found in our 

previous work [9]. The designed curing cycle consisted of a ramp from 30°C to 120°C at 

3°C/minute and held for 2 hours, followed by a post-cure at 180°C for a further 3 hours. The 

calculated estimate of fibre volume fraction for both neat carbon fibre/epoxy and phenoxy 

interleaved laminates was 0.54. 

2.3 Characterization  

Specimens were cut from cured panels with approximate dimensions of 130mm in length and 

20mm in width and then prepared for double cantilever beam (DCB) testing in accordance with 

ASTM D5528 [10]. Specimens were tested using an Instron 5566 universal testing frame with a 

1kN load cell at a crosshead speed of 1mm/minute. At least 4 reference and 4 interleaved 

specimens were tested. Crack advancement was visually observed using a traveling optical 
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microscope and crack growth was recorded manually and correlated to load-displacement data 

in order to determine GIC-propagation values.  

Fractured specimens were repaired by hot pressing at 180°C, after a 10 minute pre-heat step. 

Specimens were pressed at 50bar for 2 minutes, followed by continued pressing while cooling 

to a temperature below the Tg of the phenoxy (92°C).  

The fractured surfaces of specimens from Mode-I testing were examined through scanning 

electron microscopy (SEM) using an Inspect™ F from FEI Company (Netherlands). Specimens 
were sputter coated with either an Au or Au/Pd target before inspection with a 10kV 

accelerating voltage.  

Measuring change in electrical resistance during Mode-I testing was achieved by attaching 

copper wires to the specimen edges using a silver loaded epoxy adhesive, separated by the PTFE 

pre-crack. Resistance values were recorded with an Agilent 34401A digital multimeter 

connected to a LabVIEW program.  

3. Results 

3.1 Load-displacement curves & R-curves 

A representative load-displacement curve to indicate crack growth behavior in the phenoxy 

interleaved specimens during the 1st, 3rd and 5th tests is given in Figure 1a.  During the first 

test, reference specimens of carbon fibre/epoxy exhibit a moderately unstable crack 

propagation characterized by multiple small load drops and a peak load of approximately 33N 

and a reference GIC-propagation of 0.34kJ/m2.  

 

Figure 1. a) The representative load-displacement curves of PKHH interleaved and reference 

composites, showing the changing fracture behaviour after each repairing cycle, b) associated 

R-curves, showing the decrease in average GIC after each repair cycle. 

The fracture behaviour for reference composites is typical of the brittle fracture associated with 

highly crosslinked epoxy matrices. Reference specimens are incapable of repair by the hot-press 

method and therefore only the first test is presented as a comparison to interleaved specimens’ 
fracture behaviour after multiple repairing cycles. Phenoxy interleaved specimens show a 

dramatic increase in peak load and a stick-slip crack growth behaviour as a result of the 
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thermoplastic toughening. After each repairing cycle, the peak load decreases and the stick-slip 

behaviour becomes less pronounced and a more stable propagation emerges.  

The corresponding representative R-curves for each load-displacement curve is presented in 

Figure 1b. The rising nature of the R-curve in interleaved specimens is apparent, while the stick-

slip behaviour of specimens in the 1st test results in a large variation in individual GIC values 

along the delamination length. This behaviour diminishes after each repairing and coincides with 

the stable crack propagation observed in the load-displacement curves.  

3.2 Interlaminar Fracture Toughness & Peak Load  

The summarized calculated GIC-propagation and determined peak load (Pmax) values for phenoxy 

interleaved specimens after each repair cycle is given in Figure 2. In the 1st test, interleaving 

phenoxy dramatically increases the GIC-propagation value by 432%, from 0.34kJ/m2 to 1.81kJ/m2, a 

similar result found in our previously reported work [9]. The Pmax is increased by 110%, from 

34.7N, to 72.9N. After the first repair cycle (2nd test), the GIC-propagation decreases from 1.81kJ/m2 

to 0.62kJ/m2, 34% of the pristine toughness. With each subsequent repair and re-fracture, the 

GIC-propagation continues to decrease, but at a low and consistent rate, remaining after 5 complete 

delaminations greater than the reference toughness. This result demonstrates that phenoxy 

interleaved composites can be repaired multiple times with a GIC-propagation in each test greater 

than that of the reference carbon fibre/epoxy composite.  

The Pmax after the first repair cycle is 72.1N, a 99% retention compared to the first test max load, 

but then decreases linearly with each subsequent repair cycle. The maximum load is expected 

to decrease with each repair cycle as some of the polymer chain lengths are severed after each 

delamination, effectively reducing the average molecular weight of the thermoplastic along the 

interface between fracture surfaces. There will also be damages to the areas of low 

thermoplastic concentration such as intralaminar fibre damage and epoxy matrix cracking, 

which aren’t repaired and so reduce the peak load in subsequent tests. 

 

Figure 2. Summarized GIC-propagation and peak load values for PKHH interleaved composites after 

each repairing cycle. GIC-propagation is increased more than four-fold by the introduction of PKHH 

interleaves. The toughness after repairing is significantly reduced but remains greater than the 

reference after 5 fracture tests.   
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3.3 In situ damage sensing 

Changes in electrical resistance during each interlaminar fracture toughness test were recorded 

and used to correlate the damage state within the composite to its internal electrical properties. 

The change in resistance compared to the undamaged state is assessed qualitatively as a suitable 

method for condition-based maintenance within phenoxy interleaved composites. 

 

Figure 3. In situ damage sensing curves for a reference carbon fibre/epoxy laminate, showing a 

steady increase in percent change in resistance with the propagating crack during Mode-I 

loading. 

 

Figure 4. In situ damage sensing results of phenoxy interleaved composites during the first 

fracture and each subsequent repair and re-fracture, up to the 4th test. 

Reference specimens were tested as a baseline for correlation between electrical resistance 

change and the load-displacement characteristics. As shown in Figure 3, the change in resistance 

increases steadily with the crack propagation, indicating that there is sufficient carbon fibre 

bridging and the change in resistance method as a good measure of the damage state within the 

composite for a condition-based maintenance approach.  
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In contrast, Figure 4 shows the representative results for phenoxy interleaved composites from 

the 1st through 4th tests. During the 1st test, the resistance increases with the first instance of 

crack growth, but then remains similar or largely unstable for the remainder of the crack 

propagation, indicating that the through-thickness conductivity is dissimilar along the length of 

the composite. This finding is in consistent with previous literature where insulating 

thermoplastic interleaves are placed to block the electron pathways [11]. After the first repairing 

and retest, the initial resistance decreases from 653Ω to 7.72Ω, while the change in resistance 
becomes more correlated with the load drops associated with the crack propagation. The 

through-thickness of the composite becoming more conductive is attributed to the reduced 

thickness of the insulating thermoplastic midplane due to the pressure applied during the 

repairing process.  

3.4 Fractography 

 

Figure 5. a) reference carbon fibre/epoxy laminate fracture surface, showing a good bonding of 

epoxy to carbon fibres and relatively smooth matrix fracture, b) phenoxy interleaved 

composites after the first test, showing attached and pulled of PKHH, c) phenoxy interleaved 

composites after the 5th fracture, showing similar morphology to after 1st fracture. 

SEM of fracture surfaces after DCB testing was undertaken to ascertain and compare the 

differences in morphology of phenoxy interleaved composites both before and after the 

repairing process. The reference specimen without phenoxy in Figure 5a highlights the 

representative fracture surface of a neat carbon fibre/epoxy reference laminate, showing a 

complete coverage and bonding between epoxy and carbon fibres. The smooth surfaces are 

typical of the brittle fracture process associated with highly crosslinked thermoset matrix 

composites.  
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In the case of phenoxy interleaved composites, SEM images of the fracture surfaces taken after 

the 1st fracture, Figure 5b, show carbon fibres covered by a layer of a predominantly 

thermoplastic phase, identified by the more complex morphology. However, some of the 

phenoxy which surrounds the carbon fibre is seen to have been peeled off during the fracture 

process, leaving behind the exposed carbon fibres. After the 5th fracture test, Figure 5c, a similar 

morphology is seen in comparison to the 1st test, with some carbon fibre areas coated with 

phenoxy, while in other areas, the phenoxy has been effectively peeled from the fibre surface.  

These fracture surfaces provide key evidence to explain the associated toughening and repairing 

results. Before the first test, the phenoxy is presumed to be well-coated on most fibre surfaces 

with a very favourable compatibility. The energy required for fracture is greatly increased as a 

result, with both adhesive failure (between phenoxy and carbon fibres) and cohesive failure 

(within the phenoxy phase), shown by the partially peeled off phenoxy layer. After the first 

repairing cycle, the phenoxy is able to bridge fracture surfaces and provide the observed 

repairing, but may be unable to bond with the carbon fibre to the same degree as before; during 

the curing and phase separation process. Therefore, the 2nd  test GIC-propagation will be significantly 

reduced. The morphology of fracture surfaces after each subsequent repair and test is shown 

by the SEM images to not change significantly, explaining the slower decrease in GIC-propagation 

between the 3rd, 4th and 5th tests.  

Furthermore, the evidence of peeled off phenoxy from carbon fibres as shown in Figure 5b-c will 

expose conductive carbon fibres on the fracture surfaces. This in turn will increase the midplane 

conductivity and may be a further physical mechanism in the more sensitive damage sensing 

results after the 1st fracture, as seen in the results for in situ damage sensing. 

4. Conclusions 

Carbon fibre epoxy composites were manufactured with a small loading of phenoxy through a 

simple and scalable midply interleaving method. Interleaved composites showed an initial 430% 

increase in fracture toughness compared to a reference carbon fibre/epoxy laminate. An initial 

repairing efficiency of 34% was reported, determined as the retention in GIC-propagation compared 

to the original toughened laminate. Interleaved laminates were capable of repair to a level 

greater than the original toughness of the reference laminate, even after five DCB fracture tests 

to the same specimen. Scanning electron micrography of fracture surfaces provides an 

explanation to the observed toughening and repairing results. Fracture toughness after the 1st 

repairing is reduced due to the adhesive peeling of between phenoxy and carbon fibres, which 

occurs during the 1st fracture, and which cannot be completely reestablished by the repairing 

regime. The similar fracture surface morphology between interleaved specimens after every 

fracture shows why subsequent repairing will result in a very gradual decrease in GIC-propagation 

and multiple cycles of repair are possible. Results from in situ damage sensing show that the 

initially insulating midply region of interleaved laminates provides a poor correlation between 

change in resistance and crack propagation. After the 1st repair, there is a significant decrease 

in initial through-thickness resistance and the change in resistance against crack propagation is 

well correlated thereafter, providing a means to predict the damage state within repairable 

composites. This behaviour is attributed to the use of external pressure applied during the 

repairing regime which will also reduce the size of the mid-ply region. In short, a novel 

repeatably repairable and toughened composite has been developed for the first time alongside 

an in situ damage sensing strategy for the purposes of extending the service life of fibre 
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reinforced composites. Increased fracture toughness with a favourable repairing efficiency and 

a quantitative method to assess the damage state after the 1st repairing cycle is a proof of 

concept that both damage sensing and repairing composites after thermoplastic interleaving is 

achievable. 
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Abstract: At service temperatures, ultra–high molecular weight polyethylene (UHMWPE) is a 

highly viscoelastic (VE) material due to its low glass transition temperature (≈-113 oC). Since the 

mechanical response changes over time, the ability to predict and improve its performance over 

lifetime is an engineering concern. Adding short carbon fibers (SCF) as reinforcement (10 wt%) is 

expected to improve the material instant and long-term properties. VE relaxation functions for 

UHMWPE and composite at different temperatures (25-100 oC) are obtained from experimental 

data used to find parameters in a Schapery’s type linear VE model. Then, relaxation functions of 

the SCF (randomly distributed) composite are predicted using the quasi-elastic approach. The 

results show that fibers affect positively the VE properties of UHMWPE and that the temperature- 

and time-dependent matrix behavior affects the stress transfer to fibers However, due to 

uncertainty regarding the input parameters, limiting the applicability of the chosen quasi-elastic 

approach, the quantitative agreement is not perfect. 

Keywords: reinforced thermoplastic; stress relaxation; viscoelasticity; quasi-elastic approach 

 

1. Introduction 

Ultra–high molecular weight polyethylene (UHMWPE) is a linear semi crystalline polymer, with 

mechanical properties dependent on both phases, crystalline and amorphous, giving to the 

material low glass transition temperature (Tg ≅ -113 oC). Therefore, at service temperatures, 

UHMWPE is highly viscoelastic (VE) with characteristics such as low modulus and hardness, and 

high creep rate, which significantly limits its applicability, especially when long-term behavior is 

requested. 

Since even under low loading conditions the UHMWPE behaves viscoelastically, with mechanical 

properties (i.e. creep and stress relaxation) that are rate and temperature-dependent, the ability 

to predict its performance over lifetime (long-term) is an important engineering concern, [1]. 

However, to be able to predict the long-term material behavior, long-time tests must to be 

performed. As an alternative, the time-temperature superposition principle (TTSP) is widely 

used in polymer science upon linear VE data to estimate long-term properties of polymer-based 

materials from short-term tests [2]. 

As UHMWPE usually exhibits unsatisfactory performance for engineering applications, one way 

to improve its long-term mechanical properties is through reinforcement of such polymer [1,3]. 

The addition of fiber reinforcements generally improves the overall performance and properties 

of the composite. According to Vadivel et al. [3], short carbon fibers (SCFs) have the potential to 

improve the polymer long-term properties and also provide a good interface with the UHMWPE 

matrix when compression molded. 
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Experimental measurements are the most direct method to explore the effect of constituents 

and microstructural parameters of fiber reinforced polymer behavior, however, they are usually 

costly and time-consuming. Therefore, accelerated methodology which includes experimental 

and theoretical tools is needed for faster development of polymer-based materials [4]. If the 

composite fiber orientation state is known, micromechanics-based models could be used for 

predicting the effective mechanical properties of such reinforced composites. 

In this context, this research aims to estimate the UHMWPE/SCF composite viscoelastic 

properties through experimental stress relaxation data for pure UHMWPE at different 

temperatures, identifying relaxation functions in a Schapery’s type linear VE model. Then, the 

so called quasi-elastic approach is used to simulate relaxation functions for composite. In this 

approach, the composite relaxation function in an arbitrary instant of time is calculated utilizing 

elastic expressions where the matrix relaxation function’s value at that instant is used. 

Micromechanics-based model is applied to simulate the VE behavior for a short fiber composite 

with a given fiber orientation distribution and length correction factor. Shear lag model is used 

to calculate the length factor. The simulated relaxation curves are compared with test data for 

composites and the applicability of the quasi-elastic approach and used model is assessed. 

2. Theoretical considerations  

2.1 Viscoelastic material model 

A modified Schapery’s thermodynamically consistent linear viscoelastic (VE) material model is 
used, Eq. (1). In the used thermo-rheologically simple (T-R simple) model viscoplastic (VP) effects 

are not considered and just uniaxial tensile loading (1-D) is described. In this study, data 

reduction for the matrix and the composite, simulations and analysis will be performed 

separately for each temperature and, therefore, introduction of time–temperature shift factors 

and master curves is unnecessary  

 𝜎(𝑡) = 𝐸𝑟𝜀 + ∫ Δ𝐶(𝑡 − 𝜓) 𝑑(𝜀)𝑑𝜓𝑡
0 𝑑𝜓 (1) 

 Δ𝐶(𝑡) = ∑ 𝐶𝑚𝑒𝑥𝑝 (− 𝑡𝜏𝑚)𝑚  (2) 

where, 𝜏𝑚 are relaxation times and 𝐶𝑚 coefficients in Prony series, which are constants, 

different for tests and simulations at different temperatures (T). The same type of material 

model is applied for both, the matrix and the composite. 

In an idealized relaxation test, where strain 𝜀0 is applied at 𝑡 = 0 as a Heaviside step function, 

the stress relaxation, according to Eqs. (1) and (2), is given by 

 𝜎𝑟𝑒𝑙 = 𝜀0 [𝐸𝑟 + ∑ 𝐶𝑚𝑒𝑥𝑝 (− 𝑡𝜏𝑚)𝑚 ] (3) 

In Eq. (3), the expression in brackets is the stress relaxation function, where its value at 𝑡 = 0 is 

the epoxy glassy modulus. Eq. (3) together with relaxation test data, is often used to find the 

coefficients 𝐶𝑚 in the Prony series. 

In case of loading-holding (L-H) tests performed in this study, the strain is not applied as a 

Heaviside step-function (Eq. 3) It will increase from zero to 𝜀0 over a finite time 𝑡1. Therefore, in 

the L(𝑡1)-step during the time interval 0 < 𝑡 ≤ 𝑡1, stress is given by 
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 𝜎(𝑡) = [𝐸𝑟 𝑡𝑡1 + 1𝑡1 ∑ 𝐶𝑚𝜏𝑚 (1 − 𝑒𝑥𝑝 (− 𝑡𝜏𝑚))𝑚 ] 𝜀0,     𝜀 = 𝜀0 𝑡𝑡1  (4) 

In the H(𝑡∗)-step, where the strain is held constant in the time interval  𝑡2 > 𝑡 ≥ 𝑡1, stress is 

given by 

 𝜎(𝑡) = [𝐸𝑟 + 1𝑡1 ∑ 𝐶𝑚𝜏𝑚𝑒𝑥𝑝 (− 𝑡𝜏𝑚) (𝑒𝑥𝑝 ( 𝑡1𝜏𝑚) − 1)𝑚 ] 𝜀0,    𝜀 = 𝜀0 (5) 

2.2 The quasi-elastic approach 

The quasi-elastic approach is very efficient in calculating relaxation functions of composites 

based on known relaxation functions of constituents. The value of the composite relaxation 

function at time instant 𝑡 is calculated using micromechanics expressions from linear elasticity, 

using for VE constituents their relaxation function values at the same time instant. Theoretically, 

this approach is not correct, because the correspondence principle between elastic and VE 

solutions is valid in Laplace domain, not in the time domain. However, as shown by Schapery, 

the error by using this approach in time domain is rather small in cases where functions are 

changing monotonously as it is in an idealized relaxation test described by Eq. (3). More details 

about the inversion methods between time- and Laplace-domains and their accuracy can be 

found in Park et al. [5]. 

2.2.1 Micromechanics-based model 

Among the several micromechanics-based models that consider the effects of physical 

properties and/or geometric parameters of individual phase components for the prediction of 

effective macroscopic mechanical properties of heterogeneous polymeric composite materials, 

rule of mixture (ROM) for long fiber composites is the simplest one [4]. Nonetheless, regarding 

short fibers reinforced composites, ROM has limited applicability. However, due to simplicity 

and practical issues, ROM has been modified (MROM) based on experimental or numerical data 

to fit the curves. Therefore, empirical formulas are generally employed to obtain better 

agreement with experiment. 

Approximate models are available to predict the elastic properties of composites reinforced by 

randomly distributed short fibers by introducing correction factors in ROM. The used MROM 

adopts the following assumptions: a) fibers are randomly distributed in 3-D (𝜂𝜃 = 0.2); b) 

perfect bonding between fiber and matrix; and d) introduction of the correction factors of fiber 

length efficiency (𝜂𝑙) to reflect the stress distribution in the fiber. 

Applying the expressions for the VE case, the matrix related terms become time-dependent. 

Therefore, in the loading direction, the stress distribution in the composite (𝜎𝑐) will be given by, 

 𝜎𝑐 = (𝜂𝜃𝜂𝑙(𝑡)𝑉𝑓𝐸𝑓 + 𝑉𝑚𝐸𝑚(𝑡))𝜀𝑐(𝑡) (6) 

for, 

 𝜂𝑙(𝑡) = (1 − 2𝑟𝑓𝑙𝑓𝛽(𝑡) tanh 𝛽(𝑡) 𝑙𝑓2𝑟𝑓) (7) 
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 𝛽(𝑡) = √ 2𝐺𝑚(𝑡)𝐸𝑓 12 ln ( 1𝑉𝑓) (8) 

 𝐺𝑚(𝑡) = 𝐸𝑚(𝑡) ∙ 12(1 + 𝜈(0)) (9) 

where 𝐸𝑓and 𝐸𝑚 are the elastic moduli of the fiber and matrix, respectively. 𝑉𝑓 and 𝑉𝑚 are fiber 

and matrix volume fraction. 𝜀𝑐 is strain applied to the composite. 𝜂𝜃 is the orientation efficiency 

factor and 𝜂𝑙  the length correction factor. 𝑟𝑓 is the fiber radius, 𝑙𝑓 is the fiber length. 𝛽 is the 

shear lag parameter, 𝐺𝑚 is the matrix shear modulus and 𝜈(0) the instant value of Poisson’s 
ratio, which in calculations is assumed T-independent. 

3. Material, manufacturing and test routines 

3.1 Material and manufacturing 

The polymer used as matrix was the MIPELON UHMWPE XM-220 powder (Mitsui Chemicals, 

Japan) with an average particle size of 30 μm, a molecular weight of 2 x106 g/mol, a density of 

0.4 g/cm3, modulus about 1.00 GPa, tensile strength of 20 MPa and 𝜈 equal to 0.46. 

The short fiber used was a carbon fiber (SCF) provided by Toho Tenax America Inc (Tenax-A HT 

M100 100 μm), with an average length of 124 ± 62 μm, diameter of 7 μm, modulus of 225 GPa, 
tensile strength of 4.28 GPa, elongation at break of 1.9%, and bulk density of 1.82 g/cm3. 

The manufacturing of the neat polymer and composite samples was in two steps: first, a dry ball 

milling was used to mix the UHMWPE powder (for neat polymer samples) and UHMWPE with 

SCF (for composite samples manufacture) powder for 5 min at 100 rpm with 250 Zirconia balls 

of 5 mm diameter. Then, the powder compositions, neat polymer and UHMWPE/SCF (10 wt%), 

were formed by compression molding process at 190 °C for 70 minutes, with several short 
pressing cycles of 105 kN. The final samples size was ≅ 160 x 18 x 4 mm3. 

3.2 Tensile tests 

Loading-holding (L-H) tensile tests, described with equations in section 2.1, were performed on 

neat UHMWPE and UHMWPE/SCF (10 wt%) composites specimens, with gauge length 100 mm, 

using an ElectroplusTM E3000 Instron machine, with a load cell of 5 kN and mechanical grips.  

Axial strain was measured using an Instron 2620-601 dynamic extensometer, with 50 mm gauge 

length. To prevent sample slipping in the clamping area and sliding of the extensometer, pieces 

of sandpaper were used. The time, strain and load acquisition rate was 1 Hz. All tests were 

performed in strain-control mode. To test at different temperatures (T=25, 40, 60, 80, 90 and 

100 ⁰C) an Instron environmental chamber 3119-005 was used. To verify the reliability of the 

chamber regarding the set T, a thermocouple type K was used and a T vs. t curve was provided. 

Before the mechanical test, the specimen was held at 0 N while the T of the chamber was 

increasing to the set mechanical test T. This step was in load controlled mode to prevent buckling 

due to the weight of the extensometer and to allow for free expansion. The T was held constant 

for 30 min, to allow the sample to reach thermal equilibrium. Then, the VE response was 

measured in L-H tests at constant temperature in the range 25 to 100 ⁰C. The L-H test consisted 

of two steps: 
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1. L-step: where strain increased linearly with time, reaching 𝜀0 = 0.3% in 𝑡1 = 60 𝑠. 

2. H-step: where 𝜀0 was held constant for a time 𝑡∗=120 min and stress relaxation was recorded. 

After all L-H tests, the mechanical response was reversible and strains fully recovered after the 

H-step in a time interval ≥15t* at the same test T, or during an accelerated recovery for time 𝑡∗at 20 oC higher temperature than the test T. Absence of irreversible strains is requested for 

using Eqs. (4-5). During the whole process only one resin sample and one composite sample was 

used and they were never removed from the testing machine or grips released, as 

recommended by Nunes et al. [6]. 

4. Results and discussion 

4.1 Mechanical response of UHMWPE in L-H tests at different temperatures  

For the UHMWPE specimen the L-H tests were performed at 6 different temperatures (𝑇 =25, 40, 60, 80, 90 and 100 ⁰C). Using the stress data from this test and Eqs (4) and (5), Prony 

coefficients for each test temperature were found by fitting. The experimental stress data for 

40 and 60 oC test T and fitting curves are shown in Figure 1a. Fitting accuracy is excellent. The 

fitting coefficients 𝐶𝑚, are shown in Table 1. 

 
Figure 1. Stress relaxation for UHMWPE sample: a) experimental stress curves and fit in L-H(120 

min) test with 𝜀0= 0.3% at T=40 oC and 60 oC; and b) simulated stress relaxation curves in ideal 

relaxation test at 𝜀0= 0.3% for six constant testing T 

Then, the Prony coefficients in Table 1 were used to simulate stress relaxation in an ideal 

relaxation test at the corresponding 𝑇 with a Heaviside step-function applied. Thus, relaxation 

functions for different T shown in Fig. 1b were obtained using Eq. (3). 

Table 1: Prony coefficients 𝐶𝑚 (MPa/%) from fitting L-H(120 min) tests data at six different 

constant temperatures for UHMWPE sample (Er = 0). 

τm (s) 1 10 102 103 104 105 106 107 

25 °C 11.60 2.74 2.33 1.15 1.33 2.82 0 0 

40 °C 0 2.92 1.31 0.79 0 1.90 0.62 0 

60 °C 0 2.10 0.57 0.29 0.31 1.51 0 0 

80 °C 0 0.99 0.24 0.16 0.18 0.99 0 0 

90 °C 3.34 0.40 0.19 0.15 0 0 0.76 0.13 

100 °C 1.17 0.45 0.07 0.09 0.00 0.55 0.23 0 

 

4.2 Mechanical response of composite (UHMWPE/SCF) 
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Similarly as for the neat polymer (section 4.1), Prony coefficients for the composite at each 

temperature were obtained from L-H test data using Eq. (4) and (5). Figure 2a shows the 

excellent accuracy of the fitting for the composite provided by the found coefficients, indicating 

its reliability. Then, the coefficients were used in Eq. (3) to obtain idealized relaxation curves 

indicated with “VE” in Fig.2b. 

Then, the quasi-elastic approach and the MROM (Eq. (6) to (9)) were used to simulate relaxation 

functions for composite. As MROM expressions provide the composite properties based on 

properties, quantity and arrangement of its constituents, the properties of short carbon fibers 

(𝐸𝑓, 𝑉𝑓) and UHMWPE (𝑉𝑚, 𝐸𝑚(𝑡), 𝜈) and geometrical parameters given in section 3.1) have 

been used within Eqs (6-9) to find the stress and relaxation modulus of the studied composite.  

The simulated stress relaxation curves for composite in ideal relaxation test at ε0= 0.3% for test 

T equal to 25, 60 and 100 oC are presented in Figure 2b. They are indicated in legends as “MROM” 

and shown together with “VE” relaxation curves obtained from experiments as described above. 

 
Figure 2. Stress relaxation for UHMWPE/SCF sample: a) experimental stress curves and fit in L-

H(120 min) test with 𝜀0= 0.3% at T=40 oC and 60 oC; and b) stress relaxation curves in ideal 

relaxation test at 𝜀0= 0.3% for test T=25, 60 and 100 oC, according to composite test results (VE) 

and simulated using the quasi-elastic model (MROM). 

Comparing the curves, it is possible to observe that the stress values for the MROM model are 

lower. However, the difference between the models decrease as the test T and t increase, 

providing reasonably accurate relaxation description for such cases. The main reasons for 

discrepancies could be the assumed 3-D random orientation distribution and uncertainty of the 

matrix property responsibly for stress into fiber. It should be noted that the obtained 𝜂𝑙  for the 

25, 60 and 100 oC tests were very low 0.082, 0.041 and 0.020, respectively. 

An alternative inspection of the potential of the quasi-elastic approach and the used 

micromechanics expressions can be performed focusing on the L-step of the performed L-H tests 

on the polymer and the composite. The loading curves in the rather short (60 s) L-step shown in 

Fig.1a for matrix and in Fig. 2a for the composite that they are rather linear with a slope 

decreasing with increasing test temperature. Some researchers would interpret these data as 

elastic modulus decrease with temperature. Our interpretation is that the slope change is due 

to much faster stress relaxation at elevated temperature and that the true elastic response is 

not changing. Thus, the curves in Figures 1a and 2a represent VE response during 60 s. 

However, to check the accuracy of the quasi-elastic response and the used micromechanical 

model (Eq. (6)) we assume now that the response in Figures 1a and 2a have been elastic and 
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define an “apparent” modulus dividing the stress reached at the maximum with the 

corresponding strain 0.3%. The apparent moduli for the matrix are given in Table 2 as columns 

“𝐸𝑚” before the length correction factor 𝜂𝑙  calculated using Eqs. (7-9). The composite stress 

value at 0.3% strain from experiment are in column “𝜎0.3%Test”and the apparent composite 

modulus in “𝐸𝑐 Test”.  

Table 2: Composite tensile stress (𝜎0.3%) at 0.3% strain and the apparent modulus (𝐸𝑐) for 

different test temperatures, obtained using the experimental data for composite and calculated 

using the quasi-elastic MROM, having as input the matrix apparent modulus 𝐸𝑚, length 

correction factor 𝜂𝑙, 𝜂𝜃=0.2, 𝑉𝑓=0.1 and 𝐸𝑓=225 GPa. 

 
MROM parameters 𝜎0.3% (MPa) 𝐸𝑐 (GPa) 𝐸𝑚 (GPa) 𝜂𝑙  Test MROM  Test MROM  

25 °C 0.7371 0.164 4.46 4.20 1.49 1.40 

40 °C 0.4614 0.111 3.23 2.74 1.08 0.91 

60 °C 0.2840 0.072 2.03 1.74 0.68 0.58 

80 °C 0.1670 0.044 1.29 1.04 0.43 0.35 

90 °C 0.1243 0.033 1.03 0.78 0.34 0.26 

100 °C 0.1007 0.027 0.78 0.64 0.26 0.21 

 

The 𝜎0.3% and 𝐸𝑐 calculated using the micromechanics model are also presented in Table 2 as 

“MROM”. At room T the quasi-elastic MROM model gives rather good estimate of the composite 

response to 0.3% strain and the trends with increasing T are described correctly, however, the 

relative difference increases to 25% at 90 oC. 

The increasing inaccuracy in MROM predictions and the systematic under-prediction of the 

response could be due to a combination of factors. The properties of short fiber composites are 

highly dependent on the length, orientation, diameter and content of fiber. Due to the method 

used to manufacture the composites (compression moulding) it was assumed that fibers are 

randomly 3-D distributed, therefore, the value adopted for the orientation efficiency factor (ηθ) 

was 0.2 [7]. However, some in-plane distribution preference may have been possible. 

Another source of error can be in the length correction factor that is proportional to the average 

stress in the fiber. The average fiber stress depends on the stress transfer that depends on the 

matrix properties at the fiber surface. Since the apparent modulus of the matrix at high T is very 

low, the 𝜂𝑙  in Table 2 is very small. In this extreme case the stress transferred to the fiber over 

fiber ends cannot be neglected. This contribution that is not included in the shear lag model, 

would increase the 𝜂𝑙  values, leading to higher predicted apparent modulus of the composite. 

5. Conclusions 

The time-temperature-dependent viscoelastic response (VE) of UHMWPE/SCF composite tested 

at different temperatures (25 to 100 oC) is compared with the simulated response using linear 

VE description of the neat resin based on modified Schapery’s thermodynamically consistent 

theory. In addition, the quasi-elastic approach together with micromechanics-based modified 

rule of mixture (MROM) is used to simulate relaxation curves for composite. Using the MROM 

expressions, the elastic constants of the matrix were replaced by the corresponding instant 

values of the time-dependent relaxation function (i.e. using Prony coefficients and relaxation 
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times of the matrix). The agreement with test data is rather good showing the same trends and 

an increasing accuracy with increasing time. 

For further evaluation of the quasi-elastic approach, the data from relatively fast (60 s) loading 

to 0.3% strain and the reached stress at the end were treated as temperature-dependent elastic 

response, defining apparent modulus for the matrix and for the composite. Using the apparent 

matrix modulus in the elastic micromechanics expressions resulted in slightly underestimated 

predictions for composites. At 90 oC the apparent values provided the highest deviations, 

reaching almost 25%. 

The deviations could be related to the assumptions used in the model, such as fibers being 

randomly distributed in 3-D (𝜂𝜃 = 0.2) and in the uncertain value of the length correction factor, 

which is directly related to average stress in the fiber that is transferred to the fiber over side 

surfaces and fiber ends. At high temperatures, the length correction factor obtained in shear lag 

analysis is very small and including the stress transfer through fiber ends would increase it. 

The short carbon fibers used as reinforcement (10 wt%) for a UHMWPE matrix showed positive 

effect on viscoelastic material properties, increasing its apparent modulus by about 100%, thus, 

providing a more resistant to deformation material. 
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Abstract: In this study, we aimed to improve the performance of SPCs by interleaving them with 

melt-blown (MB) fine PP fibers. The PP fine fiber veils, with an average fiber diameter of 2.28 ± 
0.23 µm, were generated by melt-blowing. We produced single-Polypropylene composites by 

film-stacking in which we applied a film as a matrix, woven fabric as primary reinforcement, and 

MB fiber mats as interleaves. We used compression molding to make the interleaved single-PP 

composites. Results showed that interleaving increased the tensile modulus in the range of 20-

46% and the Interlaminar shear strength (ILSS) over 10% compared to the non-interleaved 

sample. We found that interleaving enhanced the secant modulus up to 34%, indicating the fine 

fiber veil improved the load-bearing ability of the laminae. Results implied that melt-blown 

microfiber interleaving improved the interfacial strength by forming a net-like structure in the 

interface. Findings implied that the interleaving SPCs with the fine fibers made of the same 

polymer could be potential candidates to advance environmentally friendly composite structures 

for various engineering applications.  

Keywords: Polymer fibers; stiffness; delamination; interleaving; self-reinforced composites 

1. Introduction 

The volume of thermoplastic-based composites used is emerging. The advantage of these 

composites over their thermoset counterparts is the shorter production cycle times, the fair 

recyclability, the high toughness, the damage tolerance, and the technically unlimited shelf-life 

without the need for humidity- or temperature-controlled storage, equating to significant 

reductions in energy, as well as manufacturing costs (1, 2). 

The composite laminates made of reinforcing fibers usually exhibit excellent in-plane material 

properties; however, out-of-plane properties (e.g., interlaminar shear strength and 

delamination resistance) are dominated by the matrix material and the fiber-matrix interface 

bonding; and are relatively poor. Ply to ply interfaces of composite laminates possess the weak 

points of the structure due to the nature of the laminates. An interlaminar toughening approach 

can solve this issue by incorporating sub-phases into the reinforcement and matrix interface (3). 

This issue led to the development of single-polymer composites (SPCs). SPCs are a particular 

family of thermoplastic composite materials in which both the reinforcing fiber and the polymer 

matrix are made from the same polymer family. Although the SPCs are not new, difficulties in 

processing and limited load-bearing ability and thermal performance still hamper SPCs' 

applicability in industrial utilization (4). In this regard, interlaminar toughening approaches 
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involving sub-phases into the interface between the reinforcement and the matrix can 

overcome this issue (5, 6). Among the other methods, incorporating fine fiber (nano- and 

submicron) veils can be feasible since only a tiny amount of such fine fibers may be sufficient to 

achieve improved interfacial adhesion and overall performance. In this regard, melt-blowing is 

a potential way to generate fine fibers directly from a polymer melt to produce such interleaves. 

The process possesses several advantages, including but not limited to high-throughput rate, 

straightforward and solvent-free processing, the utilization of a wide range of polymers, the fair 

control of fiber morphology, cost-efficiency, etc. 

 

In this study, we investigated the effect of melt-blown fine PP fiber veil interleaving on the 

performance of SPCs. The SPCs are produced by the film stacking method followed by 

compression molding. The mechanical behavior of the PP SPCs is investigated, from which we 

observed that fiber mat interleaves with the same PP material improved the SPCs' properties. 

Results showed that the MB fiber mat interleaving approach improved the interlaminar 

mechanical performance without compromising its recyclability.  

2. Materials and methods 

2.1 Materials 

HL912FB type PP homopolymer (Borealis, Austria) was used to prepare fine fiber mats via melt 

blowing. A plain-woven PPfabric (Tiszatextil Kft., Hungary) with an areal density of 200 g/m2 

(tape count: 5/cm (warp), 4.2/cm (weft)) was used as the composites' primary reinforcement. 

We compounded a low modulus isostatic PP (iPP, L-MODU S401, Idemitsu, Japan) for the matrix 

with a random copolymer PP(rPP, RJ470MO Borealis, Austria) in a mass ratio of 1:9. 

2.2 Extrusion blending and film production 

We produced a PP blend made of 10 wt% L-MODU isotactic PP(iPP) and 90 wt% random PP (rPP) 

with a counter-rotating twin-screw extruder (Labtech LE 25–30/C, Thailand). The extruder was 

equipped with two 26 mm diameter, 44 L/D screws; the extrusion temperature was set to 170-

180-185-190-200 °C (from hopper to die). The screw and feeder rotation speeds were set to 40 
and 10 rpm, respectively. Thin films of the PP blend were prepared with an LF-400 type 

laboratory extruder followed by a small sheet film line (LabTech LCR300, Thailand). This extruder 

has one 25 mm diameter, 30 L/D screw. The extruder was equipped with a 200 mm wide coat 

hanger type sheet die, and the slit distance was set at 0.5 mm. The speeds of the lower and 

upper take-off rolls (Ø = 72.5 mm) were 2 and 2.8 rpm, respectively. The flat film extrusion 

temperature was set to 180-185-190-195-200 °C (from hopper to die). The extruder screw and 

flat film line take-up cylinder pulling speed were set to 40 rpm and 10 rpm, respectively, while 

the take-up cylinder temperature was set to 70 °C. The thickness of the film produced was 70 ± 
5 µm. 

2.3 Generating melt-blown fiber mats and related interleaved single-polymer composites  

A custom laboratory unit, related details can be seen in (7) was used to generate PP fine fiber 

mats. The die and extruder temperatures were set to 225 °C. The air temperature and air 
pressure were set at 275 °C and 2.5 bar, respectively. The extruder screw speed was set at 1 

rpm. A drum with a diameter of 160 mm was used as the collector Collector drum  rotation 

speed was set at 28 m/min. The die-to-collector distance (DCD) was set to 400 mm. The collector 
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drum was covered with the woven PP fabric, and MB fiber mats were collected directly onto 

those.  

The composite stack consisted of 6 layers of film (F) and 5 layers of woven fabric (W), while those 

composites interleaved with MB fiber mat (MB) had 4 layers of fiber mat distributed in between 

the film and the woven fabric. The composite sheets were produced by film-stacking with a 

hydraulic hot press (Polystat 300S, Maschienenfabric Fr. Schwabenthan & Co. Kg., Germany). 

The compression mold consisted of two matching aluminum halves with a cavity size of 180 mm 

x 100 (length x width) mm. The layered stack was placed into this mold and then put into the 

hot press set at the designated molding temperature (i.e., 150, 155, 160 °C). After closing the 
mold, it was kept 30 s without pressure to equilibrate the temperature. Then the compression 

molding pressure was set at 5 MPa (actual pressure on the specimen) while the holding time 

was fixed at 120 s. SPC sheets had a thickness of 1.9 ± 0.1 mm. The PP woven fiber, PP MB fiber 

and matrix film content of the produced SPCs are given in Table 1. 

 

Table 1. The single-polymer composite samples prepared 

Stack description 

Woven fabric 

content 

[wt%] 

Fiber mat 

veil content 

[wt%] 

Processing 

temperature 

[°C] Sample code 

Film + woven fabric 74 ± 1 - 

150 °C 150 F/W 

155 °C 155 F/W 

160 °C 160 F/W 

Film + woven fabric 

interleaved with melt-blown 

fiber mat veil 

74 ± 1 4±1 

150 °C 150 F/MB/W 

155 °C 155 F/MB/W 

160 °C 160 F/MB/W 

 

2.4 Characterization  

The morphology of the fibers and composites was observed by using scanning electron 

microscopy (SEM; JEOL 6380 LA, Japan). The surface of the fiber mat and composite sample was 

finely coated using JEOL JFC-1200 (Jeol Ltd., Japan) fine coater with gold (Au) to avoid their 

charging. With the ImageJ 1.51k software, we measured 150 fibers to determine the fiber 

diameter distributions of the MB veils. 

We studied the thermal properties of the constituent phases and the single-polymer composites 

by differential scanning calorimetry (DSC) with a Q2000 DSC (TA Instruments, USA) device. The 

tests were performed in an inert atmosphere (N2; 50 ml/min purge flow rate) at a temperature 

range of -50 to 220 °C with a heating and cooling rate of 10 °C/min.  

The tensile properties of the MB fiber mat, matrix film and woven fabric were tested at room 

temperature with a Zwick Z005 (Zwick, Germany) type universal tensile tester equipped with a 

5 kN load cell. We prepared rectangular samples for the PP fiber mat sample in 50 x 20 mm, 

while the blend film and woven were cut in 150 x 20 mm. The gauge length was set at 25 mm. 
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The sample length and width were measured using a digital caliper (Fowler Promax, USA) with 

a precision of 0.01 mm. The PP fiber mat samples were weighed using a Sartorius Quintix 125D-

1CEU (Sartorius, Germany) semi-micro scale. We calculated the fiber mat cross-section by using 

Eq. 1. 𝐴 =  m𝑓𝑚𝑙𝑓𝑚𝜌𝑏𝑢𝑙𝑘  (1) 

where, m𝑓𝑚 is the fiber mat mass, 𝑙𝑓𝑚is the length of the fiber mat and 𝜌𝑏𝑢𝑙𝑘 is the bulk density 

of the hPP (0.891 g/cm3). The SPC samples were tensile tested at room temperature at 5 

mm/min with a Zwick Z020 (Zwick, Germany) machine equipped with a 20 kN load cell. The 

gauge length was set at 90 mm. We tested 7 specimens for each group. The tensile strength, 

elastic modulus and secant modulus at 2% strain were evaluated.  

 

The short beam shearing (SBS) tests were conducted at room temperature according to the ISO 

14130 standard (8). We cut the composite sheet into 20 x 10 mm specimens. A Zwick Z020 type 

universal tensile tester with 20 kN load cell at 1 mm/min test speed was used. The test setup 

was equipped with a 3-point bending fixture, and the span length was set to 10 mm. 7 samples 

were tested for each group. The interlaminar shear strength (𝜏ILSS) was determined by using Eq. 

2 (8). 𝜏ILSS = 0.75 ×  𝐹𝑚𝑎𝑥𝑏𝑡   (2) 

where,  Fmax is the maximum load observed during the test, b is the specimen width and t is the 

sample thickness. 

 

3. Results and Discussions 

3.1 Analyzing the component's properties 

We obtained a PP fiber mat with an average fiber diameter of 2.28 ± 0.23 µm. The areal density 
of the PP fiber mat was 110.5 ± 35.4 g/m2. The diameter distribution and an SEM image are 

shown in Figure 1. Melt-blowing typically generates self-bonded and highly entangled fiber mats 

that derive their strength from fiber-to-fiber contacts besides the intrinsic material properties 

(9). And so, the newly formed fiber's ability to penetrate to the fibers already on the collector 

significantly affects the fiber mat's load-bearing capability upon applied stress. We found that a 

die-to-collector distance (DCD) of 400 mm results in appropriate fiber mat porosity and fiber 

entanglement based on our previous experiences (2, 7). High porosity is necessary as the matrix 

flows through pores at compression molding. 
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Figure 1. MB PP fiber mat morphology; (a) fiber diameter distribution, (b) SEM image 

We conducted DSC tests on the constituent components to examine the processing window. 

The blend PP film, MB fiber mat and the woven fabric crystalline peak melting temperatures 

were recorded around 150 °C, 160 °C and 168 °C, respectively, as shown in Figure 2. Results 

showed that three phases are suitable for producing SPC via compression molding, while the 

inherent thermal properties possess a narrow processing window. 

 

Figure 2. DSC 1st heating thermograms of the blend film, MB fiber mat and woven fabric 

We determined the component's tensile behavior. The results obtained are given in Table 2. 

Results revealed that the MB fiber mat's tensile strength is considerably lower than that of the 

film and woven fabric. The fiber mat is a randomly aligned and self-bonded structure with high 

porosity and low solidity. Therefore, comparing fiber mat tensile strength with a bulk material 

or a woven and densely woven fabric may be misleading. Even though the MB fiber mats' tensile 

strength was much lower than that of the matrix film and the woven fabric, these continuous 

fine PP fibers are expected to improve the interfacial adhesion due to their high aspect ratio 

(length/diameter) (10). 

Table 2. Tensile properties of the components 

 Tensile strength 

Sample Name [MPa] 

PP blend film 18.1 ± 0.8 

PP woven fabric 421 ± 2  
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PP MB fiber mat 2.5 ± 0.3 

 

3.2 Analyzing the PP MB fiber mat interleaved SPC's performance  

Results showed that interleaving via fine fiber mat improves the mechanical properties of the 

SPCs (Figure 3). Besides, the molding temperature plays a crucial role in the interfacial strength 

of the laminate. We observed an early tape and interlayer debonding at tensile testing for the 

150 F/MB/W SPC due to poor consolidation. The highest tensile strength was recorded for the 

150 F/W SPC. This phenomenon is associated with a high fraction of the highly oriented fibers 

when low compression molding temperature (11, 12) was applied. F/MB/W SPCs tensile 

strength slightly improved (~7%) with increasing the temperature. The MB fiber mat interleaves 

increased the tensile modulus in the range of 20-46% (Figure 3 (c)). On the other hand, the MB 

fiber mat interleaves enhanced the 2% secant modulus between 20-34%, as shown in Figure 3 

(d). These findings implied that self-interleaving via a fine fiber veil improves the load-bearing 

capacity of the SPC.  

 

Figure 3. Tensile properties of the SPC's; stress-strain curves of (a) the F/W, (b) F/MB/W SPCs, 

F/W and F/MB/W SPC's (c) elastic modulus and (d) 2% secant modulus  

We conducted short beam shear tests to analyze the effect of interleaving on the interlaminar 

properties further. The short beam shear (SBS) test of the 150 F/W and 155 F/W samples showed 

an invalid failure mode (e.g., inelastic deformation and failure under compression load) due to 

their low stiffness (e.g., high strain to failure); therefore, these results are not given. Low 

stiffness is related to poor fiber-matrix bonding due to the low temperature. We found that MB 

interleaving improved the interlaminar shear strength (ILSS) by 17% for the SPC produced at 155 

°C. 155 F/MB/W SPC had the highest ILSS, as shown in Table 3. On the other hand, ILSS of 160 

F/MB/W SPC was only 6% higher than that of the 160 F/W. Figure 4 illustrates that MB fibers 

were able to create a well-established net-like structure in the interlaminar region of the 
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F/MB/W. The formed structure enhanced the interfacial strength, and this, in turn, gives higher 

ILSS and elastic modulus.  

Table 3. Variation of the ILSS and 95% confidence intervals of the SPCs 

Sample Code ILSS [MPa] 

150 F/MB/W 2.9 ± 0.17 

155 F/MB/W 5.9 ± 0.66 

160 F/MB/W 5.3 ± 0.51 

160 F/W 5.1 ± 0.21 

 

 

Figure 4. SEM image of the SPC lamina with MB fiber interleaves 

4. Conclusion  

In this study, we demonstrated a new strategy for enhancing the mechanical behavior of single-

PP composites by interleaving those with thin layers of PP fine fiber mats. The MB interleaves 

increased the SPC's tensile modulus in the range of 20-46% at compression molding 

temperatures of 155 and 160 °C. The SPC's tensile strength did not change significantly with 

interleaving. On the other hand, the 2% secant modulus was considerably enhanced. Results 

implied that the interleaving improved the load-bearing capacity of the SPC, even in the high 

strain region. Results showed that fine fiber interleaving improved ILSS by 17%. The interleaving 

considerably reduced the delamination by creating a net-like structure leading to superior 

interfacial adhesion. These findings prove that the self-interleaving concept with fine fibers of 

the same polymer enhances SPC's performance.  
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Abstract: Making use of the pyroresistive behaviour of conductive polymer composites (CPCs) 

paves an efficient path for the out-of-oven (OoO) curing of fibre reinforced plastics (FRPs). 

Graphene nanoplatelets (GNPs) filled PVDF as well as HDPE/PVDF binary-polymer were 

fabricated through melt pressing to achieve both single and double positive temperature 

coefficient (PTC) effects. For GNP/PVDF nanocomposites, single PTC as well as self-regulating 

heating behaviour, were achieved with the switching temperature at around 150 °C, owing to 

the thermal expansion of PVDF. For the GNP/HDPE/PVDF ternary system, double PTC behaviour 

accompanied with two self-regulating heating stages were achieved at around 125 °C and 150 

°C respectively, with co-continuous phase formed. In particular, the second stage shows higher 

self-regulating sensitivity owing to its higher PTC intensity. This work provides selections for both 

single and double PTC systems, which can be tuned and used to safely cure FRP composites OoO 

through self-regulating Joule heating.  

Keywords: conductive polymer composite (CPC); graphene nanoplatelet (GNP); Positive 

temperature coefficient effect; Joule heating; out-of-oven (OoO) curing 

1. Introduction 

With the increasing consideration on environmental impact, low-/zero-carbon technologies are 

increasingly demanded. Thanks to their high specific strength and stiffness, as well as chemical 

resistance, fibre reinforced plastics (FRPs) have been widely used as an environmental friendly 

lightweight solutions in diverse fields, such as aerospace, automotive, civil, energy, sports, etc. 

Unfortunately, when it comes to the manufacturing of advanced composites, traditional 

methods including autoclave and oven-based curing procedures lead to high energy 

consumption as well as size restrictions.  

In order to overcome these limitations, our group has performed diverse study in pyroresistive 

performance of conductive polymer composite (CPC) and achieved reliable self-regulating 

heating performance, which can be used for sustainable out-of-oven (OoO) curing for high 

performance composites [1-4]. Compared with the composites cured by traditional methods, 

OoO curing needs only 1% of energy consumption which significantly contributes to the 

sustainable manufacturing, especially considering the growing demand of advanced composites 

need to be manufactured in next decades. Moreover, the integrated CPC layer could also be 

used for structural health monitoring, anti-/de-icing, etc., to achieve advanced multifunctional 

lightweight composite structures. 
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Single-step positive temperature coefficient (PTC) effect was employed, in which the electrical 

resistance of the CPC suddenly increased at desired curing temperature, thus, to control the 

heating procedure and protect the system from over-heating. In the case of high performance 

FRP composites, the curing cycle commonly consists of two stages of curing and post-curing at 

different temperatures. In this work, a double or two-step PTC effect is developed to fulfill this 

requirement in manufacturing high performance composites.  

In order to achieve double PTC effect, literatures [5-7] give consistent recommendations on the 

binary-polymer nanocomposites. The polymer in which conductive fillers tend to disperse 

should kept as the phase with lower volume fractions, thus the conductive pathways could be 

broken either within this polymer or at the interface between two polymers when temperature 

reaching two melting points, which was explained by island-bridge or type I + M (interface + 

matrix) theories. 

Here, CPC layers with both single and double PTC effects were fabricated, in which a selection 

of different polymers with distinct melting points were combined to fulfill the cure cycle at 

desired temperatures. In addition, different loadings of conductive fillers were incorporated to 

provide the conductive and heating paths, among which graphene nanoplatelets were used. 

Melt-mixing and hot-pressing were utilised to process the CPC composites.  

2. Experimental 

2.1 Materials 

Graphene nanoplatelets (GNPs) from XG sciences (Grade M25) were used as the conductive 

fillers in this work, which have an average particle diameter of ~ 7.7 µm [8], thickness of 6–8 nm 

(~ 20 layers of graphene) and density (ρg) of 2.2 g cm−3. Solef 1015 PVDF (particle size < 300 μm, 

density of 1.78 g cm−3) and RIGIDEX HD5218EA HDPE (density of 0.952 g cm−3) were used as the 

polymer matrix, owing to their PTC switching temperatures of ~120 °C and ~150 °C respectively, 

which fit well with curing cycle of the epoxy resin system. Polymers were dried at 80 °C in the 

oven overnight before processing. Strips of 3 mm wide copper tapes combined with 0.056mm 

copper wires and meshes were used as the electrical buses to connect the samples to a power 

supply.  

2.2 Sample preparation 

Thermo Fisher PolyLab OS mixer HAAKE Rheomix600 with the Roller Rotors was used to melt 

mix GNP with PVDF and HDPE. Sample weight was calculated based on the equation: 𝑚 = 𝜌 ∙ 𝑉𝑛 ∙ 0.7                                                                                                                                          (1) 

Where 𝜌 is the melt density, 𝑉𝑛 represents net chamber volume (69 cm3) and 0.7 is the filling 

percentage. As both PVDF and UHMWPE are semi-crystalline polymers, 80% of their solid 

densities were used as melt densities. 

GNPs were mixed into PVDF with the loading of 22 wt.% under 200 °C, torque of 30 Nm for 10 

min. Afterwards, the 22 wt.% GNP/PVDF compound was further mixed with specific amount 

(HDPE/PVDF volume ratio of 1/4) of HDPE for 5 min, to achieve 20 wt.% GNP/HDPE/PVDF. Then 

the 22 wt.% GNP/PVDF and 20 wt.% GNP/HDPE/PVDF compounds were hot pressed into films 
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(~200 μm thick, for Joule heating) and sheets (~1 mm thick, for pyroresistive behaviour testing) 

using Dr. Collin P300E at 200 °C under 100 bar and 240 bar respectively. 

2.3 Characterization 

A FEI Inspect F field emission Scanning electron microscopy (SEM) was used to observe the 

morphology of GNPs and polymers, as well as brittle fractured cross section surfaces of the 

nanocomposites.  

The pyroresistive behaviour test was achieved by measuring the resistance of the sample under 

various temperatures. Samples were placed in a temperature-controlled oven and connected to 

an Agilent 34410A 6½ Digit Multimeter to measure the real time electrical resistance using the 

two-wire method. A K type thermocouple was attached to the surface of the sample for 

temperature recording. The resistance and temperature were recorded simultaneously. 

A GE EPS 301 power supply was used for Joule heating, with different voltages applied. K type 

thermocouples accompanied with a TC-08 thermocouple data logger from Pico Technology were 

used to record the temperature of various positions on the sample surface during the tests. 

3. Results and discussion 

3.1 Morphology 

 

Figure 1. SEM images of as-received (a) M25 GNP, (b) PVDF powder; brittle fractured cross-

section of (c) 22 wt.% GNP/PVDF hot pressed under 240 bar, as well as 20 wt.% 

GNP/HDPE/PVDF hot pressed under (d) 100 bar and (e) 240 bar respectively. 

The as-received GNP, PVDF, cross section of 22 wt.% GNP/PVDF and 20 wt.% GNP/HDPE/PVDF 

were characterized by SEM for their morphology, as shown in Figure 1. It shows that after hot 

pressing, GNPs distribute highly aligned along the in-plane direction, result in a layered structure 

(Figure 1c-e). While with the hot-pressing pressure increased, the whole structure was more 
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densely packed with GNPs highly aligned, with PVDF and HDPE formed co-continuous phase 

(Figure 1d, e). 

3.2 GNP/PVDF composite  

Hot pressed (under 100 bar) rectangular samples (15 mm × 6 mm × 0.97 mm) were used for 

pyroresistive behaviour tests. As shown in Figure 2 left, 22 wt.% GNP/PVDF sample shows the 

single-step PTC effect, owing to the thermal expansion of PVDF, with the PTC intensity (peak 

resistivity/room temperature resistivity) of 2.6 and switching temperature at around 150 °C.   

 

Figure 2. Pyroresistive (left) and Joule heating (right) behaviour of 22 wt.% GNP/PVDF samples, 

embedded with the sample dimensions and set up, including power supply connection, copper 

buses and thermocouples (TCs). 

In order to check the capability of the compounded nanocomposites for OoO curing FRP 

composites, Joule heating behaviour of the samples were tested. 22 wt.% GNP/PVDF film was 

hot pressed into a rectangular shape (7 cm x 4 cm), with the thickness of ~200 μm, resistance of 

2.4 kΩ and copper buses applied as the electrodes, as shown in Figure 2 right.  

During the Joule heating test, thermal insulating materials (polyester fabric) were used to cover 

the samples to prevent the major heat loss, convection [9]. In this case, energy generated by 

resistive heating contributes to heat up the composite accompanied with heat loss via heat 

conduction and radiation, following the below equation: 𝑞𝑖𝑛 = 𝑈2𝑅                                                                                                                                                        (2) 𝑞𝑜𝑢𝑡 = 𝑐 ∙ 𝑚 ∙ 𝑑𝑇(𝑡)𝑑𝑡 + 𝑞𝑐𝑜𝑛𝑑 + 𝑞𝑟𝑎𝑑                                                                                                       (3) 

According to the law of conservation of energy： 𝑈2𝑅 = 𝑐 ∙ 𝑚 ∙ 𝑑𝑇(𝑡)𝑑𝑡 + 𝑘𝐴 𝑇𝑠−𝑇∞∆𝑥 + 𝜀𝜎𝐴(𝑇𝑠4 − 𝑇∞4)                                                                                     (4) 

Where 𝑈 is the applied voltage; 𝑡 is the time; 𝑅, 𝑇,𝑐 and 𝑚 are the resistance, temperature, 

specific heat capacity and mass of the samples; A is the heating area; 𝑇𝑠 and 𝑇∞ are the sample 

surface and environmental temperature respectively; ∆𝑥  is the distance between sample 
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surface and environment ; 𝑘, 𝜀 and 𝜎 are the thermal conductivity of the insulating material, 

emissivity and Stefan-Boltzmann constant.  

Owing to its PTC effect, resistance of the 22 wt.% GNP/PVDF film increased with increasing 

temperature, particularly around and after the switching temperature (~150 °C). As a result, 

further increased voltage (80 V to 100 V) only contributed to limited extra input power (
𝑈2𝑅 ), as 

well as a limited temperature increase, thus reaching a self-regulating state. 

3.3 GNP/HDPE/PVDF composite  

When it comes to the 20 wt.% GNP/HDPE/PVDF, a double or two-step PTC effect was observed, 

as shown in Figure 3 left, with the PTC intensities of first and second step achieved at 1.6/1.5 

and 5.2/5.9 for the samples hot pressed under 100 bar, before/after repeat. When the pressure 

increased up to 240 bar, the PTC intensities increased to 2.3/2.4 and 7.3/9.4 for the two steps 

respectively, with the two switching temperatures sit at ~120 °C and ~150 °C contributed by the 

thermal expansion of HDPE and PVDF respectively. 

 

 

Figure 3. Pyroresistive (left) and Joule heating (right) behaviour of 20 wt.% GNP/HDPE/PVDF 

samples, embedded with sample dimensions and set up, including power supply connection, 

copper buses and thermocouples (TCs) at five different positions.  

The higher hot-pressing pressure contributed to higher PTC intensities for both the first and 

second steps, thus 240 bar was used for the 20 wt.% GNP/HDPE/PVDF Joule heating film 

preparation. Due to the higher resistance, a different circuit was designed for this sample, as 

shown in the embedded image in Figure 3 right. 2 cm was selected as the interval between 

copper wires, with six wires in total and three connected to each copper bus at intervals. The 

whole resistance at room temperature is 7.5 kΩ. After 150 V voltage applied for ~1.5 h, 120 °C, 

which is the first switching temperature, was reached. In this case, with the voltage further 

increased up to 175 V, the temperature difference only increased ~10 °C. This is the first self-

regulating behaviour contributed by the thermal expansion of HDPE. With the voltage further 

increasing to 200 V, steady state temperature reached at around 150 °C, which is the second 

switching temperature, contributed by the thermal expansion of PVDF. Owing to its higher PTC 
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intensity (7.3/9.4) at the second step, better self-regulating behaviour was observed as shown 

in Figure 3 right. After further increased the voltage from 200 V to 225 V, the steady state 

temperature nearly unchanged, confirming the second stage of the self-regulating heating. 

4. Conclusions 

GNP filled nanocomposites with both single and double polymer matrix were manufactured 

through melt mixing and hot pressing. For the single polymer system, single step PTC behaviour 

was observed owing to the thermal expansion of PVDF. Meanwhile, self-regulating heating 

behaviour of the system was also observed at around 150 °C, which is the switching temperature 

of PTC effect. For the double polymer system, double PTC behaviour was achieved via the 

thermal expansion of both HDPE and PVDF at different temperatures. Consequently, two self-

regulating heating stages were achieved at around 125 °C and 150 °C respectively. In particular, 

the second stage shows higher self-regulating sensitivity owing to its higher PTC intensity. This 

study provides suitable selections for systems with both single and double PTC behaviour, which 

can be used to safely cure different FRP composites OoO through self-regulating Joule heating. 
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Abstract: In this work, we present a new technique for rapid and energy-efficient manufacturing 

of thermoset composites using photothermally activated frontal polymerization of a high-

performance thermoset resin. Exploiting the high absorptivity of carbon fibers, we use 

photothermal effect to convert the electromagnetic energy of an incident laser light into thermal 

energy at a local spot on the surface of carbon fibers. When the generated heat is large enough, 

it can quickly initiate frontal polymerization of the surrounding matrix resin. We first use a tow 

of carbon fiber embedded in a bath of resin to understand the role of various parameters, 

including laser output power and focal area on the activation of frontal polymerization. The 

insights gained from this study is then used to design a processing technique for multi-point 

initiation of frontal polymerization and fabrication of a composite panel with a high-volume 

fraction of carbon fibers. 

Keywords: sustainable manufacturing; frontal polymerization; carbon fiber; photothermal 

energy conversion; dicyclopentadiene  

1. Introduction 

Fiber reinforced polymer composites have replaced metals in a wide variety of industrial sectors 

and applications from space and aerospace to automotive to wind energy because of their 

excellent strength- and modulus-to-weight ratios, durability, chemical resistance, and fatigue 

performance [1,2]. One of the major challenges with advanced composites is the underlying 

slow and energy-intensive manufacturing processes that lead to a high cost of manufacturing 

and low fabrication rates of composite products. In traditional composites manufacturing, the 

matrix thermoset resin of composites is heated at high temperatures for several hours using 

large and expensive equipment (autoclaves, ovens, or heated molds); as a result, such 

approaches require a large amount of energy, produce a significant amount of carbon dioxide 

(CO2), and are cost-inefficient due to the acquisition and maintenance of expensive equipment 

and high labor cost per unit product [3,4]. 

In recent years, composite industries and academic researchers have explored alternative 

approaches to reduce the manufacturing time and/or energy. For example, use of snap-cure 

resins allows for reducing the cycle times, but such resins have a limited pot life and require 

heated molds for processing [5]. Various irradiation techniques have been developed to 

efficiently and uniformly heat up composite materials via radiation, as opposed to inefficient 

convective heat transfer in autoclaves and ovens, but they require expensive equipment and are 

limited to the manufacture of small or thin parts [3]. 
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Frontal polymerization (FP) is a promising alternative to traditional curing strategies that can 

substantially reduce the manufacturing time, energy, and cost of thermosets and their 

composites. In FP, a resin solution containing monomers and a latent catalyst can remain stable 

at room temperature until a local thermal stimulus is applied to the solution. Upon local heating 

via a thermal stimulus, the latent catalyst becomes active and initiates the polymerization 

reaction in the heated region, which in turn releases heat as a result of the exothermic chemical 

reaction. This heat diffuses into the nearby resin, activating more catalyst and polymerizing 

more resin. The result is a reaction wave which propagates through the resin, transforming all 

available monomer to a fully cured polymer [6]. This self-sustaining polymerization strategy 

reduces the manufacturing time by one to two orders of magnitude and manufacturing energy 

by up to 10 orders of magnitude compared with traditional oven- or autoclave-curing methods 

[7]. FP has been recently used to produce small aerospace-grade carbon fiber composite panels 

in less than 5 minutes with minimal energy input, which would otherwise take several hours 

(more than 6 hours and up to 30 hours) to make using traditional curing strategies [7,8]. 

Current approaches for activation of FP reactions mostly rely on contact thermal methods such 

as the use of a hot soldering iron, heater films, or Joule heating of resistive wires [6]. While the 

contact thermal activation is easy to apply, it suffers from a few drawbacks and limitations. 

Continued supply of thermal energy to the resin via contact heating makes it difficult to control 

the amount and spatial distribution of energy delivered to the FP resin, leading to a risk of 

excessive local heating of the polymer and degradation of the quality and mechanical properties 

of produced parts. Activation of the FP reaction via conductive heat transfer typically takes 

several seconds to minutes in a test tube setting but can be quite long and challenging in actual 

manufacturing setups, especially if the intermediate boundaries have poor thermal conductivity 

(e.g., thick glass walls) or in hard to access regions. 

Alternatively, remote activation methods would allow for better control over energy input and 

would enable rapid activation of FP reaction in hard-to-access regions and for multi-point 

initiation of the FP reaction [9]. Remote activation of FP reactions has been previously 

demonstrated for photo-frontal polymerization reactions, where a focused ultraviolet (UV) light 

is used to both initiate and sustain the propagation of the underlying chemical reaction [10–12]. 

Such photopolymerization schemes are limited to a certain class of monomers and cannot be 

applied to most FP chemistries. In addition, presence of non-transparent fillers and 

reinforcements prevents the efficient transmission of light to resin, which can inhibit full curing 

of the photopolymerizable resin. Plasma ignition has also been used for remote activation of FP 

reaction; however, the short activation distances and the complexity of plasma generation have 

limited the application of this activation method [13,14]. Another remote activation approach is 

the conversion of infrared or visible light to heat via photothermal energy conversion effect. 

Since the incident light energy is converted locally to thermal energy, this approach can be used 

for thermal activation of most FP chemistries that are thermally driven. However, the main 

challenges with the photothermal activation approach are the long activation times (ranging 

from 10 to 60 seconds) as well as the required absorption spectra of the FP resin system. 

Here, we present a facile approach for rapid and remote activation of FP reactions via the 

photothermal effect. In our approach, instead of relying on the low absorptivity of FP resins, we 

exploit the extremely high absorptivity of carbon fibers to convert the energy of an incident laser 

light to heat, which consequently can activate the frontal polymerization in the surrounding 
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monomer solution. Using this approach, we can activate FP reactions with minimal energy input 

and in less than one second, reducing the activation time by 1-2 orders of magnitude compared 

with previously reported FP activation times. This remote activation approach is used to 

demonstrate multi-point initiation of frontal polymerization to further reduce the 

manufacturing time and also to successfully initiate the FP reaction in a fiber-reinforced polymer 

composite layup. The FP chemistry used in this study is based on frontal ring opening metathesis 

polymerization (FROMP) of dicyclopentadiene (DCPD) in presence of second-generation Grubb’s 

catalyst. The resulting polymer, polydicyclopentadiene (pDCPD) is a high-performance 

thermoset polymer with good mechanical properties comparable to those of aerospace-grade 

epoxies, high fracture toughness, and high glass transition temperature (Tg) of ~120 °C, making 

it an ideal polymer for fabrication of advanced thermosets and composite materials [15–17].   

2. Materials and Methods 

2.1 Materials 

Dicyclopentadiene (DCPD), 5-ethylidene-2-norbornene (ENB), and second-generation Grubbs 

catalyst (GC2) were purchased from Sigma Aldrich and used as received. DCPD is solid at room 

temperature, therefore a 95:5 wt% solution of DCPD:ENB was prepared in order to depress its 

melting point. The DCPD/ENB solution will be referred to as DCPD resin hereafter in this article. 

Phenylcyclohexane (PCH) and tributyl phosphite (TBP) were obtained from TCI America. PCH is 

used to facilitate the dissolution of the GC2 catalyst in the resin solution, whereas TPB is used 

as an inhibitor to control the reactivity and pot life of the resin system. For all experiments, a 

constant concentration of GC2 in the DCPD solution (100,000 molar equivalent of resin with 

respect to GC2) was used, but the concentration of inhibitor was varied based on the 

experimental design. In a typical experiment, 3.21 mg of GC2 was measured and dissolved in 

400 µL of PCH. An appropriate amount of TBP (0.3-2 molar equivalents with respect to GC2) was 

added to the GC2/PCH solution via a volumetric syringe. This solution was then added to 5 mL 

of DCPD, mixed thoroughly, and used within five minutes to minimize the effect of any potential 

background polymerization. Carbon fiber yarns (HTS40 E13 200 tex, 3K), generously provided by 

Teijin Carbon, was used in this study for systematic measurement of the FP activation as a 

function of resin reactivity and laser light parameters. 

2.2 Experimental setup 

An experimental setup was designed to systematically measure the activation time of the FP 

reaction. A disposable glass fixture was designed to suspend small pieces of carbon fiber tow 

and separate them from bottom surfaces to minimize heat losses through the boundaries. This 

fixture was designed to fit in a small 35 mm diameter petri dish to minimize material use (Figure 

1). A 450 nm blue laser light with a nominal power of 2 W was used to initiate the FP reaction. 

For precise positioning of the laser with respect to the experimental setup, it was mounted on a 

high-precision, 3-axis robotic platform that can be automatically moved to adjust the laser beam 

on the carbon fiber tow. 
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Figure 1. Schematic representation of the experiment setup used for the measurement of the 

FP activation time 

An experimental protocol was developed to measure the activation time of the FP reaction in 

response to various experimental parameters and conditions. First, the laser beam was aligned 

on the center of the fiber tow by the guidance of a weak light from the laser source (1% of the 

maximum power). The laser was then activated for an interval of 50 ms. If the FP reaction was 

activated and propagated within the resin, then the pulse time was recorded as the activation 

time. Otherwise, new samples were tested with increasing pulse time until successful activation 

of the reaction was observed. 

3. Results and discussions 

The developed experimental setup was used to study the effect of laser parameters (laser 

intensity and spot size) on the activation time of FP reaction. Activation time was measured at 

laser powers of 0.4, 0.5, 1, and 2 W at the laser’s focal point (Figure 2a). The trend observed is 

non-linear, with a decrease in power resulting in longer activation times. FROMP is not observed 

for laser powers below 0.4 W. The activation energies for 0.4 W, 0.5 W, 1 W, and 2 W were 0.4 

J, 0.35 J, 0.33 J, and 0.45 J, respectively. The trend in activation time is explained by the activation 

energy. As laser power decreases, more exposure time is needed to achieve the requisite 

activation energy, which is around 0.4 J for this experimental condition. We hypothesize that 

the reason FROMP is not observed for laser powers below 0.4 W is due to heat loss through 

conduction and convection mechanisms. Due to these thermal transport mechanisms, the 

temperature at the laser spot does not reach the temperature needed to decompose the GC2-

TBP complex and begin FROMP. 

a 

 

b 

 

Figure 2. Effect of laser parameters on FP activation time. (a) Effect of laser input power. (b) 

Effect of laser spot size. 
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To study the effect of laser spot size on activation of FP reaction, activation time was measured 

for spot sizes of 0.1 mm2 (area at the focal point) and 1, 2 , 4, and 8 mm2 with a laser power of 

2 W (Figure 2b). As spot size increases from the focal point to 2 mm2, the activation time 

decreases from 200 to 100 ms. Increasing the spot size further to 8 mm2 increases the activation 

time to ~200 ms. We hypothesize there are two competing factors that are responsible for this 

result. With a larger spot size, more resin is heated and activated in a shorter timeframe, thus 

resulting in faster activation times. However, as a temperature of at least 60 °C is needed to 

decompose the TBP-GC2 catalyst complex and initiate FROMP, large spot sizes result in reduced 

laser intensity per unit area, requiring longer exposure times to reach the activation 

temperature, thus increasing the activation time. 

Controlling the laser processing parameters allows for designing new applications using this 

remote FP activation mechanism. For example, adjusting the laser spot size at the focal point 

enables very fast activation of FP reaction (in less than 100 ms), which can be used for multi-

point initiation of FP reaction. To demonstrate multi-point initiation of the FP reaction, a short 

pulse was first applied to initiate the FP reaction in the first point, then the laser was quickly 

moved to a second point using the robotic platform to apply a second pulse and initiate the FP 

in another point (Figure 3). Once both reaction fronts were initiated, they started to propagate 

radially until they merged at the middle of the petri dish, reducing the cure time by almost one 

half. The remote activation mechanism was also used to initiate FP curing of a carbon fiber-

reinforced composite panel prepared by vacuum-assisted resin transfer molding layup strategy. 

However, the high concentration of fiber reinforcements required a larger spot size and longer 

activation times to heat up a larger volume of resin and reaching the activation temperature. 

Upon local initiation of the FP, the front then propagated within the plane of the layup to 

successfully cure the composite in a few minutes. 

 

Figure 3. Thermal image of two-point initiation of FP observed from the top of the experimental 

setup. The reaction was initiated at two points which then propagated radially until they 

merged and fully cured the available monomer.  

4. Conclusions 

We used photothermal energy conversion to remotely and rapidly activate thermal frontal 

polymerization of a thermoset resin for the first time. Exploiting the high absorptivity of carbon 

fibers allows for quickly converting the energy of an incident laser light to heat and increasing 
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the surface temperature of fibers to high temperatures (above 200 °C) in less than a second to 

initiate frontal polymerization in the surrounding matrix resin. The effect of laser parameters on 

the activation time of the reaction was systemically studied to determine the fastest activation 

time that can be achieved using this technique. The results of this study was then used to 

demonstrate multi-point initiation of frontal polymerization as well as remote curing of a 

composite panel.  
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With the increasing amount of advanced composite materials employed in various fields like 

aerospace, automotive and renewable energy, the environmental impact of composite 

industries has gained more attentions than ever. It is well acknowledged that high performance 

fibre reinforced plastics (FRPs) can provide lightweight solutions in many structural applications, 

especially compared to the traditional metal counterparts to achieve higher fuel efficiency and 

less environmental impact during their usage period. However, in order to stimulate sustainable 

development of composite materials, both manufacturing stage of FRPs and components’ end-

of-life options should be borne in mind, where energy efficient manufacturing methods are of 

great necessity. From energy and capital intensive autoclave few decades ago, to nowadays out-

of-autoclave manufacturing methods like vacuum assisted resin infusion and vacuum assisted 

resin transfer moulding, great efforts have been made in this field to the reduce end-use energy 

in composite manufacturing. 

The advance of carbon nanomaterials like carbon nanotubes (CNTs) and graphene nanoplatelets 

(GNPs) over last decade has enabled another step towards energy efficient manufacturing of 

composite materials, with out-of-oven curing performed based on Joule heating effect of 

percolated conductive network [1-4]. Lee et al. reported an out-of-oven curing technique via 

resistive heating of an aligned carbon nanotube film, which could be detached after curing. The 

energy consumption was reported to be over two orders of magnitude lower (14 vs. 0.1 MJ) as 

compared to the oven cure baseline [2]. Xu et al. fabricated a large scale CNT film as heating 
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source to perform the in-situ curing of glass fibre reinforced plastics (GFRPs), leading to 

outstanding uniformity in thickness, surface resistance and temperature, using only one seventh 

of the energy consumption of the oven curing process [3]. Although the extremely high heating 

rate together with high thermal conductivity of these carbon nanomaterials have also brought 

safety concerns and risks of overheating and subsequent burning and fire hazards. 

In this work, a highly energy efficient and intrinsically safe out-of-oven manufacturing method 

has been developed for advanced composites. Self-regulating heating based on positive 

temperature coefficient (PTC) effect has been achieved with percolated GNPs in HDPE matrix [5-

6]. The fabricated GNP/HDPE nanocomposite film with intrinsic self-regulating heating capability 

has been embedded and employed to perform curing of thermoset based composites without 

risk of overheating and without an oven as well (Figure 1).  

 

Figure 1 schematic illustration of nanocomposite film placed on top of reinforcing fabrics 

during the vacuum assisted resin infusion process. 

  

Both temperature and energy consumption during the out-of-oven curing process have been 

monitored and recorded, with a more than 90% of energy consumption saved compared to 

traditional convection oven curing (Figure 2). Systematic characterisation such as DSC and DMA 

have been performed to examine the curing degree as well as thermal mechanical properties 

like Tg, with no obvious different between two curing methods.  

After the composite laminate was cured, the nanocomposite layer is embedded on the surface 

of the laminate and being utilised as a smart multifunctional layer. Figure 2 (top right) shows the 

in-situ electrical sensing signals for the current multifunctional composites under flexural 
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loading conditions, with clear and consistent sensing signals upon each loading cycle. The de-

icing capabilities based on Joule heating has also been examined and presented in Figure 2 

(bottom), indicating very good heating capabilities based on embedded nanocomposite film. 

 

 

Figure 2. Power consumption comparison between oven curing and current sustainable out-of-

oven curing; strain sensing performance under flexural loading; and Joule heating based de-

icing performance. 

 

In short, the current sustainable and safe out-of-oven manufacturing based on the PTC effect of 

nanocomposite layer provides not only a highly energy efficient manufacturing method for 

composite materials, but also integrated strain/damage sensing capabilities for online structural 

health monitoring, as well as de-icing for extreme environment. The current multifunctional 

composites also provide great flexibility for complex shape manufacturing since HDPE/GNP films 

can be easily made with desired dimensions. Capital costs also can be saved compared to 

autoclave or oven curing methods. The great preservation of laminate original design with no 

effects on internal structures has also enables high compatibility with current composite 
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manufacturing and applications, providing great potential for sustainable development of 

composite industries with reduced end-use energy from manufacturing stage. 
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Abstract: In the present paper, a series of novel hybrid configurations were designed and 

tested in order to improve the energy absorption and impact resistance of carbon fibre 

composites under static indentation. All three hybrid configurations: glass/carbon hybrid with 

glass on the impact side, carbon/glass hybrid with glass on the rear side and interlayered 

glass/thin carbon hybrid, showed significant improvements in energy absorption in static 

indentation compared to the monolithic carbon layup, although the failure mechanisms were 

different from case to case. The interlayered glass/thin carbon has shown the highest peak 

load for penetration initiation and energy absorption, attributed to the fibre fragmentation in 

the thin carbon layers and stable fibre pull-out. 

Keywords: Hybridisation; Impact damage; Static indentation; Energy absorption; 

Delamination 

 

1. Introduction 

Carbon fibre composites possess high specific stiffness and strength properties that are 

attractive for many applications. However, the use of carbon fibre composites has been 

significantly limited by their low baseline impact resistance and lack of mechanisms for energy 

absorption under low and high velocity impact loading, which composite structures may 

experience foreign objects during their service life.  

More specifically, compressive strength after impact loading is commonly used to 

characterise the impact behaviour of carbon fibre composites, as barely visible impact damage 

(BVID), such as matrix cracking, delamination and even fibre breakage can significantly degrade 

their compressive strength [1]. In addition, impact behaviour of composite materials can also 

be   characterised by the amount of energy absorbed during penetration and the associated 

damage area.    

A range of damage mechanisms are involved in penetration of composite plates, 

including crush and contact failure under the projectile which can be related to Hertz contact 

theory; matrix cracking and delamination; shear plugging in the through-thickness direction; 

tensile and compressive fibre fractures due to global or localised bending stress. In order to 

improve impact response and energy absorption of carbon fibre composites, hybridising 

carbon fibre with high strain materials is a common strategy, since high strain materials have 

shown flexibility and good energy absorption on their own and open up a larger design space 

since the behaviour can be modified by using different fibre types, ply thickness and layup [2–
5].  
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 Sayer et al have presented a series of carbon/glass fibre hybrids, with different ratios 

and relative position of carbon plies to glass plies [4]. They have found that the impact 

penetration threshold has been improved by up to 30% with high strain fibres on the rear than 

on the impact surfaces and the ratio of carbon to glass plies has less effect. Whilst Jang et al 

have observed better energy characteristics in laminates with high strain material on the 

impact side [5]. The carbon layers on the back surface were severely damaged and the 

energies dissipated through the damage process at the back surface. An increase in impact 

energy has also been found in layer-by-layer hybrids due to increased interfaces and 

delamination [3]. In addition, pseudo-ductile glass/thin carbon hybrids with the damage 

mechanism of carbon fragmentation, have also shown improved energy absorption in tensile 

loading [6]. Progressive fragmentation of carbon layers has shown the potential to increase 

energy absorption under impact loading as the back surface in an impacted panel is in tension. 

Additional interfaces created in the glass/thin carbon hybrids could be additional mechanisms 

for energy absorption. 

The prediction of behaviour of hybrid laminates is more complex and less understood 

compared with conventional carbon fibre composites, and some conflicting conclusions have 

been reported in the literature [4,5]. Therefore, the objectives of this paper are to design 

hybrid configurations with improved impact energy absorption using different approaches and 

to make comparisons between them. 

 

2. Design and manufacture 

2.1 Configuration design and material selection 

Damage mechanisms are found to be associated to bending, shear, membrane and contact 

indentation loadings which are all involved in static indentation. Design of a hybrid layup 

would allow to select proper fibre types and layups for each part of a hybrid based on their 

damage mechanisms in order to improve their energy absorption under impact loading. Two 

hybrid concepts were used in the present work: block-by-block hybrids and interlayer hybrids.  

 

Table 1. The cured ply properties of all three prepregs. 

  

Prepreg Type 
E1 

(GPa) 

1 

(MPa) 

t 
(%) 

c 
(%) 

t 

(mm) 

IM7/8552 161 1780 1.62  1.3  0.125 

S2-glass/8552 49.6 2800 4.62 3.0 0.125 

T800/TP135 168 3290 1.90 1.0 0.03 

 

On the impact side, the damage is localised and constrained under the indentor, 

therefore the material on the impact surface was selected to redistribute the contact stress, 

through either matrix cracking/delamination or early fibre fracture on the impact surface. On 

the rear side, deformation is at a maximum and large deformation allows more energy 

absorption, so the rear side has been designed to fail at high strain. An interlayered hybrid 

configuration - a glass/thin carbon hybrid, has been selected to use on the rear side of the 
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panel in order to create extra energy absorption through fragmentation in the thin carbon 

layers and delamination at the additional interfaces. Based on the considerations above, the 

following quasi-isotropic hybrid configurations with thicknesses ranging from 4.5mm to 

4.75mm, were designed and are presented in this work as shown in Figure 1. Cured material 

properties for all constituents are given in Table 1. 

 

Figure 1. Schematic diagrams for all configurations, where orange and black colour represent 

S-glass fibre and carbon fibre respectively. The thin black lines in the glass/thin carbon case are 

continuous and at a later stage fragmented thin carbon layers. 

 

2.2 Manufacture and mechanical testing 

The constituent materials for each of these configurations were commercially available 

prepreg materials as given in Table 1. IM7 and S2-glass prepregs with HexPly 8552 epoxy resin 

were from Hexcel, and T800 thin plies prepreg with NTPT-TP135 epoxy resin were from North 

Thin-ply Technology. Both resin systems can be cured with a similar cycle, which includes 

dwelling at 80 °C for 75 mins, holding at 185 °C for 135 mins and curing at a pressure of 6.5 

bar.  

Since static indentation gives representative damage sequences and similar overall 

behaviour, it was selected to be used in this work to replace low-velocity impact [7]. Testing 

panels were designed according to the ASTM D7136 standard and were machined to the 

required in-plane dimensions of 150 mm by 100 mm using a waterjet cutting machine. The 

machined panels were then tested in a static indentation setup using an Instron hydraulically-

actuated system with a 25kN load cell, at a loading rates of 0.5mm/min. A hemi-spherical steel 

indentor with a diameter of 16mm was used and the panels were simply supported over a 

window of 125mm by 75mm. The details of the test setup and parameters are shown in Figure 

2. All the panels were tested until full penetration occurred.  
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Figure 2. Experimental setup for the static indentation 

 

3. Results and discussions 

Full panel penetration has been achieved in all configurations. The typical applied loads versus 

the displacements for all configurations are plotted in Figure 3(a) and (b), where Figure 3(a) is 

for the monolithic and block-by-block hybrid configurations and Figure 3(b) is for the 

interlayered hybrid layups. Due to slight differences in the thickness of each configuration, a 

thickness scaling factor k = (t/tc)1.5 based on the baseline carbon was applied to all loads to 

make a fair comparison [8].  

 Overall, all the panels exhibited similar global behaviour in the initial stage of loading – 

an early load drop associated with delamination initiation, then a region of load recovering and 

increasing before the peak load and a major load drop followed by a gradual load reduction. As 

expected, the baseline carbon panel showed the highest initial stiffness, but also presented the 

lowest deformation and the largest load drop after the peak load due to the brittle failure of 

the carbon fibre on both the impact and rear surfaces.  

 The carbon fibre plates hybridised with a block of high strain S-glass on either the 

impact or rear side of the panel, both showed improved peak loads and more gradual load-

displacement responses especially after the peak load. This indicates that hybridising carbon 

fibre with high strain S-glass fibre improved the resistance to penetration in impact loading. 

The low modulus of S-glass fibre and extensive delaminations in the glass plies on the rear side 

have allowed more deformation. Fibre failure was delayed in this configuration, resulting in a 

15% higher peak load and more energy absorbed compared to the S-glass/carbon hybrid, 

where the energy mainly dissipated via fibre breakage of the carbon layers on the rear surface. 

The monolithic S-glass panel exhibited the highest peak load due to the lower modulus and 

higher failure strain of S-glass in both tension and compression. 

In Figure 3(b), the interlayered hybrid configuration showed an even higher peak load 

and more gradual failure compared to the monolithic glass layup. The load-displacement curve 

for the S-glass/thin carbon interlayer configuration was almost identical to the pure S-glass 

panel up to the peak load. However, a higher peak was observed in the glass/thin carbon panel 

and a region of plateau was observed after peak load which is attributed to the fragmentation 

and gradual fibre pull-out in the carbon layers on the rear side.   
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A ranking based on the normalised total penetration energies for each configuration is 

presented in Figure 3(c), where penetration energy was calculated from the total area under 

the load-displacement curves. All hybrid configurations showed significant improvements in 

energy absorption by up to 78% compared to the baseline carbon. The interlayered glass/thin 

carbon hybrid presented the highest energy absorption and penetration thresholds compared 

with all the other block-by-block hybrids and the monolithic glass panel. 

 

 

 

Figure 3. (a) typical load-displacement curves for the monolithic and block-by-block hybrid 

configurations, (b) typical load-displacement curves for the monolithic and interlayered hybrid 

configurations and (c) total energy absorption under static indentation 

4. Conclusions 

Based on the experimental investigation, the following points can be concluded: 

• Energy absorption and resistance to penetration in static indentation have been improved 

significantly by adding high strain S-glass to the carbon plies. 

(a) 

(b) 

(c) 
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• In the two block-by-block hybrid configurations, high strain S-glass on the rear side of the 

panel showed a 30% higher energy absorption than the configuration with S-glass on the 

impact side, since the lower modulus of S-glass and delamination on the rear side allowed 

more deformation, delaying fibre fracture. 

• The interlayered glass/thin carbon hybrid exhibited the highest penetration resistance and 

energy absorption of to all tested configurations. Progressive fibre fragmentation in the 

thin carbon plies and fibre pull-out are the mechanisms promoting extra energy 

absorption. 
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Abstract: The observed ovalization phenomenon (flattening of a circular cross-section) under 

the applied bending loads in the thin-walled long-length cylinder-like structures, such as wind 

turbine rotor blades has been referred to as the Brazier effect. The Brazier forces tend to reduce 

the second area moment of the cylinder, and eventually lead to structural collapse. To 

understand the detailed effect of the Brazier forces on the damage initiation and propagation in 

composite structures, in the current research work, a GFRP thin cylinder (sub-component level) 

was manufactured and tested under a compression load to induce the ovalization effect. To 

predict the stiffness and strength degradation of the cylindrical cross-section caused by 

transverse loads, along with the ply level strength properties, required mode I and mode II 

strength and fracture energy values are obtained from experimental coupon level testing. 

Besides, numerical simulations are accomplished at the coupon level to calibrate the 

implemented material models. Finally, the obtained load vs. displacement curve from 

experimental testing of the cylinder was used to validate the results predicted by the detailed FE 

model. 

Keywords: Brazier effect; ovalization; glass-epoxy composite; delamination; intralaminar 

damage 

1. Introduction 

As the world is moving toward renewable energy sources, the generation of electricity from 

wind energy has rapidly increased over the past two decades. For example, the global wind 

power capacity in 2001 was 24.33 GW, whereas, in 2019 the power generation reached 650.76 

GW with a 20% cumulative annual growth rate [1]. During these years, to increase the efficiency 

of wind energy production and thereby reduce the Levelized Cost Of Energy (LCOE), the size of 

wind turbines is increasing exponentially. Consequently, a modern 10 MW size wind turbine 

rotor blade is more than 90 m long and weighs about 50 tonnes [2]. In general, the aforesaid 

rotor blades are manufactured using Glass Fiber Reinforced Polymer (GFRP) composites. A 

typical GFRP wind turbine rotor blade has a hollow circular cross-section at the root that changes 

into a continuously decreasing airfoil shape while moving towards the blade tip. Currently, the 

largest wind turbine blade has a length of 107 m making the structure more slender and thin, 

i.e., in principle, these structures are long and have thin-walled sections with a radius to 

thickness ratio higher than 10 [3]. Under the applied bending loads, such long-length thin circular 

structures undergo large deflections and produce compressive and tensile stress above and 

below the neutral axis, respectively (Fig 1a). 
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These stresses, in turn, generate internal forces that have two components, namely longitudinal 

and transversal (Fig 1a). During the bending load application, the transversal force component 

reduces the second moment of area of the thin-walled structure leading to a non-linear bending 

response. At critical load, the structure can no longer sustain externally applied moment, leading 

to structural collapse [4]. During the load application process, these long-length thin circular 

sections experience a flattening effect i.e. transforming the circular cross-sections (Fig 1b) into 

an oval shape (Fig 1c) [5]. Hence it was concluded that the transversal force component is 

responsible for ovalization. This ovalization phenomenon of thin-walled long-length tubes under 

non-linear bending has been referred to as the Brazier effect, which was generally characterized 

by Brazier pressure [6]. 

 

 

 

 
Figure 1. Transversal force component developing brazier effect in the thin-walled structure: a) 

stress distribution due to global bending load; b) GFRP thin circular composite cylinder before 

load; c) ovalization due to transverse compression (Brazier crushing pressure). 

 

In order to study the effect of Brazier forces on the damage initiation and propagation 

of a rotor blade, Jørgensen et al. [7] conducted a full-scale static test on a 25 m long wind turbine 

blade under flapwise bending load and reported various failure modes for the main spar (load-

bearing box girder). Besides, local non-linear deformation caused by Brazier pressure leads to 

skin wrinkling and debonding from the web. Similarly, Jensen et al. [8] conducted a full-scale 

static test on a 34 m long wind turbine blade with a load-bearing box girder under flapwise 

bending load. The aforesaid study concluded that the brazier effect which introduces crushing 

pressure has a significant influence on web deflection. In addition, it promotes skin debonding 

from the cap as an initial failure mechanism. The aforesaid mechanism is followed by 

delamination-driven buckling, which leads to structural collapse. Besides, Jensen et al. [9] 

developed an FEA model in the blade structural region (0-13 m) by taking non-linear 

displacement boundary conditions from a full-scale FE model. Deflections of the blade in the 

flapwise direction agreed well with FEA simulation results. Based on the detailed studies, Jensen 

et al. [10] strongly recommended that the brazier effect must be taken into consideration during 

the wind blade design process. Similar to the above discussed studies, Zhang et al. [11] 

conducted a full-scale static test on a 48.8 m long blade that confirmed the involvement of the 

brazier effect on structural failure.  
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Regarding the effect of fatigue loads on the rotor blade structural failure, H.G. Lee et. al. [12] 

conducted a full-scale fatigue test on a 3MW turbine blade that is 56 m long. Besides, fatigue 

load was applied simultaneously in both edge and flap directions. A detailed study was 

conducted for the root cause analysis of the T-bolt failure at the blade root-end. The aforesaid 

study leads to an observation that the so-called bumpy deformation of the blade under cyclic 

loads leads to the delamination at the root end. The aforesaid uneven deformation can be 

attributed to the Brazier crushing pressure. 

 

As discussed above, in order to study the influence of the Brazier effect on the failure behavior 

of circular composite cross-sections, several full-scale experiments, and numerical studies have 

been conducted. The aforesaid studies provide a general outline of the failure behavior of the 

composite cross-sections influenced by Brazier pressure under the applied bending load. 

However, a detailed ply-ply modeling approach explaining the damage initiation and final failure 

in relation to the ovalization phenomenon is missing in the existing literature. Consequently, the 

current research work presents a detailed ply-ply modeling approach to study the effect of 

ovalization induced failure behavior of a GFRP cylinder under the applied transverse 

compression load. To this end, mimicking the typical reinforcement materials that are currently 

used in commercial rotor blades, a GFRP Uni-Directional (UD) non-crimp fabric (NCF) is used as 

a primary reinforcement along with the bi-axial fabric for the construction of the cylinder. Using 

the aforesaid glass fabric combined with epoxy resin, a thin circular cylinder was manufactured 

and tested (sub-component level) under a transverse compression load. Consequently, a 

geometrically non-linear deformation profile associated with the Brazier effect was studied.  

Finally, to conduct a detailed ply-ply failure analysis of the cylinder, several coupon level tests 

were conducted to estimate the elastic and strength constants of the chosen composite 

materials system. To simulate the interlaminar failure behavior, coupon level fracture tests and 

short beam shear tests on NCF glass composite laminates are conducted to obtain mode-I and 

mode-II fracture energy values and interlaminar tensile and shear strengths. To study the failure 

process at the substructure level, Hashin’s failure theory was implemented to capture crack 

initiation, and the exponential degradation law was used to analyze the strength and stiffness 

degradation within the plies. A cohesive zone model (CZM) was implemented to capture 

interlaminar damage behavior in between the plies. Finally, the presented numerical 

methodology is thoroughly validated using the experimental damage profiles and the load-

displacement curves. 

 

2. Estimating interlaminar shear strength 

2.1. Manufacturing process 

To obtain elastic and strength constants at the ply level, initially, various test coupons were 

manufactured using non-crimp fabric (NCF) glass fiber of 1244 GSM as a reinforcement and 

epoxy matrix supplied by Bhor chemicals (BhorBond®) as a binder material. Vacuum-assisted 

Resin Transfer Molding (VARTM) technique was used to manufacture composite composites 

plates. Besides, the plates that were manufactured are cured at room temperature. Moreover, 

all the in-plane and interlaminar coupons were tested using ASTM standards. 
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Considering the length of the manuscript, in the following section, a detailed procedure related 

to the estimation of mode II interface fracture properties is explained. Followed by the cohesive 

properties estimation, cylinder FE analysis results are presented that include both intra and 

interlaminar damage models. 

2.2. Inter Laminar Shear Strength (ILSS) - Short beam shear test 

 In order to estimate the ILSS of the chosen NCF UD composite laminate, the ASTM D2344 

test guidelines are followed. As shown in Fig 2a, the specimen has a thickness of 6.44mm and 

consequently, the chosen support span length is 25.76mm. The specimen was loaded in a 

displacement-controlled manner with a crosshead speed of 1 mm/min. As soon as the load drop 

is approximately 20% of the maximum applied load, the test is terminated. A total of five 

specimens were tested, and respective load-displacement curves were given in Fig 2b. From the 

obtained load values, using Eqn 1, the ILSS value of 34.25±1.71 MPa was obtained. Moreover, 

to obtain the surface strain fields and to track the damage initiation and propagation, 2D Digital 

Image Correlation (DIC) is used. In the following sections, a correlation between experimental 

and numerical strain profiles is presented. 𝜏𝐼𝐿𝑆𝑆 = 34  𝑃𝑚𝑎𝑥𝐵∗ℎ           (1) 

a) 

  
Figure 2. Schematic of short beam shear test: a) experimental setup; b) load vs. displacement 

curves. 

2.3. Estimating mode-II interlaminar fracture toughness 

Glass composite plate of thickness 3.41 mm manufactured with four unidirectional NCF plies. 

An 8 m thick polytetrafluoroethylene film was inserted in the middle of the layup to create an 

initial crack. Mode-II fracture test coupons were machined into the required dimensions (Fig 3) 

as per ASTM D7905 [13]. The experimental setup and loading configuration are shown in Fig 3. 

Using the experimentally obtained load-displacement curves, the critical fracture energy release 

of the material is calculated using the below formula: 

 

Figure 3. End-Notched Flexure (ENF) test - dimensions and experimental setup. 
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𝐺IIc = 𝑃22𝐵 (dC𝑑𝑎)           (2) 

In the above equation, P is the maximum load sustained by the beam and B is the width of the 

beam. Moreover, 
dC𝑑𝑎 represents the change in beam compliance with respect to the crack 

growth. Hence, to estimate the (GIIc) value, an expression for compliance (C) in terms of the crack 

length is required. In the current research work, the compliance calibration (CC) method was 

used for data reduction. As shown in Fig 3, CC lines were marked at a distance of 30±10 mm and 

30 mm from the crack tip towards the initial crack side. All CC tests were performed by placing 

the specimen at crack length a𝑖=20,40 mm and the final fracture test is conducted at a0=30 mm 

at 0.5mm/min load rate. For each CC test, compliance (C) was calibrated using a Linear least-

squares fit between load vs. displacement curve. For the fracture test (a0=30) compliance was 

calculated by taking data from 90 N to 50% of peak load. As compliance varies linearly with (crack length)3, an equation C= A+m𝑎3 was fitted using linear least-squares regression analysis 

[13]. Upon estimating the ‘m’ value, interlaminar fracture toughness was estimated to be equal 

to 1.35±0.37 N/mm using Eqn 3: 𝐺𝐼𝐼𝑐 =  3𝑚𝑝 2𝑎022𝐵           (3) 

3. Results and discussion 

3.1 Estimating the cohesive properties 

As described by Rzeczkowski et al. [14], the peak load obtained from the SBS experiments (Fig 

2b) cannot be the accurate interface damage initiation strength. Hence, to estimate the 

interface damage initiation stress and hence input the cohesive properties, an inverse method 

is used. It is a trial-and-error method, and cohesive properties can be obtained by matching the 

numerical load-displacement curve with the experiment. To achieve this, the ENF test specimen 

was modeled with a 2-D shell element in ABAQUS. The GFRP lamina has a thickness of 0.85 mm. 

The cohesive layer having a thickness of 0.01 mm was inserted at the center of the ply layup (Fig 

4a). The model has a total length of 183 mm with an initial crack length of 63 mm (Fig 4a). GFRP 

composite layers are meshed with 7320 CPE4R elements, and the interface layer has meshed 

with 400 COH2D4 elements. For the current FE simulations, cohesive formulations described in 

[15] are used. Supporting and loading rollers had a radius of 5 mm and were modeled with 2-D 

discrete rigid elements (R2D2).  

a) 

 

 

 

 

 
Figure 4. a) Schematic of FEA simulation of ENF test specimen; b) load-displacement 

comparison between experimental and FEA simulation. 
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A dynamic explicit solver was used for simulating the load-displacement behavior. In order to 

obtain the interface damage initiation stress value, the experimentally obtained 𝐺𝐼𝐼𝑐  (1.35 

N/mm) is kept constant and the interface strength value is varied such that the predicted load-

displacement curve matches the experimental load-displacement curve (Fig 4b). The predicted 

mode II interface damage initiation stress value is listed in Table 1. Similarly, mode I experiments 

are accomplished using Double Cantilever Beam (DCB) experiment (ASTM D5528), and the 𝐺𝐼𝑐 

value is obtained as 0.645±0.142 N/mm. Finally, mode I interface strength is obtained from the 

numerical simulations. The experimental critical fracture energy release rates and the calibrated 

cohesive interface strengths are listed in Table 1 

Table 1: Cohesive properties of NCF GFRP UD composite. 

Test Strength, MPa Interface damage initiation, 

(estimated) MPa 

Critical fracture energy 

release rate, J/m2 

Mode I NA 12 645±142 

Mode II 34.25±1.71 28 1350±350 

 

3.2. Verification of mode –II cohesive properties 

Experimental stress-displacement curves obtained from the short beam shear test were used to 

verify calibrated cohesive strength (28 MPa). To this end, the short beam shear specimen, which 

has dimensions and load configuration shown in Fig 2a was modeled in ABAQUS. The FEA model 

consists of 8 GFRP laminas meshed with 36672 C3D8R elements. Cohesive elements were 

inserted between each GFRP lamina and meshed with 16044 COH3D8 elements. Loading and 

support roller meshed with discrete rigid elements (R3D4). Upon running the FE simulations, the 

predicted stress-displacement curve is compared against the experimental stress-displacement 

curves (Fig 5a). Using the cohesive properties listed in table 1, the predicted stress-displacement 

curve closely matches experimental results (Fig 5a). Further strain profiles obtained from DIC 

were also compared with respective strain profiles from the FEA simulation, and the results were 

matched well (Fig 5b). 

  
Figure 5. Comparison between experimental and FEA simulation results of short beam shear test: 

a) Load vs. displacement curve; b) strain profiles at 85% of peak load. 
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3.3. GFRP thin composite cylinder under transverse compression – FE modeling 

To achieve the objective of this paper, a GFRP thin composite cylinder with an inner radius of 

202 mm and an outer radius of 210.99 mm was modeled in ABAQUS. The model consists of 18 

plies, consisting of the following [0/(±45)2] 3𝑠 stacking sequence. The GFRP laminas meshed 

with C3D8R elements. Moreover, cohesive elements having a thickness of 0.01mm were 

inserted between the plies and are discretized with COH3D8 elements. A user-defined material 

(VUMAT subroutine) was developed to characterize matrix cracking and delamination damage 

behavior. The aforesaid user materials were developed based on the progressive damage model 

(PDM). In these models, stiffness degradation starts whenever laminate satisfies the damage 

initiation criterion. A scalar damage variable was used to degrade stiffness, which varies 

between 0 at damage initiation and 1 at element deletion. Hashin’s failure theory was used for 
matrix cracking as damage initiation and the exponential progressive degradation law as damage 

evolution [16]. Similarly, the quadratic nominal stress criterion was used for the interface 

damage initiation (cohesive elements), and the B-K law was used for interface element deletion. 

To induce the ovalization effect in the cylinder, a transverse compressive load is applied through 

a discrete rigid body (R3D4) (Fig 6a). The cylinder underwent a large non-linear deformation 

before final failure changing the circular cross-section into an oval shape (Fig 6). Due to the 

Brazier effect matrix cracking in the 450 plies is observed as initial damage (Fig 6a). This crack 

propagated towards the interface, causing delamination damage following the final failure (Fig 

6b). 

  

Figure 6. Brazier effect on GFRP thin composite cylinder due to Transverse compression (Brazier 

crushing pressure): a) matrix cracking; b) delamination. 

4. Conclusions 

A detailed ply-ply FE model of a GFRP composite cylinder was developed consisting of both intra- 

and interlayer damage models. Required ply elastic and strength constants, as well as 

interlaminar strength and fracture energy values, were experimentally determined. Also, 

cohesive properties were estimated by FEA parametric study by matching experimental load-

displacement curves to the predicted curves. Using the GFRP cylinder FE analysis, under the 

applied transversal force that mimics Brazier crushing force, large deformation (11.68% 

reduction in diameter of the cylinder in load application direction) is produced while reducing 

the second area moment by 19.26%. The observed flattening effect led to matrix cracking in 450 

plies. The aforesaid crack propagated towards the interface causing matrix-driven delamination 

followed by final failure of the cylinder. 

360/1602 ©2022 Yakanna et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

5. References 

[1] P. Liu, F. Meng, and C. Y. Barlow, “Wind turbine blade end-of-life options: An economic 

comparison,” Resour. Conserv. Recycl., vol. 180, no. August 2021, p. 106202, 2022, doi: 

10.1016/j.resconrec.2022.106202. 

[2] D. T. Griffith and T. D. Ashwill, “The Sandia 100-meter All-glass Baseline Wind Turbine 

Blade : SNL100-00,” Baseline, no. June, pp. 1–67, 2011. 

[3] “A Towering Achievement: This Summer In Holland, GE Will Build The World’s Largest 
Wind Turbine | GE News.” . 

[4] L. S. Cecchini and P. M. Weaver, “Brazier effect in multibay airfoil sections,” AIAA J., vol. 

43, no. 10, pp. 2252–2258, 2005, doi: 10.2514/1.11736. 

[5] L. G. Brazier and P. R. S. L. A, “On the flexure of thin cylindrical shells and other ‘thin’ 
sections,” Proc. R. Soc. London. Ser. A, Contain. Pap. a Math. Phys. Character, vol. 116, 

no. 773, pp. 104–114, 1927, doi: 10.1098/rspa.1927.0125. 

[6] K. T. Kedward, “Nonlinear Collapse of Thin-Walled Composite Cylinders Under Flexural 

Loading.,” pp. 353–365, 1978. 

[7] E. R. Jørgensen et al., Full scale testing of wind turbine blade to failure - flapwise 

loading, vol. 1392, no. June. 2004. 

[8] F. M. Jensen, A. S. Puri, J. P. Dear, K. Branner, and A. Morris, “Investigating the impact 
of non-linear geometrical effects on wind turbine blades-Part 1: Current status of 

design and test methods and future challenges in design optimization,” Wind Energy, 

vol. 14, no. 2, pp. 239–254, Mar. 2011, doi: 10.1002/WE.415. 

[9] F. M. Jensen, B. G. Falzon, J. Ankersen, and H. Stang, “Structural testing and numerical 
simulation of a 34 m composite wind turbine blade,” Compos. Struct., vol. 76, no. 1–2, 

pp. 52–61, 2006, doi: 10.1016/j.compstruct.2006.06.008. 

[10] F. M. Jensen, P. M. Weaver, L. S. Cecchini, H. Stang, and R. F. Nielsen, “The Brazier 
effect in wind turbine blades and its influence on design,” Wind Energy, vol. 15, no. 2, 

pp. 319–333, Mar. 2012, doi: 10.1002/we.473. 

[11] L. Zhang, Y. Guo, L. Yu, X. Wei, W. Liu, and X. Huang, “Structural collapse characteristics 
of a 48.8 m wind turbine blade under ultimate bending loading,” Eng. Fail. Anal., vol. 

106, no. May, p. 104150, 2019, doi: 10.1016/j.engfailanal.2019.104150. 

[12] H. G. Lee, M. G. Kang, and J. Park, “Fatigue failure of a composite wind turbine blade at 
its root end,” Compos. Struct., vol. 133, pp. 878–885, 2015, doi: 

10.1016/j.compstruct.2015.08.010. 

[13] ASTM D7905, “Standard test method for determination of the mode II interlaminar 
fracture toughness of unidirectional fiber-reinforced polymer matrix composites,” 
Astm, pp. 1–18, 2014, doi: 10.1520/D7905. 

[14] J. Rzeczkowski, “An experimental analysis of the end-notched flexure composite 

laminates beams with elastic couplings,” Contin. Mech. Thermodyn., vol. 33, no. 6, pp. 

2331–2343, 2021, doi: 10.1007/s00161-020-00903-2. 

[15] A. Sharma, S. Daggumati, A. Gupta, and W. Van Paepegem, “On the prediction of the bi-
axial failure envelope of a UD CFRP composite lamina using computational 

micromechanics: Effect of microscale parameters on macroscale stress–strain behavior 

A.,” Compos. Struct., vol. 251, no. May, p. 112605, 2020, doi: 

10.1016/j.compstruct.2020.112605. 

[16] L. B. Andraju and G. Raju, “Continuum and cohesive zone damage models to study 
intra/inter-laminar failure of curved composite laminates under four-point bending,” 
Compos. Struct., vol. 253, no. June, p. 112768, 2020, doi: 

10.1016/j.compstruct.2020.112768. 

 

361/1602 ©2022 Yakanna et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

MULTISCALE INTERFACE BEHAVIOUR AND PERFORMANCE OF GF-PC 

COMPOSITE 

 

O. Vetterli a, G. A. Pappas, P. Ermanni 

a: Laboratory of Composite Materials and Adaptive Structures, Swiss Federal Institute of 
Technology Zurich (ETHZ); aoliverve@ethz.ch 

 

Abstract: Fibre-matrix interface performance is essential in fibre reinforced polymer 

composites, leading to important efforts in quantification and optimization. This is even more 

relevant for thermoplastics, since interfacial bonding happens only via physical interactions. 

Standardised mechanical tests provide homogenized composite properties, but fail to isolate the 

contribution of the interface. Micromechanical ones are designed for this exact purpose, but 

need complex set-ups and sample preparation. This study adopts a novel multiscale approach to 

measure mechanical properties of polycarbonate-glass fibre composites, manufactured under 

different interfacial conditions (sized & desized). This is enabled by use of focused ion beam in 

precise manufacturing and post-mortem analysis of specimens. The results show an evident 

difference between tested conditions at the macroscale (mode I), where sized specimens 

outperform desized ones. At the microscale (mode II), these differences are less pronounced due 

to the high ductility of the matrix resulting in a cohesive failure of the composite. 

Keywords: Polycarbonate; Glass fibre composites; Microscale; Interface 

1. Introduction 

The demand for high performing glass fibre (GF) reinforced polymer composites has been 

growing rapidly, mainly due to their attractive performance to price ratio, making them 

appealing for lightweight structures [1, 2]. Moreover, due to the sustainability potential, 

thermoplastic polymers are becoming a valid alternative to thermosets [3]. Also, 

thermoplastics like polycarbonate (PC), show very high tenacity due to their high ductility, 

making them appealing for demanding applications such as protective equipment and ballistics 

[4, 5]. Generally, the performance of composites, not only depends on the constituent material 

mechanical properties and orientation, but largely, on the interfacial strength [6, 7]. 

Interactions at this level include physical (like Van der Waals interactions), mechanical (like 

surface roughening) and chemical (like covalent bonds). In practical terms, bonding is 

improved via the application of sizing solution, which are complex mixtures that have to fulfil 

specific requirements [8, 9]. Contrary to thermosets, which are polymerised in-situ, thus, 

allowing for chemical interaction, thermoplastics only allow for physical interactions with the 

fibre and sizing.  

Being able to precisely quantify interface strength and toughness is of paramount importance 

to enable the production of better performing composites, and can be done explicitly via 

micromechanical experiments. Unfortunately, these kind of tests are extremely laborious, lack 

standards and the high complexity of testing setups prevents direct comparison of results. This 

limits their implementation at an industrial level, where conventional macro-mechanical tests 

are used considering a homogenized behaviour [10]. This work will therefore focus on 
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investigating the failure behaviour of PC-GF composite at different size scales and processing 

conditions, via state of the art macromechanical test and innovative micromechanical setup. 

The micromechanical test set-up resembles designs applied in ceramics [11, 12] and 

thermosets [6, 13] composites, namely push-out test; where the interface between the matrix 

and fibre is forced into failure under shear (mode II). However, to precisely control the sample 

dimension and quality, an innovative manufacturing technique that employs a focus ion beam 

(FIB) has been developed. Macromechanical testing was also included in this study via 

transverse tensile test on laminated strip-coupons. In terms of processing conditions, a 

thermoplastic compatible sized glass fibre mat is compared to a neat one, where the matrix-

fibre interface is expected to be lower affecting the overall performance. 

 

2. Materials & Methods 

2.1 Materials 

Specimens for both macro- & micro-mechanical testing were produced with the same 

constituent materials. Two types of glass fibre mats were used, 92145 and 92145-FE800, 

produced by Porcher Industries Germany Gmbh. Both materials are unidirectional GF mats 

with a nominal areal weight of 223±5 g/m2 (10 g/m2 weft direction). The only difference is the 

finishing of the glass fibres. The first one has been fully de-sized via thermal processing (a 

procedure carried out by the supplier), and the second has a thermoplastic sizing containing 

silane compounds. The polymeric matrix used is a commercial-grade polycarbonate Makrofol  

1-4 010181, produced by Covestro Germany Gmbh in film form with a thickness of 175 μm. 

2.2 Macromechanical specimen manufacturing and testing set-up 

Composite plates were prepared via the state-of-the-art film stacking technique, where a 

200×200 mm2 film of polycarbonate is alternated every two layers of a 200×200 mm2 GF mat, 

for a total of 6 and 12 layers respectively. This lay-up gives a final nominal fibre volume 

fraction (FVF) of ~54% after a ~2.5% of matrix bleed. 

The laminates were stacked manually and pressed under vacuum. To achieve flat specimens 

with homogeneous thickness, the material was pressed in a Fontijne TP 400 hot press, 

between thick steel plates equipped with 2 mm (nominal) thick spacers to avoid excessive 

bleeding and restrain over-compaction. The material was heated at a constant rate of 5°C/min 

up to 320°C under vacuum to avoid degradation. Once the processing temperature was 

reached, pressure was applied in two steps to facilitate compaction and impregnation: 10 min 

at 8 bar followed by 20 min at 20 bar. The whole set-up was cooled down to room 

temperature over a time of 40 min to relax out thermal stresses. Specimens were cut to 

dimension with a water-cooled circular saw according to ASTM D3039 [14] standards for 

transverse tensile testing. From each type of plate (2 conditions), 7 samples were produced 

with nominal values of length L= 200 mm width w= 25 mm and thickness t= 2 mm. Prior to 

testing, quality control was carried out via thermogravimetric analysis (TGA-2 SF, Mettler 

Toledo) and microscopy (VHX-6000, Keyence) to evaluate FVF, void content and 

microstructure.  

 

2.3 Micromechanical specimen preparation and testing set-up 

Micromechanical specimens for the push-out geometry were made from the same laminate 

prepared for transverse tensile test to remove any processing bias. According to the process, 

initially, strip coupons with the same dimensions as the macromechanical samples are 
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manually ground and polished on top and side faces, via a Tegramin-20, Streuers, down to a 

surface roughness of 1 μm. The second step, consists of cutting the polished strips with a fine 

diamond blade (paying great care not to damage the 2 polished edges), to a final dimension of 

8×5×2 mm3 before fixing it on a scanning electron microscope (SEM) stub with conductive 

silver glue. Consequently, in order to successfully image the sample with an SEM, a platinum-

palladium conductive coating is applied with a thickness of 10 nm via a CCU-010 Metal Sputter 

Coater, Safematic (Figure 1). In the final two steps, the sample is further smoothed and small 

‘pockets’ are milled, by means of a focus ion beam (FIB) Helios 5 UX Dual Beam, ThermoFisher 

Scientific. The previously prepared sample is then mounted on a 45° pre-tilt adaptor and re-

inserted into the device. 

 

Figure 1: Micromechanical specimen preparation and workflow (not to scale). Left: The top (25×100 mm2) and side 

(25×2 mm2) faces are manually polished. Middle: micromechanical sample is sliced. Right: The sample is mounted on 

an SEM stub (not shown) and a pocket is milled via FIB. 

 
Figure 2: Detail of specimens prepared with the FIB. Left: top view of the polished surface. Middle: front view of the 
composite layer where the push-out test will be performed. Right: inside view of the pocket, with the single fibre 
domain prepared for mechanical test. 

 

In detail, once a suitable area has been identified (matrix rich domains with isolated fibre), the 

top surface is further polished at a stage tilt of 8.5° (1.5° over tilt w.r.t. ion source), using 

cleaning cross sections (CCS). To achieve optimal smoothness, two procedures are run: first, a 

30×30 μm2 area is processed with a current of 20 nA. This removes any surface features in the 

micro-meter range. Secondly, a smaller area of 20×20 μm2 is further processed with a finer 

current of 9 nA, removing sub-micrometre features. 

Then the pocket, where the fibre will be pushed in, is carved out in two steps, both carried out 

with a gallium ion beam equipped with a water gas nozzle (multichem gun) to enhance the 

etching rate. First, the bulk material is removed via a regular cross-section (RCS), with a width 

of 3 times the fibre diameter, 30 μm depth and 20 μm height. Then a further polishing step, 

with a lower current of 9 nA, is carried out to achieve a smooth finishing of the newly 

manufactured pocket surface. Depictive SEM images are shown in Figure 2. 

The previously prepared push-out samples were tested on Vega 3 Tescan SEM equipped with a 

displacement controlled indenter from Alemnis. For the experimental campaign, a 3.5 μm 
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diamond flat punch indenter, from Synton MDP, with a displacement rate of 50 nm/s was used 

[13]. 

3. Results & Discussion 

The stress-strain plots in Figure 4 together with Table 1 summarize the essential information 

gathered from the transverse tensile tests. In both cases, sized & desized condition, five 

specimens provided usable results; for the rest the coupons failed close to the gripping region 

of the tensile machine clamp, invalidating the results [14].  

 

 

Table 1: Macromechanical results (averages of n=5, and standard deviation) from transverse tensile test. 
*Normalized for FVF= 53.5% and pure UD assumption (without weft effect see text for details) 

Material Strength* [MPa] Critical Strain [-] E22
* [GPa] 

Sized 
σYield 31.1±2.2 εYield 0.0024±0.0006 

12.2±0.5 
σUltimate 78.3±3.0 εUltimate 0.0110±0.0005 

Desized 
σYield 24.1±3.5 εYield 0.0027±0.0006 

11.0±0.6 
σUltimate 37.8±4.3 εUltimate 0.0051±0.0007 

 

Thanks to the precise manufacturing of the laminate, the void content is <0.5% and the final 

FVF is 53.7±0.4%; resulting in a fair and reliable comparison between the two tested 

conditions. To calculate the composite strength and modulus in transverse direction, the 

contribution of the weft (perpendicular to the bundles in the main fibre direction of the 

unidirectional fabric) had to be taken into account. In fact, the measured stress-strain 

response is assumed to be the result of pure 90° (transverse) composite plus the longitudinal 

glass fibre weft. One can assume the rule of mixtures (ROM, i.e. uniform strain) as a 

representative approximation of this combination [15]. The theoretical transverse modulus of 

the pure GF-PC composite in the transverse direction can be approximated by the Halpin-Tsai 

semi-empirical model (Eq. 1, with 𝜉𝜉 = 2), which in combination with the weft contribution 

provides a value for the given ratio of weft and UD. This is then compared with the effective 

measured modulus, providing a correction factor, in the range of 0.8, for the measured 

stresses, allowing the evaluation of the true strength in the transverse direction. Moreover, to 

be consistent with the micromechanical evaluation of the material, yield strength was defined 

by a 2% deviation from linearity [13].  𝐸𝐸22 =  𝐸𝐸𝑃𝑃𝑃𝑃 1 + 𝜉𝜉 𝜂𝜂 𝜈𝜈𝑓𝑓
1 −  𝜂𝜂 𝜈𝜈𝑓𝑓 , with   𝜂𝜂 =  

𝐸𝐸𝐺𝐺𝐺𝐺 − 𝐸𝐸𝑃𝑃𝑃𝑃𝐸𝐸𝐺𝐺𝐺𝐺 +  𝜉𝜉 𝐸𝐸𝑃𝑃𝑃𝑃  (1a) 

Figure 3: Tensile testing results, plot of Stress vs. Strain values of Left: Desized and Right: Sized GF-PC composite. 
Dotted red and green line pinpoint the measured ultimate and yield values for strength/strain, respectively. 
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𝐸𝐸22∗ =
𝜈𝜈𝑓𝑓𝜈𝜈𝑓𝑓 + 𝜈𝜈𝑤𝑤 𝐸𝐸22 +

𝜈𝜈𝑤𝑤𝜈𝜈𝑓𝑓 + 𝜈𝜈𝑤𝑤 𝐸𝐸𝐺𝐺𝐺𝐺 (1b) 

In Eq. 1a & 1b, 𝐸𝐸22 is the modulus in transverse direction; 𝜈𝜈𝑓𝑓 is the fibre volume fraction in the 

principal direction; 𝜈𝜈𝑤𝑤 is the weft-fibre volume fraction; 𝐸𝐸𝐺𝐺𝐺𝐺 ,𝐸𝐸𝑃𝑃𝑃𝑃  the moduli of glass fibre and 

matrix respectively; Note that the total FVF=𝜈𝜈𝑓𝑓 + 𝜈𝜈𝑤𝑤. 

From the provided data, a substantial influence of sizing can be observed. Compared to 

desized samples, sized conditions have 52% and 23% higher ultimate and yield strength, 

respectively. Ultimate strain results follow the same trend, too, with sized conditions having a 

54% higher value compared to desized. Though, yield strain values are in the same order of 

magnitude for both tested conditions. E-moduli have a more contained difference (10%); 

nonetheless, the overall trend is repeated in this instance too.  

 
Figure 4: Fractography on surfaces resulting from tensile test. Left: desized surface, with mainly adhesive failure as a 

result of a weaker matrix-fibre interface. Right: sized surface, with mixed adhesive-cohesive failure.  

 

Interestingly, the presence of sizing allows for a much larger plastic deformation before failure. 

This can be explained by a stronger interface between the two components and can be seen in 

the post-mortem microscopy analysis of the cracked specimens, similar to the observations of 

Montenegro et. al. [16] (Figure 5). Sizing leads to a failure with partially coated fibres after the 

tensile test, leading to a mixed adhesive-cohesive failure. For desized condition, a considerably 

larger bare glass fibre surface is exposed, resulting in a predominantly adhesive failure of the 

specimen. This behaviour observed at the macro scale can be partially seen at the micro-scale 

too, where the bottom portion of the pushed-out fibre is partially matrix coated for the sized 

sample and bare for the desized one (Figure 6) as explained hereafter. 

In Figure 7 the results from the push-out tests are reported. The nominal effective shear stress 

is calculated over the contact area between the glass and matrix, where Fapplied is the force 

applied by the intender, r the fibre radius and h the height of the composite layer (Eq. 2). Via 

this simple calculation, differences in fibre diameter and polymer layer thickness can be 

accounted for. The first portion of the curve with the initial rise and constant slope, was a 

result of elastic bending of the thin composite layer and elastic response of the fibre. This was 

followed by a flattening of the curve and the approaching of critical load where failure 

happened. Though, in our case, since the interface was stronger than the polymer, contrary to 

ceramic and often thermoset matrices, this portion of the graph corresponded, mainly, to the 

plastic deformation of the polymer. Nonetheless, a critical load (marked with a star) has been 

identified at 2% deviation from linearity, following previously reported procedure on similar 

geometry [6, 17].   𝜏𝜏𝑁𝑁𝑏𝑏𝑚𝑚𝑖𝑖𝑛𝑛𝑚𝑚𝑃𝑃= 
𝐺𝐺𝑎𝑎𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝑎𝑎𝑑𝑑2 𝜋𝜋 𝑐𝑐 ℎ  

(2) 
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Figure 5: SEM picture of the cross-section of a pushed out fibre.. Left: Desized fibre, where it can be seen that the 

interface at the bottom of the specimens fails adhesively. Right: Sized fibre, where it can be seen that the matrix has 

been plastified extensively, and the pushed-out portion of the fibre still has matrix on the surface, leading to a 

cohesive failure. Note that, the final displacement and force applied is higher for the sized one. 

 

The average value for critical shear stress for sized and desized conditions are 31.0±0.9 MPa 

and 27.1±2.5 MPa respectively. These values do not correspond to a complete interface 

failure, because the polymer yields extensively without any pronounced interface failure 

(Figure 6). This phenomenon is attributed to an interface strength in mode II higher than the 

matrix shear strength, compared to mode I vs. tensile strength (as in the case of transverse 

tensile test). Nonetheless, the overall trends can be retrieved and give useful insights into the 

failure mechanisms.  

 
Figure 6: Results of Nominal shear (Eq. 2) vs. displacement from push-out experiments on PC-GF composite (for each 

condition, n= 3). Left: Desized and Right: Sized.  
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Once the mechanical test has been carried out, the specimen is treated, once more, with the FIB 

to obtain the post-mortem samples (Figure 6). The pushed-out fibre is cut in fibre direction to 

better visualise the interface between the components and plastic deformation of the matrix. 

When inspecting this newly manufactured cross-section, a substantial difference can be 

observed at the bottom end of the layer. This domain is loaded under shear but also tensile 

stress (due to bending), i.e. partially mixed-mode conditions. Therefore, the interface fails 

cohesively for the sized sample and partially adhesively for the desized one, following similar 

trends as in the macromechanical tests. This can be recognised by the fully exposed glass fibre 

surface for the desized condition (bottom portion of Figure 6, left). On the other hand, in the 

small portion that has been pushed out in the sized condition, the fibre surface retain a thin 

layer of polymer (bottom portion of the figure, right), and extensive yielding of the polymer can 

be observed. Thus, composite action was maintained for a large portion of the experiment in 

both cases, with essentially cohesive failure, yet, showing a stronger interface than in the 

desized condition. 

4. Conclusion & Outlook  

Mechanical analysis of PC-GF composites at different size scales allowed us to identify, 

quantify and visualise the failure behaviour of this understudied thermoplastic fibre reinforced 

material. By implementing a FIB procedure in the manufacturing and analysis of the samples, a 

reliable and precise micromechanical, interface-evaluation scheme has been implemented for 

thermoplastic composites. In terms of mechanical properties, as expected, the material with 

the thermoplastic compatible sizing applied to the surface of the glass fibre, performs better at 

both size scales than the desized one. Moreover, the failure mechanism under transverse 

tensile loading can be clearly identified by the post mechanical test analysis, where the failure 

is predominately adhesive and mixed adhesive-cohesive, for desized and sized conditions, 

respectively. 

Thanks to the use of FIB, which allows us to process the specimen after micromechanical 

testing, the main tendencies observed at the macro scale can be identified at the single fibre 

level too, contributing to the multi-scale mechanical analysis.  

Due to the high degree of ductility of the thermoplastic polymer, as well as the high strength of 

the PC-GF interface under mode II, the fibre cannot be fully separated (pushed-out) from the 

matrix. This behaviour diverges from the commonly observed one for thermosets and 

ceramics. In detail, a brittle interface will lead to a complete separation, but also brittle matrix 

cracking will have similar effect with a wet fibre though (cohesive failure). 

Thus, for PC-GF combination, where we observe high ductility and good interface in mode II, 

novel micromechanical tests shall be developed and further optimised to achieve a complete 

interface failure and strength identification. This could be achieved via finite element analysis, 

where the mechanical contribution of neighbouring fibres, shear and bending forces on the 

specimen geometry could be simulated to provide insights into mode II interface failure. Of 

great interest would be to develop a micromechanical test able to induce interface failure in 

mode I. This would be beneficial since it would allow a more representative comparison to the 

macromechanical test. Even though, the latter has great complexity, it will allow gaining a 

better understanding of failure mechanisms at a microscopic level. 
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Abstract: The two-dimensional delamination growth in fiber composites with in-plane isotropy 

was experimentally investigated under Mode II fracture condition. Circular-plate specimens were 

transversally loaded above the centrally embedded pre-crack and clamped along the edge. The 

cracks propagated symmetrically in all directions, forming a circular pattern, until tensile failure 

appeared on the bottom of the specimens due to bending. The whole loading process could be 

divided into three stages based on delamination behavior, i.e. crack initiation, initial propagation 

and rapid propagation stages. Stiffening mechanisms, such as the stretching in the laminates, 

which played a particularly important role in 2D delamination, and fiber bridging, and softening 

mechanism, such as crack propagation, together affected the compliance behavior of the 

specimens. 

Keywords: 2D delamination; Laminates; Mode II; Crack growth    

1. Introduction 

Delamination is one of the main failure mechanisms in laminated composites and can be 

initiated in various scenarios, e.g. originating from a manufacture defect or during structural 

service [1]. Numerous efforts have been devoted to the investigation of the fracture 

performance of composites based on beam-like specimens, which have been well-developed in 

several test standards, i.e. double cantilever beams (DCB) for Mode I [2], end-loaded split (ELS) 

or end-notched flexure (ENF) for Mode II [3,4] and mixed-Mode bending (MMB) for mixed-Mode 

[5]. Such standardized specimens benefit from convenient preparation, relatively simple test 

set-up and post analyses of data. However, rather than exhibiting a constant crack width and a 

unique crack-propagation direction, real structural components normally behave differently, 

where crack propagates within the delamination plane in multiple directions, possibly with a 

continuously changing contour, showing an irregular two-dimensional (2D) pattern.  

Many works already stressed the dependency of fracture properties on geometry, in particular 

on the laminate thickness or adhesive thickness in joints, in composite materials based on beam-

like specimens [6–15]. In general, such dependency was attributed to the fiber bridging behavior 

at the tail of the crack tip for fiber composites [9] and the plastic zone effects ahead of the tip 

for ductile adhesives [15]. Although large scale fiber bridging can also be present in Mode II 

fracture condition [16], it was mainly discussed in DCB tests. Thus, for Mode-II delamination in 

fiber composites, the geometry dependency still remains unclear.  

Available literature on 2D fracture performance mostly focused on Mode-I-dominated 

debonding/delamination induced by buckling [17–20]. Direct investigation of 2D shear mode 

delamination can be found in [21], where carbon fiber laminates were tested under three-point 

bending with two circular or elliptical embedded pre-cracks located symmetrically on each span 
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(creating a mixed-Mode II/III fracture condition along the crack fronts). Nevertheless, the 

research mentioned above still assumed the critical strain energy release rate (SERR) to be 

identical to that of standardized beam-like specimens.  

More recent studies on 2D delamination that specifically distinguished the 2D effects were 

carried out by Cameselle-Molares et al. [22–24] and the authors [25] through a series of 

experimental and numerical investigations under Mode I fracture condition. The composite 

plates with an embedded pre-crack were opened via a pair of steel inserts in the center. 

Numerical simulations based on cohesive zone method were then carried out to estimate the 

Mode-I SERR, followed by a parametric study on the effects of geometric configuration and 

fracture resistance. Compared with DCB specimens of the same laminate, the Mode-I SERR 

obtained from plate specimen was around 40% higher. Specifically, the SERR component at the 

crack tip was the same, while the component due to fiber bridging increased significantly. To 

summarize, the previous work revealed the fact that, generally, fracture tests on beam-like 

specimens cannot represent an actual delamination scenario for structural members, at least in 

the Mode I domain. In the current work, the investigations were expanded to Mode II to provide 

a more systematic understanding of the 2D delamination behaviors.  

The main objective of this paper was the experimental investigation of 2D Mode-II delamination 

in composite laminates. For that purpose, a novel experimental set-up was developed, where 

circular-plate specimens with a centrally embedded pre-crack were clamped along the edge and 

transversally loaded above the pre-crack, thus propagating the crack in two dimensions under 

Mode-II fracture condition. In-plane isotropic laminates were chosen to achieve symmetry in all 

radial directions in order to simplify the understanding of the results. The experimental results 

are discussed, and the 2D effects on delamination are addressed in the following. 

2. Materials and experimental set-up 

In consideration of research consistency, laminates reinforced by continuous filament mats 

(CFM) of 600-g/m2 weight, which were already employed in the works on Mode I [22–25], were 

originally chosen for the investigation here. These laminates exhibit the advantages of in-plane 

isotropy, potential for large scale bridging and translucency for visual observation of the crack. 

Subsequent trials revealed the necessity of further reinforcements to prevent premature tensile 

failure on the bottom due to bending. Hence, in addition to fourteen layers of CFM, three 

multidirectional (quadriaxial 0/45°/90°/-45°) non-stitched fabrics (MD) of 800-g/m2 weight were 

introduced on both sides of the laminate to improve the bending performance while maintaining 

the in-plane isotropy. The fiber layup is presented in Figure 1, and the properties of the glass 

fibers and epoxy resin are given in Table 1. Three plates were fabricated through a vacuum 

infusion process with a circular pre-crack in the center of the mid-plane introduced by a 13-µm-

thick Teflon film before infusion started. The geometrical dimensions of the plate specimens are 

presented in Table 2. 

The experiments were performed on a Zwick-Roell universal testing machine of 500-kN capacity 

under displacement-control at a rate of 1 mm/min. Figure 2 presents the experimental set-up, 

which simulated the condition where a quasi-infinite plate was loaded above its intrinsic defect 

(most unfavorable loading condition). Specifically, the specimens were placed on a steel ring 

(with fillet along the inner edge) with a support radius of 150 mm, and then clamped on top by 

a 15-mm-thick steel frame to constrain the vertical and rotational displacement of the edge. 
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Between the specimen and the frame, a ring-shaped Teflon film with grease on both sides was 

interposed, covering the clamped region, in order to reduce friction and thus release in-plane 

movement. Hence, the radial constraint at the plate edge was comparable to the sliding 

boundary condition in ELS tests at the beam end. A cylindrical loading block was placed in the 

center above the pre-crack to transfer the compressing load from the machine, providing a 

symmetric Mode II fracture condition. To reduce stress concentration at the loading zone, the 

bottom of the steel cylinder was machined into a spherical surface (with a radius of 306 mm), 

and additionally, a small piece of rubber pad of 3-mm thickness was placed under. The load was 

recorded directly by the machine, while the deflections in the bottom center of the specimens 

were obtained by a Linear Variable Differential Transducer (LVDT). Three additional 

measurement systems were used, as shown in Figure 3: a 3D Digital Image Correlation system 

(DIC), capturing the displacements and deformations of the specimens’ top surface on the west 
side; two fiber optic sensors, measuring the top and bottom radial strains, respectively, in the 

north and south directions; and a digital camera above the plate, recording the crack 

propagation in three directions marked with rulers, with illumination from an LED strip below 

the specimen thanks to the material’s translucency. 

Table 1 Material properties. 

Material E [GPa] G [GPa] ν ρ [g/cm3] 

Epoxy resin   2.96   1.30 0.35 1.14 

E-CR* glass (for CFM) 80.00 32.80 0.22 2.62 

E glass (for MD) 72.00 29.50 0.22 2.55 

*Corrosion-resistant 

Table 2 Description of plate specimens. 

Specimen number Thickness [mm] Radius [mm] Pre-crack radius [mm] 

CP1 14.9 175 40 

CP2 15.8 175 40 

CP3 16.6 175 40 

 

3. Experimental results and discussion 

3.1 Crack propagation pattern and failure mode 

An example of the failure mode is shown in Figure 3. For all specimens, the crack propagated 

stably within the mid-plane without kinking into other layers. Due to the in-plane isotropic 

nature of the laminate and the symmetry of the experimental set-up, the delamination growth 

almost showed the same behavior in all directions during loading, presenting a circular pattern. 

Final average crack radii of around 64 mm, 81 mm and 87 mm were obtained for specimens CP1, 

CP2 and CP3 respectively. Apart from delamination, no other types of damage were noticed 

during the loading process until some sounds evincing matrix cracking, quickly followed by a 

loud noise marking the brittle tensile failure in the center of the lower sub-laminate due to 
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bending, which resulted in a severe loss in the structural load-bearing capacity and consequently 

the termination of loading. Thanks to the curved loading block and the rubber pad, no failure 

appeared in the upper loading zone. In addition, only slight matrix damage was observed along 

the support line on the bottom surface. Considering the reinforcements applied to the laminate 

plus the special experimental configuration, it would be extremely difficult to achieve critical 

Mode-II delamination failure before strength failure for the CFM laminates in actual structures. 

14 CFM..
.

..
.

..
.

MD [-45/0/45/90]

MD [-22.5/22.5/67.5/-67.5]

MD [0/45/90/-45]
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MD [90/-45/0/45]  

Figure 1. Fiber layup 

Loading block

Rubber pad

LVDT

Ring support

DIC area

Teflon film

Clamping frame

Specimen

 

Figure 2. Experimental set-up 

(a) (b)

Propagated crack front

Pre-crack front

Rubber pad location

Loading zone edge

Support line

Propagated crack front

Clamped region

Tensile failure

Paints for DIC

Optical fiber

N N

L2

L1

L3

 

Figure 3. Failure mode (CP2); (a) top view; (b) bottom view 

3.2 Load-deflection response and delamination growth behavior 

Since displacement data from the machine included the deformation of the rubber pad, the 

specimens’ bottom deflection measured from the LVDT was used for analyses instead. The load-

deflection curves for all three specimens are shown in Figure 4. Despite similar ultimate 

deflection, certain scatter in load levels was observed from the beginning possibility due to 

different thickness, fabrication qualities and constraint levels (e.g. clamping torque). 

Continuously increasing loads were obtained up to failure even during crack propagation, in 
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contrast to ELS tests where the load decreases soon after crack initiation. Such difference was 

attributed to the different crack growth patterns in the systems: in beam-like specimens, the 

crack propagates in one direction with an almost constant width; but in plates, an embedded 

crack is likely to exhibit increasing crack contour during propagation, requiring more load to 

advance the crack front. Before failure, the slopes of the load-deflection curves reduced except 

CP1, at around 13.2 mm for CP2 and 13.8 mm for CP3 respectively.  

The radial crack lengths, calculated as the distance from the plate center to the crack front, along 

the three directions marked with rulers (Figure 3) were obtained from the digital camera and 

plotted in Figure 4. According to the figure, the crack propagation in different directions showed 

a good agreement for all specimens, denoting a symmetric growth pattern, i.e. a circular crack 

shape. The cracks initiated (i.e. advanced from the pre-crack front) at deflections of around 4.7 

mm, 3.2 mm and 2.7 mm in specimens CP1, CP2 and CP3, respectively, and then propagated 

stably. Then the propagation rates for CP2 and CP3 increased at deflections of around 13.6 mm 

and 14.0 mm, which correspond to crack lengths of around 55 mm and 57 mm, respectively, 

while for CP1 no such increase can be clearly recognized due to similar reasons stated above for 

its low stiffness. Three stages (A, B and C in Figure 4) can be distinguished based on the crack 

propagation behavior. In stage A, the crack was under initiation, and the plate bore the load 

without any growth of the initial pre-crack. In stage B, the crack initiated and propagated stably 

at a certain rate. This was the main stage that accounted for over 60% of the whole loading 

process in terms of plate deflection. In stage C (not obvious in CP1), the crack propagation rates 

were accelerated until structural failure, and the specimen stiffness decreased correspondingly.   

 
Figure 4. Load and crack length vs bottom 

deflection curves 

 
Figure 5. Compliance vs crack area curves 

 

3.3 Compliance behavior 

The crack lengths in the three directions described above were averaged to derive a continuous 

crack length evolution curve for each specimen (Figure 4). The corresponding crack areas were 

then calculated by taking the average crack lengths as the radii (i.e. pre-crack area was included). 

Figure 5 presents the changes of compliance, calculated as δ/P, with δ being the specimen’s 
bottom deflection and P the load, over crack area. As already indicated in the load-deflection 

curves in Figure 4, specimen CP1 exhibited the highest overall compliance and CP3 the lowest. 

The compliance behavior during crack propagation was a result of competition between the 

softening mechanisms, i.e. initial readjustment between the specimen and the loading system 

(including the boundary) and crack propagation, and the stiffening mechanisms, i.e. fiber 
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bridging and stretching. In particular, radial stretching arose in the plate since the outer part of 

the plate acted as a frame that constrained the radial movement during out-of-plane 

deformation of the central part. In most fracture analyses stretching is disregarded, whereas for 

the case investigated here, it not only stiffened the plate but also affected the fiber bridging 

behavior [25]. For all three specimens, the compliance rose sharply at crack initiation and early 

propagation up to a maximum (mainly due to the special boundary condition, which will be 

discussed in the following section), after which the stiffening mechanisms prevailed over the 

softening mechanisms, leading to a descent of compliance as the stretching increased with 

loading. Specimen CP1 started to exhibit material damage in the bottom center in this state, 

leading to a significant increase in compliance and subsequently the structural failure; while for 

CP2 and CP3, as the crack propagated even further with higher rates, the softening mechanism 

(i.e. crack propagation) again became dominant, and consequently an additional ascending 

branch was observed before the unstable increase towards failure. Stages B and C defined in 

Figure 4 can also be recognized from the compliance curves, as the branch from crack initiation 

to the valley and the second ascending branch, respectively. 

3.4 Boundary conditions 

During the loading process, bending deformation was found in the steel frame used for clamping 

due to insufficient thickness and overlong fixing spans (see Figure 6). Thus, the specimens were 

in fact under a semi-clamped boundary condition, where the vertical and rotational 

displacements along the edge were only partially constrained. Such constraint exhibited several 

impacts on the experimental results. First of all, compared with a fully-clamped condition, the 

specimens showed lower overall stiffness and consequently slower crack propagation. Secondly, 

the plate deflections were distributed closer to plate edge due to the rotation (i.e. the 

deformation was less intense in the center), and lower stretching was presented since less radial 

elongations could be found in the delaminated part at the same central deflections. Finally, it 

accounted for the softening behavior at crack initiation and early propagation (beginning of 

stage B in Figure 5). 

15 mm

           Horizontal

 

Figure 6. Deformation of steel frame during loading 

4. Conclusions 

The Mode-II delamination growth in an in-plane isotropic composite laminate was investigated 

under 2D fracture condition. The delamination growth pattern and failure mode were obtained. 

Three stages were distinguished from the whole loading process, and the corresponding load-

deflection response, crack propagation and compliance behavior were discussed. The following 

conclusions could be drawn: 

1. A novel experimental set-up was developed to promote 2D propagation of a circular 

embedded pre-crack in composite laminates under Mode-II fracture condition. 

Symmetric propagation pattern, i.e. a circular crack shape, was observed. The specimens 
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failed in tension in the bottom center due to bending before the crack front reached the 

support line.  

2. The load continued to rise during crack propagation due to the increasing crack contour, 

which distinguished 2D delamination from delamination in traditional beam-like 

specimens. 

3. The specimens experienced three stages before failure: in the crack initiation stage, the 

plate deformed without growth of the pre-crack; in the initial crack propagation stage, 

new crack initiated from the pre-crack font and propagated stably; in the rapid crack 

propagation stage, the propagation rate increased notably with rising compliance.  

4. Stretching and fiber bridging, i.e. the stiffening mechanisms, played an important role 

in 2D fracture process, which accounted for the stiffening behavior of the plate during 

initial crack propagation.  

5. Due to the deformation of the steel frame, the specimens were under a semi-clamped 

boundary condition, thus exhibiting lower structural stiffness and crack-propagation 

rates than under fully clamped conditions.  

Due to the nature of 2D delamination experiments, fiber bridging behavior, which is expected 

to differ significantly from that in beam-like specimens, could not be directly observed or 

measured on site. Furthermore, existing compliance-based data reduction schemes for SERR 

derivation are no longer applicable here, since the compliance was affected not only by crack 

propagation but also stretching forces in the plates. Hence, a numerical model is required in 

future work based on experimental data for a more comprehensive investigation. In addition, 

new experiments will be carried out using a redesigned clamping system that provides fully-

clamped boundary condition.  
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Abstract: Polymer concrete has become increasingly popular material in civil engineering since 

it was first introduced in the 1950s. Due to its low cost and relatively easy processability, polymer 

concrete products can be found in high-volume but low-cost applications like shower trays, 

kitchen worktops, prefabricated panels for construction, etc. Nowadays, special micro-fillers with 

lightweight, have been applied in the polymer concrete to lower the product weight, which brings 

a competitive advantage, especially for construction products. In this research, two different 

lightweight fillers (named lightweight filler and ultra-lightweight filler) were employed and 

compared with a conventional micro-filler (limestone). The results showed that the product 

density decreases by 50% with the increase in volume ratio of both lightweight fillers, although 

both the compressive and flexural strengths were reduced to 34 %-60 %. To improve the 

sustainability of the polymer concrete, recycled materials (lightweight filler) were employed and 

evaluated. 

Keywords: Polymer concrete; Lightweight filler; Sustainability; Mechanical properties, Particle 

mix proportioning 

 

1. Introduction 

Nowadays, polymer concrete has become a popular material in engineering and has aroused 

great interest in more areas due to its obvious advantages, such as good mechanical properties, 

excellent chemical resistance, fast curing, lightweight and low price. The utilization of polymer 

concrete can be traced back to the 1950s when it was produced to take the place of cement 

concrete in some facilities [1]. Initially, polymer concrete was used as a building cladding 

material and then as construction and structure repair materials. In recent years, precast 

polymer concrete is widely employed as a component of production, like drains, acid tanks, 

highway pavements, floor tiles, and so on.  

Polymer concrete, also known as resin concrete, is a composite consisting of thermoset resins 

and aggregates where resins play the role of the matrix, binding the aggregates together. Here 

the resin replaces the cement in traditional cement concrete. The resins are mainly 

thermosetting, such as unsaturated polyester, epoxy (EP), furan, vinyl ester (VE), polyurethane 

(PUR), and phenol (PF), although sometimes thermoplastic (such as ABS) are also used [2]. Apart 

from resins and aggregates, fibres can also be used as reinforcement in the resin. Additionally, 

micro-fillers can be added to reduce the voids in the aggregate mixture. As a result, the 
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properties of polymer concrete depend on various factors, including the type and resin content, 

the type and mix proportioning of aggregate, the nature and content of reinforcing fibres, the 

type and dosage of micro-fillers, etc.[1] 

The packing density of a polymer concrete mixture can be defined as the volume fraction of the 

mixture occupied by the solids [3]. The addition of micro-fillers can result in a higher packing 

density of the solid mixture by optimising the grain sizes distribution. This leads to the reduction 

of resin (normally the most expensive element of the mixture) content required for similar 

viscosity, therefore making it more cost-effective. Theoretically, a solid mixture with maximum 

packing density has the minimum void content. However, the addition of micro-fillers 

excessively may result in particle interference and hence could increase the void content of the 

solid mixture [4]. To achieve optimum particle mixing, particles with different sizes are employed 

in the solid mixture. Compared with using well-graded particles, the utilization of particles of 

gap-grade or restricted sizes can decrease the particle interference, even though it may slightly 

increase the void content [4]. 

The common micro-fillers used in polymer concrete are calcium carbonate, kaolin, and some 

recycled products from waste like fly ash and silica fume. To gain the competitive advantage of 

polymer concrete, lightweight fillers which are  lighter than common micro-fillers are introduced 

to further reduce the production density. In the study, two different lightweight fillers were used 

to replace the common micro-filler and their effect on the properties of polymer concrete was 

evaluated. The study can help promote the innovation of the construction material industry and 

convenient the whole construction process. 

 

2. Experimental 

In this research work, the goal was to evaluate the effect of lightweight fillers on the properties 

of polymer concrete and design a lightweight product with a high packing density (up to 80 V%) 

while keeping the viscosity as low as possible for better processability. The samples were all 

made of polyester resin, flow beads and micro-fillers to have a similar viscosity/flowability.  

2.1 Materials  

The details of the materials used in the study are listed in Table 1, including resin, aggregate 

mixture, and micro-fillers. The resin used in the study was unsaturated polyester resin. An 

unsaturated polyester has a wide market share, because of its easy accessibility, excellent 

mechanical properties, and low cost. According to a recent report [1], the properties of polymer 

concrete made of polyester with micro-fillers can be similar to those made of epoxy resin. The 

epoxy resin usually presents better mechanical properties but is more expensive than 

unsaturated polyester resin. The MEKP catalyst was used to promote the polymerisation process 

by accompanying the resin. Flow beads is a premixed aggregate mixture, consisting of sand 

particles of various sizes. The shape of the sphere makes them well “flowable”. Besides, particles 

with different dimensions result in high packing density, decreasing the dosage of resin. 

Limestone is a common micro-filler, a white powder made of Calcium Carbonate with a density 

of 2.98 g/cm3, which acts as a micro-filler. Due to fewer processing procedures, it is cheap and 

commonly used in construction products. The two lightweight fillers are special micro-fillers with 
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low density, which are applied to reduce the density of the product and gain more competitive 

advantages. Between the two fillers, the coarser one, named lightweight filler, is a high-quality 

sustainable mineral glass microsphere with a density of 1.35 g/cm3 which is made of recycled 

glass. It has excellent resistance to fire, moisture, chemicals, and high temperature. Additionally, 

it is easy to handle and cost-effective. The particle used in the study is uniform and has a 

dimension of around 0.1~0.3 mm. The other filler used in the study, named ultra-lightweight 

filler, is a processed glass microsphere with a density of 0.25 g/cm3, which is inorganic, dormant, 

harmless and empty with fluctuating shapes. It is applied in a wide range of applications, such 

as wall patching compounds, cultured marbles, and adhesives.  

Table 1: Raw materials used in the project. 

Matrix Reinforcement 

Resin Aggregate Mixture Micro-filler (Density) 

Polyester   Flow beads  

Limestone (2.98𝑔/𝑐𝑚3) 

Lightweight filler (1.35𝑔/𝑐𝑚3) 

Ultra-lightweight filler (0.25 𝑔/𝑐𝑚3) 

 

2.2 Methods  

2.2.1 Sample design 

In this study, a total of 9 samples were produced and analysed. The first sample is the one  using 

traditional micro-filler, limestone, labelled as sample M, where the volume fraction by weight of 

the components is matrix (resin + catalyst): aggregate: micro-filler = 0.2: 0.4: 0.4.   

The following eight samples listed in Table 2 were modified from sample M. The addition of 

micro-fillers was to reduce the cavities in the flow beads mixture. The type of matrix and the 

level of dosage of aggregate and the total volume of micro-fillers were not changed. Due to the 

significant difference in the densities between the limestone and the two lightweight fillers, the 

design of the samples considered the replacement of equivalent volume contents of the 

limestone filler. The samples were denoted with labels beginning with L and UL for lightweight 

filler and ultra-lightweight filler, respectively.  

The number in the subscript of each notation represents the percentage volume of lightweight 

fillers in each micro-filler mixture. The particles of two lightweight fillers were all finer than that 

of limestone. The increasing content of lightweight fillers resulted in the growth of the total 

number of aggregate particles. As was observed, when the amount of micro-filler particles 

reached a critical value, the particle interference occurred and more voids were created, and 

hence the amount of resin should be increased to maintain the viscosity at a similar level. The 

amount of resin in the 8 samples started at 20% volume fraction by weight and then increase to 

35%. In the case where the solid mixture could not dissolve in the initial resin to an adequate 

level or the fluidity of concrete mixtures was too low, the additional amount of resin would be 

added to the concrete mixture gradually until the mixtures were flowable enough. The amount 

of catalyst was 2wt% of the resin for all the samples. 
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Table 2: Micro-filler constituents in the samples 

Samples Micro-filler 

M 100% limestone 𝐿25 75% limestone + 25% lightweight filler 𝐿50 50% limestone + 50% lightweight filler 𝐿75 25% limestone + 75% lightweight filler 𝐿100 100% lightweight filler 𝑈𝐿25 75% limestone + 25% ultra-lightweight filler 𝑈𝐿50 50% limestone + 50% ultra-lightweight filler 𝑈𝐿75 25% limestone + 75% ultra-lightweight filler 𝑈𝐿100 100% ultra-lightweight filler 

Note: The percentages in front of the micro-fillers represent the volume content of one filler to 

the total micro-filler mixture. 

2.2.2 Density measurement 

As lightweight fillers have a quite low density, the evaluation of their influence on the product 

density was of great interest.  For the density measurement of composite, the immersion 

approach was chosen as the most common and effective method The results were calculated 

using Eq. (1). [5] The value of water density under room temperature is expressed by Eq. (2). 

[5] 𝜌𝐶 = 𝑀1𝜌𝑊𝑀1−(𝑀2−𝑀𝑊)                                                                                                                                        (1)                                  𝜌𝑊 = 1.0017 − 0.0002315𝑇                                                                                                                  (2)                                  

Where: ρW is the density of the water (g/cm3). 

M1 is the dry mass of the composite(g). 

M2 is the immersed mass of the composite(g). 

MW is the mass of the displaced water(g). 

T is the temperature of the water (°C). 

2.2.3 Volume fraction measurement 

Volume fraction measurement was introduced to work out the actual dosage of matrix in the 

samples. In the process, the specimens were put in the crucibles and burned in the Muffle 

Furnace at 600°C for an hour. After that the organic materials in the composites, resin and 

catalyse, were removed and inorganic materials were left in the crucibles, including flow beads 

and micro-fillers. The whole procedure was carried out according to the standard ASTM D3171-
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22. The Equation (3)[6] and Equation (4)[6] illustrate the calculation of matrix volume fraction, 

in weight and volume content, respectively. 𝑊𝑚 = 𝑚𝑖−𝑚𝑓𝑚𝑖 × 100                                                                                                                                    (3) 

Where: 𝑊𝑚 is the matrix content (weight percentage). mi is initial mass of the specimen (g), and  mf is final mass of the specimen after combustion (g) 

 Note: The mass of the reinforcement may be gotten by taking the mass of the crucible with 

reinforcement minus the crucible mass (𝑚𝑓= 𝑚𝑐𝑟. – 𝑚𝑐). 𝑉𝑚 = 𝑚𝑖−𝑚𝑓𝑚𝑖 × 𝜌𝑐𝜌𝑚 × 100                                                                                                                           (4) 

Where:  𝑉𝑚 is the matrix content (volume percentage). 𝜌𝑐 is specimen density (𝑔 𝑐𝑚3⁄ ), and  𝜌𝑚 is matrix density (𝑔 𝑐𝑚3⁄ ). 

2.2.4 Mechanical test 

To find out the effect of lightweight fillers on the mechanical performance of the polymer 

concrete, two mechanical tests (compression and bending) were carried out following ASTM 

D695-15 and ASTM D790-17 standards, respectively. The result of compression strength is 

expressed in Eq. (5) [7], and the Eq. (6) [8] shows the calculation of flexural strength. 𝜎 = 𝐹𝐴                                                                                                                                                          (5)                                  

Where, σ is the compression strength (Pa) and F  is the failure load (N). 𝜎 = 3𝐹𝐿2𝑊𝑇2                                                                                                                                                       (6)                                  

Where, σ represents the flexural strength (Pa) and F represents the maximum load (N). 

L represents the lower support span length between the two lower supports (m). 

W represents the width of the specimen (m). 

T represents the thickness of the specimen (m). 

 

3. Results and discussion 

3.1 Density and volume fraction measurement 
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As for the products used in civil engineering, the property of lightweight will bring convenience 

to the manufacture, transport and construction process. At least five specimens of each sample 

were tested to obtain the average value in the study. The measured density values for both 

lightweight and ultra-lightweight fillers are presented in Fig. 1 and the results for the volume 

fraction measurement of matrix (resin + catalyst) are shown in Fig. 2. As expected, with the 

increase of lightweight fillers content, the product density reduced. The density decreased most 

sharply in the lightweight fillers content within the range of 0~25%. When the limestone was 

totally replaced by ultra-lightweight filler and lightweight filler, the product density decreased 

by 34.3% and 27.9%, respectively. It can be seen that, with the introduction of lightweight fillers, 

the product density dropped sharply at the beginning. However, samples that used ultra-

lightweight filler were heavier than those that used lightweight filler, except for the samples 

when lightweight fillers completely replaced limestone. Particles of ultra-lightweight filler were 

too fine, which caused more severe particle interference than Lightweight particles, resulting in 

higher resin content for similar viscosity. Thus, mix proportion and filler grading are key 

influence factors of polymer concrete density. For this reason, appropriate sizes and ratios of 

lightweight fillers should be selected in product manufacturing. 

 

Figure 1: Measured density values for lightweight and ultra-lightweight fillers 

 

Figure 2: Volume fraction measurement results of the matrix 

3.2 Mechanical test 

As mentioned previously, to evaluate the mechanical properties of the samples, compression 

and bending test were carried out and five specimens of each sample were tested. The 
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measured flexural strength and flexural modulus are plotted in Fig. 3 and the measured 

compression strength is plotted in Fig.4. The graphs illustrate that the mechanical properties 

decreased with increased lightweight filler content , especially the compression strength.  With 

the addition of lightweight fillers, the value of compression strength reduced dramatically. The 

compressive strength of samples UL100 and L100 were only 22.6% and 42.2% of that of limestone 

sample, respectively. As it is evident, the lightweight fillers present a higher compressive 

strength than ultralightweight ones.  As for the flexural performance shown in Fig. 3, the ultra-

lightweight filler samples had higher strength and modulus than lightweight filler samples in the 

content ranging from 25% to 75%, whereas the situation reversed from 75% to 100%. According 

to the sharp decrease in mechanical properties, the load capacity of lightweight fillers was quite 

lower than limestone. When choosing the proper ratio of lightweight fillers, it is important to 

consider not only the density of the product but also the other characteristics, such as the 

minimum requirements of mechanical properties. For instance, the samples made of ultra-

lightweight filler had better flexure properties but worse compressive properties than 

lightweight filler products. Therefore, different lightweight fillers should be selected to satisfy 

the requirements of different applications. As the lightweight filler is made of recycled glass, it 

illustrates that fillers made of recycled materials would help to improve the sustainability but 

achieve a similar and even better physical and mechanical properties. 

 

Figure 3: Flexural performance of the polymer concrete 

 

Figure 4: Compression performance results of polymer concrete 

0

2

4

6

8

10

12

14

0

5

10

15

20

25

30

25 50 75 100

F
le

x
u

re
 m

o
d

u
lu

s(
G

P
a

)

F
le

x
u

ra
l 

st
re

n
g

th
 (

M
P

a
)

Volume Content of Lightweight Fillers in Microfiller Mixture(%)

Strength of lightweight filler Strength of Ultra-lightweight filler

Strength of limestone Modulus of lightweight filler

Modulus of ultra-lightweight filler Modulus of limestone

0

20

40

60

80

100

25 50 75 100C
o

m
p

re
ss

io
n

 s
tr

e
n

g
th

 (
M

P
a

)

Volume Content of Lightweight Fillers in Microfiller Mixture(%)

Strength of lightweight filler Strength of Ultra-lightweight filler

Strength of limestone

385/1602 ©2022 Wang et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

4. Conclusions  

Compared with traditional concrete, polymer concrete is a potential material with a low density 

but with relatively high mechanical properties. This study was conducted to understand and 

characterise the polymer concrete with a few different lightweight fillers. Lightweight fillers 

(which are micro-fillers) with  low densities can help to develop competitive advantages in 

product densities and can reduce the cost of unit volume at the same time (up to 17%). Several 

parameters of lightweight fillers ought to be considered in making an optimum design of the 

product, including their dimension, density, mechanical performance and so on. First, the size 

of lightweight fillers would significantly influence the grading of filler mixture as well as the 

packing density. The employment of too fine particles would result in a restricted size grading, 

which would initially increase the packing density but it will decrease at last. The higher the 

packing density, the lower the resin content. Secondly, when considering the benefit of the 

density of lightweight fillers, their mechanical properties ought to be taken into consideration. 

The lightweight fillers commonly have low load-bearing capacity than normal micro-fillers, 

therefore, the mechanical properties of products would decrease sharply with the introduction 

of lightweight fillers. To acquire an optimal choice of lightweight filler, a balance ought to be 

made among the requirements of product density and mechanical property. Besides, the ratio 

of lightweight fillers is a key influential factor as well in the process of manufacturing. The 

excessive addition of lightweight fillers would cause interference, resulting in a higher content 

of resin. Moreover, it can be said that to make the best of lightweight fillers in an application, 

the selection of their types and content ratios should be taken into consideration. Therefore, to 

meet the requirements of the different products, different types and dosages of lightweight 

fillers should be chosen. In the future, sizing agents will be introduced to help further improve 

the mechanical performance of the lightweight fillers used in the polymer concrete.  
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Abstract: Carbon fibres and unidirectional continuous carbon fibre composites exhibit a non-

linear elastic behaviour. There has long been a debate on the physical origins of such a behaviour 

for these materials. Indeed, two main mechanisms have been proposed: either the reorientation 

of graphene sheets in the carbon fibre or that of the fibre itself due to initial fibre waviness arising 

from composite manufacturing. This paper addresses this issue by performing, on the one hand, 

specific mechanical tests to extract the non-linear elastic coefficients in a reliable way, and, on 

the other hand, using specific finite element analyses with a non-local model. The simulations 

allow us to show that, while both mechanisms come into play for the non-linear elasticity of 

carbon fibres, the intrinsic behaviour of fibres can be considered as the main contributory 

mechanism.  

Keywords: Carbon Fibres; Polymer-matrix composites; Elastic Behaviour; Non-linear 

Behaviour; Non-local modelling 

 

1. Introduction 

The non-linear elastic behaviour of carbon fibres was reported as early as the 1960s [1] and then 

more recently [2]. This mechanism is linked to the reorientation of graphene crystallites in the 

direction of the tensile loading [3]. Unidirectional carbon fibre reinforced polymer (UD) 

materials exhibit a non-linear elastic behaviour under tension [4] (stiffening) or compression [5] 

(softening). The changes in axial moduli close to failure can be dramatic, reaching a one-third 

reduction in IM fibres for instance [6]. The characterization of this behaviour is usually carried 

out either in one step accounting for only one type of non-linearity (tension or compression) but 

not the other one, or in two steps, by tension and compression tests [5]. We have recently 

proposed an experimental protocol based on four-point bending tests to characterize 

simultaneously the non-linear elastic behaviour of UD both in tension and compression [6].  

The origins of the non-linear elastic behaviour of UD plies in tension and compression have been 

the subject of debate. It can come from the non-linearity of the carbon fibres or from the initial 

fibre waviness. In this paper, we would like to quantify the respective contributions to non-linear 

elasticity due to the type of material (carbon fibre) and geometry (fibre waviness). 

  

387/1602 ©2022 Vincent et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

2. Materials and methods 

2.1 Materials 

Each UD ply is composed of an epoxy resin matrix (M81 from Hexcel) and carbon fibres 

(intermediate modulus - IM - IM2C form Hexcel and high modulus - HM - HR40 from Mitsubishi) 

The prepreg batch had a resin weight content of 35 % and fibre weight of 300 g/m². The ply 

thickness is around 300 µm and the fibre volume fraction is 55 %. 

The laminate is composed of 11 blocks of plies with the following stacking sequence: 

[+45°|06°|+45°/-45°|04°|-45°|02°]S. The plate was manufactured by AVEL Robotics, the layup 

being performed by a C1-Coriolis Composites Automated Fibre Placement robot. The curing 

cycle consisted of a one-shot curing. Plates were precisely machined by waterjet cutting into 

500x30x10 mm3 samples. For each sample, the thickness h and the breadth b were measured 

with a calliper. The thickness of each block of plies were measured by optical microscopy. The 

samples were completely symmetric to ensure accuracy of this measurement.   

2.2 Mechanical testing 

Four-point bending tests (4PB) were carried out with a universal testing machine (Instron 5567, 

30 kN load cell). Mono-axial strain gauges (10 mm in length - Kyowa) were glued onto both the 

compression and the tension sides. Eight to ten monolithic samples were tested. Other details 

can be found in Ref. [7]. The force on the assembly and the two strain gauge signals were 

recorded during loading and synchronized. The position of the neutral axis l vis-a-vis the mid-

axis is given by the two strain gauge signals on the compressive side (egc ) and the tensile side 

(egt ): 

 

                                                                            (1) 

  

The procedure for extracting the elastic properties of the unidirectional plies in the beam 

direction has been reported in Ref. [6] and will not be reproduced here for sake of clarity. It 

extracts four parameters: the initial moduli in tension, ET0
UD, and in compression, EC0

UD, as well 

as the linear decrease of the elastic modulus in tension β with strain εT
UD and in compression α 

with strain eC
UD. They are extracted according to Eq. (4) in the range [0.1-0.5] % of strain. In doing 

so, the coefficients α’ = α / EC0
UD and β’ = β  / ET0

UD are introduced, with respect to Ref. [6].  

 

                                  (2) 
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2.2 Numerical simulations 

The idea of the model presented here is to consider the local bending of fibres with beam 

elements linked to continuum elements as in Ref. [8, 9], but without describing each fibre. The 

representative volume element (RVE) chosen here is a square of 1.6 mm × 1.6 mm, which is 

meshed with 6400 beams and 6480 plane stress elements, while the number of nodes is 19763. 

The initial default is assumed to be constant (fibres undulate in phase) in the structure, being 

taken as sinusoidal and described by two parameters: amplitude and wavenumber. The 

wavenumber is chosen as equal to 4 and the amplitude of the defect is equal to either 2.22 or 

4.44 µm, which corresponds to a maximum misalignment angle of 1° and 2°, respectively. The 

anisotropic properties of the 2D continuum medium (stiffness tensor LCM) are defined through 

the composite cylinder assemblage homogenization scheme [10]. This latter incorporates the 

determination of the in-plane shear modulus following the generalized self-consistent scheme 

[11] for a unidirectional composite. The fibre properties are taken from datasheets (tensile 

modulus) and literature results [12]. The matrix is assumed to be a classical epoxy resin [13] with 

a Young’s modulus of 3.5 GPa and a Poisson’s ratio of 0.4. In the fibre direction, the contribution 

of the fibre stiffness is supported by the beam and should be subtracted from the 2D medium 

stiffness. All necessary parameters of the model are reported in Tables 1 and 2. The code Abaqus 

v6.17 (Dassault Systèmes) is used with elements B22 (2D beams) and CPS8 (plane stress 

continuum elements). 

Table 1: Components of the stiffness tensor (in GPa) of the medium (1 is fibre direction) 

Carbon Fibre L1111
CM L1122

CM L2222
CM L1133

CM L2233
CM L3333

CM L1212
CM L1313

CM L2323
CM 

IM2C 1.67 1.48 11.7 1.48 6.05 11.7 3.70 3.70 2.80 

HR40 1.84 1.56 11.0 1.56 5.80 11.0 3.70 3.70 2.60 

 

Table 2: Components of the stiffness tensor (in GPa) of the medium (1 is fibre direction) 

Carbon Fibre 

Beam  

Width 

[µm] 

Beam 

Thickness 

[µm] 

Ef 

[GPa] 

nf 

[-] 

EL 

[GPa] 

ET 

[GPa] 

GLT 

[GPa] 

nLT 

[-] 

IM2C 2.11 5.2 296 0.3 164 8.4 3.7 0.31 

HR40 1.58 7 360 0.3 200 7.8 3.7 0.31 
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3. Results and discussion        

        

Figure 1 shows the evolution of the neutral fibre position. There is a clear shift towards the 

tensile zone, and this is more pronounced for the HM fibre than for the IM one. 

 

Figure 1. Neutral axis position for the two carbon fibres 

All extracted parameters’ values are reported on Table 3.  

Table 3: Elastic properties of unidirectional plies – Linear and Non-linear 

Carbon Fibre 
EUD

T0 

[GPa] 

EUD
C0 

[GPa] 

B’ 

[-] 

A’ 

[-] 

IM2C 165 ± 4  164 14±4 8±3 

HR40 200 200 22±4 22±4 

 

Figure 2 describes the evolution of the axial modulus of a UD ply of epoxy/fibre composite in 

tension and compression for IM2C and HR40 carbon fibres, as given by the numerical 

simulations. The moduli for different fibre waviness levels varies as a function of the out-of-

plane misalignment angle θ. At 0.5 % strain for the highest angle of 2° considered here (a value 

beyond reported values, see [13, 14, 15]), we find an increase of ~ 0.5‰ in tension and a 

decrease of ~ 0.7‰ in compression for the GFRP, which are non-significant differences. On the 

contrary, at 0.5 % strain, UD with carbon fibres show an increase in their tensile moduli by ~ 0.7 

% for IM2C (compared with 1 % for HR40) and a decrease in their compressive moduli by ~ 1.2 

% for IM2C (compared with 1.8 % for HR40). 
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Figure 1. Use the option “Unformatted text” when copying/pasting text from other sources 

For IM2C carbon fibre, geometry can explain up to 1/10th of the increase and up to 1/4th of the 

decrease, by taking an extreme value of the misalignment angle θ=2°. Assuming a more 

relevant value of 1° for this angle (see [14,15]), the increase and the decrease are limited to ~ 

0.2%  and 0.35 %, respectively, so we infer that geometry can explain 1/14th and 1/11th of the 

changes in stiffness in tension and in compression, respectively. For HR40 carbon fibre, 

geometry can explain up to 1/10th of the increase and up to 1/6th of the decrease by taking an 

extreme value of the misalignment angle θ =2°. For a more relevant value of 1°for this angle, 

the increase and the decrease are limited to ~ 0.25 and 0.5 %, respectively, in which case 

geometry can explain 1/50th and 1/20th of the changes in stiffness in tension and in 

compression, respectively.  Therefore, for a reasonable value of the misalignment angle, and 

for a maximum strain of 0.5 %, the (extrinsic) contribution of geometry is of a second order, 

but not negligible, with respect to the (intrinsic) contribution of the carbon fibre.  
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Abstract:  

Two ASTM standard shear methods were studied using two different materials to quantify the 
variation that may occur based on the chosen calculation area of a strain field measured using 
digital image correlation (DIC). Panels of carbon fiber reinforced polyethylene terephthalate-
glycol (CF-PETG) and polycarbonate (CF-PC) were printed using a Cincinnati BAAM work cell. The 
panels were then faced to 7.5-mm thick and notched coupons were extracted with geometries 
according to ASTM standards D5379 and D7078. The DIC strain data collected during 
experiments was post-processed and evaluated using various calculation areas within the 
coupons. Comparisons were made between the materials, shear test methods, and calculation 
areas for these large-scale additively manufactured coupons. Recommendations on test method 
and calculation area are provided.   

Keywords: Thermoplastic composites; BAAM; Digital image correlation; Additive 
manufacturing; Standardized testing 

1. Introduction 
The advent of large-scale additive manufacturing (AM) has introduced new opportunities to 
manufacture large, complex parts in one process, while also offering the possibility of cost and 
waste reduction and increased efficiency. However, the mechanical properties of parts 
manufactured with this process differ from those of plastics manufactured with more traditional 
processes, largely due to anisotropy of AM and lack of continuous long-fiber reinforcement.  

In this study, the shear properties of carbon fiber reinforced polyethylene terephthalate-glycol 
(CF-PETG) and polycarbonate (CF-PC) were investigated using digital image correlation (DIC). 
Both materials were tested according to two standard test methods for determining shear 
properties in composites: ASTM D5379 [1] and ASTM D7078 [2]. Comparisons between these 
two test standards have been made in previous studies on chopped fiber composites [3] and on 
neat and reinforced injection-molded polypropylene [4], [5]. However, previous studies do not 
provide guidance specific to large-scale additively manufactured coupons and parts. In this 
study, the two test methods were compared by means of large-scale AM CF-PETG and CF-PC, 
and recommendations applicable to these materials are made. Additionally, three different 
calculation areas were used when post-processing to produce shear strains and determine any 
variation in the resulting shear moduli due to the calculation area.  

2. Testing 
2.1 Test Standards and Coupon Preparation 
Of the available test standards, ASTM D5379 and ASTM D7078 were deemed most suitable for 
the evaluation of these AM materials, as they apply to fiber reinforced composite materials, 
which are anisotropic, unlike typical plastics. The standards utilize similar v-notched geometries, 
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but load specimens in a different manner. Figure 1 shows a labelled diagram of each specimen 
geometry. The corresponding dimensions can be found in Table 1. All specimens were cut from 
one bead thick, AM panels that were faced equally on either side to a panel thickness of 7.5-
mm, as opposed to the recommended 3 to 4-mm for ASTM D5379 and 2 to 5-mm for ASTM 
D7078. A greater thickness was used due to the thickness of the as-printed panels, which had a 
typical bead width 16.5 to 19-mm. The final test specimens were cut on a water jet from these 
faced panels according to the dimensions from the standards, using SI units. 

  
(a)  (b)  

Figure 1. Labelled diagram of (a) ASTM D5379 test specimen [1] and (b) ASTM D7078 test 
specimen [2]. 

Table 1: ASTM D5379 [1] and ASTM D7078 [2] test specimen dimensions, in mm (in). 

Dimension ASTM D5379 ASTM D7078 
h 7.5 (0.3) 7.5 (0.3) 
L 76 (3.0) 76 (3.0) 
r 1.3 (0.05) 1.3 (0.05) 
d1 19 (0.75) 31.0 (1.20) 
d2 3.8 (0.15) 12.7 (0.50) 
w 11.4 (0.45) 56.0 (2.20) 

The most significant difference between the two ASTM test methods is the method for loading. 
According to ASTM D5379, specimens are loaded into the fixture and aligned with the loading 
axis using a pin in the fixture (Figure 2a). The two halves of the fixture are then compressed, 
loading the specimen on its edges. In contrast, the ASTM D7078 fixture grips the faces of the 
test specimen (Figure 2b), the fixture halves are pulled apart from one another, and face loading 
is imparted on the specimen. 

  
(a) (b) 

Figure 2. Test setup for (a) ASTM D5379 and (b) ASTM D7078. 
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2.2 Experiments, Data Collection, and Post-Processing 
All experiments were performed on a servo-hydraulic Instron machine using a constant 
displacement rate of 2-mm/min, as specified by both standards. Two orientations were 
prepared and tested relative to the AM bead orientation. These orientations are shown in Figure 
3, where the AM beads are aligned perpendicular to the gauge region in the 13-orientation, and 
parallel to the gauge region in the 31-orientation. Anisotropic material symmetry supports that 
the linear-elastic response (shear modulus) should be the same between orientations, though 
the post-linear response may vary. Both orientations were examined to generate a comparison 
between the entire stress-strain response of each orientation. DIC was used to collect full-field 
shear strain measurements for all specimens using a GOM ARAMIS system. The white and black 
paint pattern used for this data collection can be seen on the specimens in Figure 2.  

 
Figure 3. Specimen orientations with reference to AM beads. 

Using the GOM Correlate 2021 software, the DIC data collected was post-processed and 
exported into CSV files, which were used to calculate strengths and moduli for comparisons. 
GOM’s built-in scripting interface was used to create a local coordinate system fitted to each 
specimen based on a few user-defined points at the notches and corners of the painted surface. 
The coordinate system set the X-axis along the long axis of the coupon, the y-axis in the loading 
direction, and the origin at the center of the specimen between the notches. This coordinate 
system can also be seen in the lower left of Figure 4. 

DIC calculates strain fields using the black and white pattern on the specimen surface, and the 
calculation area selected during DIC data analysis can affect the resulting strains. This study 
examined three different calculation areas for each test type and average strains within the 
region were generated and exported via scripting. For each test method, all calculation areas 
had the same width between the notches (in the local Y-direction) so the only variable in the 
areas was the length along the long axis of the test specimens (in the local X-direction). The 
chosen calculation area dimensions are listed below in Table 2, and example calculation areas 
as seen on a specimen for each standard are shown in Figure 4.  

Table 2: Dimensions of calculation areas used in DIC analysis, in mm (in). 

Calculation Area ID Width Across Gauge Section Length 
D5379_CA1 8.89 (0.35) 2.54 (0.1) 
D5379_CA2 8.89 (0.35) 5.08 (0.2) 
D5379_CA3 8.89 (0.35) 7.62 (0.3) 
D7078_CA1 25.4 (1.0) 3.175 (0.125) 
D7078_CA2 25.4 (1.0) 6.35 (0.25) 
D7078_CA3 25.4 (1.0) 9.525 (0.375) 
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 (a) Example of D5379_CA1 (red), 

D5379_CA2 (green), and 
D5379_CA3 (blue) 

(b) Example of D7078_CA1 (red), 
D7078_CA2 (green), and 

D7078_CA3 (blue) 
Figure 4. Example calculation areas for (a) ASTM D5379 and (b) ASTM D7078. Calculation areas 
2 and 3 are inclusive of the smaller areas shown in the image (i.e., D5379_CA2 includes all red 

and green areas). 

A GOM script was used to calculate the average XY strain from the XY strain field within each 
calculation area. The average XY strain was then exported to a CSV file along with the 
corresponding time, load, and position. This CSV and a python post-processing script were then 
used to determine the average ultimate strength and average chord modulus for each set of 
data.   

3. Results 
A representative strain field on an ASTM D5379 and an ASTM D7078 specimen can be seen 
overlaying the images in Figure 5. Table 3 and Table 4 representative strain fields for all 
calculation areas at a set displacement for each orientation of an ASTM D5379 specimen and an 
ASTM D7078 specimen, respectively. The strain fields of the specimens in the 13-orientation 
appear to be segmented, which can be attributed to the AM beads alignment perpendicular, or 
nearly perpendicular, to the gauge length. The strain fields of the specimens in the 31-
orientation are more homogeneous, especially in the D5379 specimen; the AM beads in this 
orientation run parallel to the gauge length.   

  
(a) (b) 

Figure 5 : Representative strain fields as shown on an (a) ASTM D5379 specimen and (b) ASTM 
D7078 specimen prior to failure. 

396/1602 ©2022 Steva et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

5 / 8 ©2022 Steva et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

 

Table 3: Representative strain fields at 2-mm displacement for each calculation area in the 13- 
and 31-orientations for D5379 specimens. 

13-Orientation 31-Orientation 
D5379_CA1 D5379_CA2 D5379_CA3 D5379_CA1 D5379_CA2 D5379_CA3 

      
 

 

Table 4: Representative strain fields at 1.5-mm displacement for each calculation area in the 13- 
and 31-orientations for D7078 specimens. 

13-Orientation 31-Orientation 
D7078_CA1 D7078_CA2 D7078_CA3 D7078_CA1 D7078_CA2 D7078_CA3 

      
 

 

Since the load and cross-sectional area are not affected by the varying calculation area, each 
specimen has only one ultimate strength. Figure 6 shows the average ultimate strength of each 
combination of material, orientation, and test standard. 

 

Figure 6. Average ultimate shear strengths for each material, orientation, and test standard 
combination.  
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Varying the calculation area affects the resulting strain, which in turn results in a different chord 
modulus calculation. Visually, the result of the calculation area on the moduli can be viewed 
within the stress-strain curves created. A representative stress-strain curve for the 13- and 31-
orientations can be found below for ASTM D5379 (Figure 7) and ASTM D7078 (Figure 8).  

  
(a) 13-orientation (b) 31-orientation 

Figure 7. Representative stress-strain curves for each calculation area of a D5379 specimen in 
the (a) 13-orientation and (b) 31-orientation 

  
(a) (b) 

Figure 8. Representative stress-strain curves for each calculation area of a D7078 specimen in 
the (a) 13-orientation and (b) 31-orientation 

For the different calculation areas, the stress-strain curves resemble one another at low 
strains, but as the strain increases, the curves begin to diverge. To compare the impact of the 
calculation areas numerically, the average chord moduli were calculated for each calculation 
area of each test set and can be found below in Table 5. The nominal strain range for 
calculating the chord moduli was 1,500 to 5,500 με. 
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Table 5: Average chord moduli by material, test standard, and orientation.  

Material Test 
Standard Orientation 

Avg. Chord 
Modulus, CA1 
(GPa) 

Avg. Chord 
Modulus, CA2 
(GPa) 

Avg. Chord 
Modulus, CA3 
(GPa) 

CF-PC 
D5379 13 1.007 1.081 1.138 

31 0.939 0.985 1.069 

D7078 13 1.097 1.134 1.150 
31 1.027 1.043 1.073 

CF-PETG 
D5379 13 1.074 1.150 1.228 

31 0.985 1.078 1.173 

D7078 13 1.110 1.125 1.162 
31* 1.134 1.168 1.223 

*Three coupons were tested in the 31-orientation for D7078 CF-PETG, as opposed to the 
recommended five. 

To normalize the modulus results, the percentage increase in modulus was determined for 
calculation areas two and three, relative to calculation area one. Figure 9 shows these 
percentage increases.   

 

Figure 9. Percent increase in chord modulus for different calculation areas, relative to the 
smallest calculation area, CA1. 

4. Discussion 
Two standard test methods for determining shear properties of composites were applied to two 
carbon fiber reinforced, large-scale AM materials in this study. The effect of varying the 
calculation area used with DIC was investigated by examining the shear chord modulus. In all 
cases, the shear chord modulus varied as the calculation area changed; however, no clear 
pattern was seen when comparing all data across both standards, except that changes in the 
calculation area affected ASTM D5379 specimens more than they did ASTM D7078 specimens. 
This suggests that the ASTM D7078 may be better suited as a shear test method when using DIC 
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on these materials, due to its lower sensitivity to calculation area. One reason for this lower 
sensitivity may be the larger gauge region of ASTM D7078 geometry, which could be better 
suited to the large unit cell size associated with these large-scale AM coupons.  

Specimens tested according to ASTM D7078 resulted in similar ultimate strengths between the 
two orientations. Those tested according to ASTM D7078 saw an average of only 0.15% and 
3.14% difference between orientations in CF-PC and CF-PETG, respectively. In contrast, 
specimens tested according to ASTM D5379 had an 11.34% and 35.80% difference between 
orientations in CF-PC and CF-PETG, respectively. Additionally, the ultimate strengths of CF-PC 
were greater those of CF-PETG by an average of 42.95% for those tested according to ASTM 
D5379 and 27.88% for ASTM D7078.   

Based on the data collected in these experiments and discussed in this paper, ASTM D7078 is 
recommended for testing large-scale AM materials, especially when using DIC to measure 
strains. This finding is in agreement with the study done by Chen et al. on chopped carbon fiber 
SMC composites [3]. However, it is in opposition of the findings by Codolini, Li, and Wilkinson, 
who found more variability in stress-strain curves of homogeneous polypropylene specimens 
tested according to ASTM D7078 than ASTM D5379 [5]. The results here show that the shear 
strengths produced using ASTM D7078 were generally more conservative for the two material 
systems tested in this study, and the choice of test method is less sensitive to the calculation 
area used with DIC. Finally, the data shows that CF-PC has a higher shear strength than CF-PETG 
for this manufacturing process.  
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Abstract: This paper proposed 3D printing of orthotropic material, carbon fiber-reinforced 

polymers, based on the optimized material orientation and distribution. First, the cross-ply 

orthotropic material orientation and distribution were optimized using the gradient-based 

anisotropic topology optimization method to maximize the structural stiffness. Then, the 

continuous 3D print path was generated from the optimized material orientation and distribution 

using the biological pattern-forming system. Finally, the optimized structure was 3D printed 

based on the 3D print path by means of the fused filament fabrication. The proposed structure 

brought the full potential of orthotropic materials minimizing the structural weight. 

Keywords: 3D printing; Topology optimization; Material orientation; Print path; Fiber-

reinforced polymers 

1. Introduction 

Engineering to utilize materials efficiently is essential to manufacture optimized structures with 

minimal weight. Notably, the material orientation of anisotropic materials, e.g., fiber-reinforced 

polymers, within the structure is essential to fully demonstrate the mechanical property. The 

undesirable material orientation design causes an increase in the structural weight. 

In designing material orientation, the optimization method is needed. The gradient-based solver 

improves the material orientation iteratively to minimize an index for an optimization problem. 

Many engineering problems accepted this approach to resolve the optimization problems, such 

as maximizing stiffness [1], strength [2], and natural frequencies [3]. Additive manufacturing for 

fiber-reinforced polymers, e.g., Automated Tape Placement and 3D printing [4], provides the 

manufacturing procedure of structures with optimized material orientation. However, a 

manufacturable 3D print path generation method is needed to integrate these contributions. 

Generally, the optimization process discretizes the material orientation field to the finite 

elements or their vertices, and thus the optimization result is a discrete material orientation 

field that does not provide the manufacturable 3D print path.  

Some 3D print path generation methods were proposed, such as the EQS, streamline, and level-

set methods [5]. However, the performance of the 3D print path that generates these methods 

depends on the external shape of the structure. Therefore, engineers should change the strategy 

for each situation. An alternative approach is based on the stripe pattern aligned with the vector 

field. Boddeti [6] proposed the path generation method based on Knoppel's stripe pattern [7]. 

However, this method requires a unique formulation and discretization different from the 

optimization. The Turing pattern is an advantageous stripe pattern generation method. The 

Gray-Scott model, the partial differential equation set for the Turing pattern, was adopted for 

3D print path generation [8]. This model can be solved by using the same discretization method 

of optimization. However, the parameters do not have an engineering meaning because the 
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model was developed for chemical interactions, which makes the parameter setting difficult. 

Authors have proposed the 3D print path generation technique based on the Swift-Hohenberg 

equation [9]. This method generates a continuous and intersection-free 3D print path. However, 

this method has only been applied to optimized material orientation without topology 

optimization.  

This study proposes the 3D printing of cross-ply carbon fiber-reinforced polymers based on the 

topology and material orientation optimization. The proposed method was applied to the 2D 

structure for maximizing stiffness. The proposed optimized design was 3D printed using a Fused 

Filament Fabrication type 3D printer. 

2.   Topology and material orientation optimization 

2.1 Material fraction and orientation representation 

This study considered the minimizing structural compliance problem with material amount 

limitation. Assume that the two-dimensional design domain 𝐷𝐷 is given. Inside of design domain 𝐷𝐷, the scalar and vector fields are defined. These fields represent the local material fraction 𝜌𝜌 

and material orientation 𝜽𝜽, respectively.  

These fields must satisfy the following constraints: 𝜌𝜌 ∈ [𝜖𝜖, 1],     ‖𝜽𝜽‖ = 1,     0 < ∠𝜽𝜽 <
𝜋𝜋2 (1) 

here, 𝜖𝜖 = 10−3 is the small parameter for numerical stability. However, in these constraints, the 

quarter sector constraint of the vector field requires at all points in the design domain. This large 

number of non-linear conditions causes difficulties in solving the optimization problem. The 

isoparametric-projection method was adopted to avoid this problem [10]. The following relaxed 

constraints are assumed instead of the unit norm constraints: ‖𝜽𝜽‖ ≤ 1,     0 < ∠𝜽𝜽 <
𝜋𝜋2. (2) 

To avoid the point-wise non-linear constraints, a precursor vector field 𝝓𝝓 ∈ [−1, 1]2 , which 

satisfies the box constraints, is introduced. The following isoparametric projection is applied to 

the precursor field 𝝓𝝓 to fulfill the original non-linear conditions: 𝜽𝜽 = 𝑑𝑑(𝝓𝝓) (3) 

Here, 𝑑𝑑 is the shape function for 8-noded serendipity elements and defined following: 𝑑𝑑 = ∑ 𝑵𝑵𝑖𝑖𝐯𝐯𝑖𝑖8𝑖𝑖=1  (4) 𝐯𝐯𝒊𝒊 is the coordinates of 𝑇𝑇-th vertex in the physical system. To translate the box constraint to the 

quarter sector constraint, the 𝐯𝐯𝒊𝒊 is defined as follows: 𝐯𝐯𝑖𝑖 = �𝑐𝑐𝑖𝑖𝑣𝑣𝑖𝑖� (5) 

𝑢𝑢𝑖𝑖 = � 0 𝑇𝑇 = 1

cos(𝜋𝜋(𝑇𝑇 − 2) 12⁄ ) otherwise
 (6) 

𝑣𝑣𝑖𝑖 = � 0 𝑇𝑇 = 1

sin(𝜋𝜋(𝑇𝑇 − 2) 12⁄ ) otherwise
 (7) 
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This transformation is illustrated in Figure 1. 

Next, the design fields are regularized by the Helmholtz equation [11]. −𝑅𝑅𝜌𝜌2∇2𝜌𝜌� + 𝜌𝜌� = 𝜌𝜌 (8) −𝑅𝑅𝜃𝜃2∇2𝜽𝜽� + 𝜽𝜽� = 𝜽𝜽 (9) 

Here 𝑅𝑅𝜌𝜌 and 𝑅𝑅𝜃𝜃 are filter radiuses for the scalar and vector fields, respectively. In this study, the 

design fields are regularized using finite element analysis by solving equations (8) and (9).  

2.2 Optimization problem for cross-ply laminated orthotropic material 

The orthotropic material is placed to be symmetric cross-plied laminates at any point. The 

following stacking sequence is assumed: 𝑆𝑆𝑖𝑖(𝐱𝐱) = �∠𝜽𝜽�/∠𝜽𝜽� + 90�s (10) 

Material orientation angle is a function of the position. The in-plane stiffness tensor 𝐴𝐴𝑖𝑖𝑖𝑖  is 

defined as follows using the stacking sequence 𝑆𝑆𝑖𝑖; 𝑄𝑄�𝑖𝑖𝑖𝑖𝑘𝑘 = 𝜌𝜌�𝑝𝑝𝑅𝑅𝑇𝑇(𝑆𝑆𝑘𝑘)𝑄𝑄𝑖𝑖𝑖𝑖𝑅𝑅(𝑆𝑆𝑘𝑘)  (11) 𝐴𝐴𝑖𝑖𝑖𝑖 = ∑ 𝑄𝑄�𝑖𝑖𝑖𝑖𝑘𝑘4𝑘𝑘=1 (ℎ𝑘𝑘 − ℎ𝑘𝑘−1) (12) 

where 𝑅𝑅(𝜗𝜗)  is the rotation transform tensor, 𝑄𝑄𝑖𝑖𝑖𝑖  is the orthotropic stiffness tensor for the 

elementary ply,  ℎ𝑘𝑘 is the ply height of the 𝑘𝑘-th lamina, and 𝑝𝑝 is the penalty parameter typically 

set to be 3. Assuming the small deformation, the strain tensor 𝜀𝜀 is represented as follows; 𝜀𝜀 =
12 (∇𝒖𝒖+ (∇𝒖𝒖)𝑇𝑇),     [𝜀𝜀]𝑖𝑖 = [𝜀𝜀1  𝜀𝜀2  2𝜀𝜀12]

 (13)

where 𝒖𝒖 is the in-plane displacement vector. The strain energy is calculated by the in-plane 

resultant forces 𝑑𝑑𝑖𝑖 = 𝐴𝐴𝑖𝑖𝑖𝑖[𝜀𝜀]𝑖𝑖 and the Voight represented strain tensor [𝜀𝜀]𝑖𝑖: Ψ = ∫ 12𝐴𝐴𝑖𝑖𝑖𝑖[𝜀𝜀]𝑖𝑖[𝜀𝜀]𝑖𝑖 d𝑥𝑥 𝐷𝐷 . (14) 

The minimization of the strain energy Ψ maximizes the structural stiffness under the external 

in-plane loading. Therefore, the optimization problem is defined as follows. 

 

 

Figure 1. The transformation of the box constraints in the natural coordinate system to the 

quarter sector constraint in the physical coordinate system. 
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min𝜌𝜌,𝝓𝝓 
Ψ = ∫ 12𝐴𝐴𝑖𝑖𝑖𝑖[𝜀𝜀]𝑖𝑖[𝜀𝜀]𝑖𝑖 d𝑥𝑥 𝐷𝐷  (15-a) 

subject to 𝜌𝜌 ∈ [𝜖𝜖, 1],     𝝓𝝓 ∈ [−1, 1]2 (15-b) 𝑉𝑉 = ∫ 𝜌𝜌� d𝑥𝑥 𝐷𝐷 ,     𝑔𝑔 = 𝑉𝑉𝑡𝑡 − 𝑉𝑉 ≥ 0. (15-c) 

where 𝑉𝑉 and 𝑉𝑉𝑡𝑡 represents the total amount of the material and the target material amount. 

2.3 Numerical implementation 

The Finite Element Analysis (FEA) was used to calculate the elastic deformation. All design fields 

were defined at the vertices of the finite element and interpolated by the first-ordered Lagrange 

element. Hence, the optimization problem has a vast number of design variables. A gradient-

based optimization routine is the best choice for this problem. The method of moving 

asymptotes was used. The FEA package in the Python3, FEniCS, was used. The PETSc's Krylov 

solver with an algebraic multi-grid preconditioner was used as the FEA solver. 

3.   3D-print path generation from the optimized material orientation and 

distribution 

3.1 A stripe pattern generation 

The optimized material orientation does not directly provide the 3D print path because of the 

discretized representation. The discretized optimized material orientation field needs to be 

converted to the continuous 3D print path. This study used a biological stripe pattern forming 

method to obtain the 3D print path.  

Assume that the design domain 𝐷𝐷, which is identical to the above optimization problem, is given. 

The phase-field 𝜑𝜑(𝒙𝒙) is introduced in the design domain 𝐷𝐷 to produce the 3D print path. The 

phase-field 𝜑𝜑(𝒙𝒙) emerges a stripe pattern oriented to the optimized material orientation 𝜽𝜽. The 

free energy functional ℱ[𝜑𝜑] of the phase-field 𝜑𝜑(𝒙𝒙) is defined to yield the spatial stripe pattern. ℱ[𝜑𝜑] = ∫ �𝑊𝑊(𝜑𝜑) +
12 [−2𝑘𝑘2|∇𝜑𝜑|2 + (∇2𝜑𝜑)2 + 𝑘𝑘4𝜑𝜑2]�d𝑥𝑥 𝐷𝐷  (16) 

where 𝑊𝑊 is the double-well potential that is defined as follows; 𝑊𝑊(𝜙𝜙) = −𝜙𝜙22 +
𝜙𝜙44 , (17) 

and 𝑘𝑘 is the field variable parameter that governs the hatch spacing of the stripe pattern. This 

free energy represents the local activation and global inhibition interaction and develops the 

spatially periodic pattern. This mechanism explains the pattern of the Benard convection and 

biological pattern forming. In this study, the anisotropic diffusion term is added to the free 

energy ℱ to orient the stripe along with the optimized vector field 𝜽𝜽. ℱ[𝜑𝜑] = ∫ �𝑊𝑊(𝜑𝜑) +
12 [−2𝑘𝑘2|∇𝜑𝜑|2 + (∇2𝜑𝜑)2 + 𝑘𝑘4𝜑𝜑2 − 2𝑞𝑞2∇𝜑𝜑𝑇𝑇(𝜽𝜽⊥⊗𝜽𝜽⊥)∇𝜑𝜑]�d𝑥𝑥 𝐷𝐷  (18) 

where 𝑞𝑞 is the magnitude of the anisotropic diffusion.  

The parameter 𝑘𝑘 corresponded with the local material fraction 𝜌𝜌. 
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𝑘𝑘 = �𝜋𝜋2𝜌𝜌2 𝑤𝑤02� − 𝜌𝜌2𝑞𝑞2 (19) 

where 𝑤𝑤0 is the default hatch spacing.  

This free energy is minimized using the variational method. Consequently, the following time 

evolution equation is derived: 𝜕𝜕𝜑𝜑𝜕𝜕𝑡𝑡 = −(∇2 + 𝑘𝑘2)2𝜑𝜑 − 2𝑞𝑞2∇ ⋅ �(𝜽𝜽⊥⊗𝜽𝜽⊥)∇𝜑𝜑� −𝑊𝑊′(𝜑𝜑) (20) 

This equation is known as the Swift-Hohenberg equation and can be solved by the FEA routine. 

3.2 Generation of the 3D print path 

Curves are extracted from the stripe pattern obtained by developing the equation (20), which 

are used as 3D print paths. Here, the 0-level contours were used as 3D print paths 𝒞𝒞. 𝒞𝒞 = {𝜑𝜑 = 0}. (21) 

4.   Example of the three-point bending beam problem 

This section applied the proposed method to a three-point bending beam problem. The 

mechanical properties used in the optimization problem are listed in Table 1. 

The commercial fused filament fabrication type 3D printer (Composer A4, Anisoprint) was used 

to fabricate the beam structure. The short-carbon fiber-reinforced polyamide filament (Onyx, 

Markforged) was used. The nozzle temperature was set to be 270 degrees in Celsius.  

The geometry and boundary conditions are illustrated in Figure 2. The target material fraction 

was 50% of the total amount in this example. The radiuses of the Helmholtz filter in Equations 

(8) and (9) were 0.8. Figure 3 shows the results of the optimized material distribution 𝜌𝜌� with the 

material orientation 𝜽𝜽�. Then, the optimized material distribution and material orientation are 

used in Equation (20) to obtain the stripe pattern for the 3D print path, as shown in Figure 4. 

Figure 5-A shows the print path generated by the stripe pattern in Figure 4, and figure 5-B 

shows the 3D printed part using the print path in Figure 5-A. 

 

Table 1: Orthotropic material properties of short-carbon fiber-reinforced polyamide 

Symbol (Unit) Value Description 𝐸𝐸1 (MPa) 2400 Young's modulus in the print direction. 𝐸𝐸2 (MPa) 2400/5 Young's modulus in the transverse direction. 𝐺𝐺12 (MPa) 2400/10 In-plane shear stiffness. 𝜈𝜈12 (−) 0.36 In-plane Poisson's ration. 
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Figure 2. The geometry and boundary conditions of the three-point bending beam problem. 

 

Figure 3. The optimized material distribution and material orientation. 

 

Figure 4. Stripe patterns for the 3D print path. 

5.   Conclusions 

This study proposed the 3D printing of orthotropic material with optimized material orientation 

and material distribution. Material orientation and distribution was optimized using the 

gradient-based anisotropic topology optimization method. The 3D print path was generated 

from the optimized material orientation and distribution using the biological stripe pattern 

forming method. The optimized structure was successfully 3D printed using short-carbon fiber-

reinforced polymers.  
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Figure 5. A is the 3D print path, and B is the 3D printed beam structure. 
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Abstract: Composite materials’ lightweight, multi-directional, tailorable, and multifunctional 
properties are important for weight-critical applications in aerospace vehicles. Aerospace 
composites nanoengineered with additional multifunctionalities, besides the primary structural 
function, are further advantaged in weight reduction. In this paper, a glass fiber reinforced 
polymer (GFRP) laminate is nanoengineered with vertically aligned carbon nanotubes (CNTs) at 
ply interfaces to have multiple multifunctionalities. A double edge notched tension (DENT) 
testing campaign was performed to explore the effect of laminate nanoengineering on damage 
development and progression by performing in-situ tests at the European Synchrotron Radiation 
Facility. Synchrotron radiation computed tomography (SRCT), to image in 3D the laminate under 
increasing tensile loads, revealed effective integration of the CNTs from the perspective of 
progressive damage mechanics.  

Keywords: glass fiber reinforced polymer; multifunctionality; double edge notched tension 
test; synchrotron radiation computed tomography; damage development 

1. Introduction 

Lightweight heterogenous materials, such as advanced fiber composites, have enabled the 
design and development of innovative aerospace structures. The composite materials’ 
lightweight, multi-directional, tailorable, and multifunctional properties are important for 
weight-critical applications in aerospace vehicles. Aerospace composites with additional 
multifunctionalities, besides the primary structural function, are further advantaged in weight 
reduction. This is achieved by adding multifunctionalities in a structural composite while 
maintaining the structural strength of the composite. Nanoengineering enables the integration 
of multifunctionalities in composites without needing to modify the design, shape, or load-
carrying capability of the composite structure with effectively no increase in weight. While single 
additional functionalities such as life-cycle enhancement [1-15], structural self-health 
monitoring, energy savings [9-14], de-icing protection [15], and self-cure monitoring [11-13] 
have been demonstrated in carbon fiber reinforced polymer (CFRP) composites, the 
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combination of multiple multifunctionalities in one composite system has not been 
demonstrated.  

In this paper, a glass fiber reinforced polymer (GFRP) laminate is nanoengineered to have 
multiple multifunctionalities. Vertically aligned carbon nanotubes (CNTs) and commercial CNT 
films are integrated into the prepreg laminate to create an integrated multifunctional composite 
(IMC). The IMC, maintaining its primary structural function, has demonstrated mechanical 
enhancement with increased interlaminar shear strength due to interlaminar reinforcement 
provided by CNTs [16, 17]. Here, a double edge notched tension (DENT) testing campaign was 
performed on the IMC specimens to explore the effect of laminate nanoengineering on damage 
development and progression of the GFRP IMC. In-situ tests were performed in a micro 
mechanical tester utilizing synchrotron radiation computed tomography (SRCT) to image in 3D 
the laminate under tensile loads at the European Synchrotron Radiation Facility in Grenoble, 
France. This paper will present test results of the IMC laminate in terms of tensile strength and 
damage development through final failure via 3D SRCT under load for the DENT configuration, 
sometimes referred to as 4D due to the temporal nature of the in-situ load application, as seen 
in Figure 1. 

2. Integrated Multifunctional Composite Manufacturing 

The integrated multifunctional composite is manufactured by nanoengineering 
multifunctionalities into composites by integrating carbon nanotubes into composite laminates. 

2.1 Multifunctional CNT Architectures 

Carbon nanotubes are the key to the integration of multifunctional properties in the integrated 
multifunctional composite. Vertically aligned carbon nanotubes, as seen in Figure 1a, referred 
to as nanostitch 1.0 [1-6], were synthesized by a thermal catalytic chemical vapor deposition 
method. In this method, CNTs were synthesized on silicon wafers which have uniform layers of 
iron and Al2O3 catalyst deposited on the surface which were placed in a quartz tube furnace. The 
carbon nanotubes were synthesized in the furnace under controlled temperature conditions and 
gas flows of helium, hydrogen, and ethylene. Nanostitch 1.0 with a height of 20 microns was 
selected to be integrated into the IMC as per a previous study conducted on the influence of  

 

Figure 1. Manufacturing and testing of IMC specimens via in-situ 3D SRCT: a) CNT architecture 
placed in the IMC, b) lay-up and cure of the IMC, c) DENT test performed in-situ under 

synchrotron radiation for damage development via 3D imaging (15ᵒ tilt not shown), d) SRCT 
image of the IMC 
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carbon nanotube architectures on the interlaminar shear strength of laminates [16]. The second 
carbon nanotube architecture integrated into the IMC consists of randomly oriented commercial 
CNT film (Tortech, CNTM4) [17]. 

2.2 Nanoengineered Glass Fiber Reinforced Polymer Laminate 

The glass fiber reinforced polymer (GFRP) chosen for this study, Hexcel NVE 913 E-glass 
unidirectional autoclave-grade pre-impregnated fibers (prepreg), had a fiber volume fraction of 
56%. The laminate was manufactured by performing an 8-ply [90|0|-45|+45]s quasi-isotropic 
lay-up. To integrate the multifunctionalities in the IMC laminate via nanoengineering,  
nanostitch 1.0 was placed in the interlaminar region of the IMC and commercial CNT film was 
integrated into the top and bottom of the laminate as seen in Figure 1b. The IMC with integrated 
CNTs, as well as a baseline GFRP laminate without integrated CNTs, were cured in an autoclave 
following the manufacturer recommended cure cycle [17].  

3. Experimental Characterization, Testing, and Results 

3.1 In-Situ Double Edge Notched Tensile Test 

A scaled down version of the double edge notched tension (DENT) test was performed in-situ 
during synchrotron radiation computed tomography to map the damage behavior of the 
nanoengineered laminate IMC under tension, as shown schematically in Figure 1c. DENT test 
specimens of length 40 mm, width 4 mm, laminate thickness 1.1 mm, and 1.1 mm radius notches 
were prepared by waterjet machining without further polishing. The micro tensile tester (Deben 
CT5000) had an X-ray transparent loading rig to enable SRCT imaging. In-situ testing was 
performed by providing tensile load to the DENT specimen to a particular load step, stopping 
the test and pausing for stability, performing a SRCT scan to capture laminate damage 
development, resuming the test, and repeating for different load steps (0%, 70%, 80%, 90%, 
95%, and 100% of a previously experimentally determined failure load of baseline DENT 
specimens) until failure of the specimen. 

Due to the limitation on ESRF beam time, two specimens of baseline composite DENT specimens 
and two specimens of IMC DENT specimens were tested in-situ during SRCT. The in-situ test was 
performed until failure and the average DENT strength with standard error were calculated. The 
test resulted in an average tensile strength of 170.82 ± 4.78 MPa of the baseline specimens and 
174.14 ± 0.37 MPa of the IMC specimens as seen in Figure 2. A comparison between the DENT 
strengths of the baseline GFRP composite laminate and the IMC laminate showed that the IMC 
specimens demonstrated a statistically insignificant increase in DENT strength of 1.94%. These 
test results showed that the integration of the carbon nanotubes in the IMC, with the purpose 
of adding multifunctionalities to composites, still allowed the composite to maintain structural 
integrity under tension. 

3.2 Synchrotron Radiation Computed Tomography Damage Development 

The synchrotron radiation computed tomography imaging during in-situ testing was performed 
at the European Synchrotron Radiation Facility (ESRF) ID19 beam line. SRCT was utilized to 3D 
image the laminates under tensile loads to observe damage progression as tensile loads 
increased until failure of the laminates. SRCT was performed under the conditions of 19 KeV 
beam energy, 0.65 µm voxel size, 2500 projections, and 15ᵒ tilted test set-up to allow for better  
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Figure 2. Average in-situ double edge notched tensile strength of baseline and IMC specimens 
with standard error 

imaging of all fiber orientations. This aided in understanding the progression of the damage with 
increasing loads and the effect of nanoengineering on damage development and progression. A 
comparison between the damage development and progression in the baseline laminate and 
the IMC laminate was performed to note the effect of carbon nanotubes and the integration of 
multifunctionalities in composite laminates.  

Figure 3 compares representative SRCT cross-sectional scans of the baseline and IMC laminates 
under different load percentages. The scans had been taken close to the notch in the DENT 
specimens. The lighter grey color represents the glass fibers, the darker grey is the matrix, and 
the darkest grey represents cracks in the laminate. Both baseline and IMC laminates under load 
showed through ply matrix cracks as well as double ply matrix cracks that progressed as the load 
on the specimens increased. SRCT images of the baseline specimen after failure depicted more 
delamination failure than the IMC specimen, but due to the insignificant difference in DENT 
strength, it could not be determined if the integrated CNTs played a significant role in the 
difference in delamination failure of the specimens. It is likely that delamination failure is not 
playing a significant role in the failure of these laminates under this loading, and therefore the 
CNTs show no positive effect of a stronger and tougher interface. Since the damage 
development in both baseline and IMC specimens demonstrated similar mechanisms, it was 
concluded that the CNTs integration in the IMC, with the purpose of adding multifunctionalities 
to composites, doesn’t affect the damage development mechanism of the laminate. 

4. Conclusion 

It is important to maintain structural integrity of the composite laminate while integrating 
multifunctionalities through nanoengineering (here, using carbon nanotubes). It has been 
demonstrated in this paper that the structural integrity of the IMC is comparable to the baseline 
GFRP composite laminate in terms of tensile strength. The IMC specimens had an average DENT 
strength 1.94% higher (statistically insignificant) than the baseline laminate specimens. The 
damage development and progression observed in the baseline and IMC laminates were similar. 
The integration of the multifunctionality enabling CNTs in prepreg-based GFRP, resulting in the  
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Figure 3. Comparison of damage development in synchrotron radiation computed tomography 
cross sectional scans of double edge notched tensile baseline and IMC specimens under various 

loads (0%, 70%, 80%, 90%, and failure) (Testing rig was at 15ᵒ tilt during scan) 
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formation of an IMC, maintained the structural integrity of the composite in terms of strength 
of laminate under tension, and damage development and progression. Further work on 
demonstrating the integrated multifunctionalities, such as piezoresistive strain and damage 
sensing, and additional mechanical characterizations (particularly where delamination is more a 
feature of progressive damage), are planned. 
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Abstract: This study investigates the effectiveness of fusion bonding by induction welding of 

carbon fibre reinforced composites (CFRC) manufactured by Elium 188-O resin. The welding 

characteristics of Elium composites were investigated by optimising welding parameters with 

preliminary Interlaminar shear tests ILSS (Inter-Laminar Shear Strength). The fracture behaviour 

of CF/Elium composites has been investigated through end notched flexure (ENF) to evaluate the 

delamination critical energy in mode II. Three joints have been investigated by lap shear tests: 

adhesive joint (by employing liquid Elium as adhesive), welded joint (by direct welding of 

adherents) and welding with an additional resin layer laid on the joining area. The results showed 

a higher lap shear strength for the adhesive joint compared to the induction welded one, but 

they are nevertheless encouraging for future investigations.   

Keywords: Thermoplastic composites (TPCs); Fracture toughness; Interlaminar fracture; 

Carbon fiber; Induction Welding   

1. Introduction 

Fibre-reinforced thermoplastic composites (FRTPCs) are widely used in several industries due to 

their recyclability, re-processibility and weldability properties, besides their high strength-to-

weight ratio [1,2]. Thanks to molecular mobility, thermoplastics (TPs) resins flow like viscoelastic 

liquids if heated above the glass transition temperature, Tg or at the melting temperature, Tm 

(in the case of semi-crystalline polymers). Thanks to this property, they can be assembled by the 

fusion bonding process.  

Among the different welding techniques for fusion bonding of thermoplastic composites [3], 

induction welding is particularly interesting for the high level of automation [4,5]. The induction 

heating process uses a high-powered coil with an alternating voltage to generate a magnetic 

field in an electrically conductive and magnetically susceptible material between adherend 

interfaces. In the case of carbon fibre reinforced polymers, heating can occur only due to a 

closed electrical path, guaranteed by the use of fabric as reinforcement [6]. 

While TPs are suitable for joining by fusion bonding techniques, the main disadvantage of these 

materials is the need for high processing temperature and pressures caused by the high viscosity 

of melted matrix. Therefore, novel thermoplastic monomers, viscous at room temperature 

thanks to their short chains, are being developed [7]. An example is the Elium© resin, recently 

developed by Arkema, which is based on an acrylic thermoplastic and can be also be cured at 

room temperature [8]. The liquid state at room temperature and the relatively low viscosity of 

0.2 Pa·s make it suitable for VARI and RTM processes. 
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First, the induction welding characteristics of Elium© composites were investigated by 

optimising welding parameters with preliminary Interlaminar shear tests (ILSS). Then, the mode 

II interlaminar fracture of the reference samples was compared to the induction welded one, to 

investigate the applicability of this fusion bonding technique as a repairing process.   

Finally, lap shear tests were performed to evaluate the shear strength of the three joints: 

adhesive joint (by employing liquid Elium as adhesive), welded joint (by direct welding of 

adherents) and welding with an additional resin layer laid on the joining area.  

2. Materials and Methods  

2.1. Materials  

The laminated composite was made of carbon fibre fabric (twill 2x2) reinforced Elium® 188 resin 

(Arkema, Colombes Cedex, France). Elium® 188 resin undergoes radical polymerisation with 

benzoyl peroxide initiator (BPO, Carlo Erba Reagents, Milano, Italy) at 3% by weight.   

The composite laminates were manufactured by Vacuum Assisted Resin Transfer Moulding 

(VARTM) technique Figure 1.b, and flat panel laminates have dimensions of 500 x 500 x 3 mm, 

with a stacking sequence of [0, +45, -45,90]s. Moreover, a 13 µm thick PTFE film was also 

inserted between the adherends before curing to introduce the pre-crack required for ENF 

testing Figure 1a). Samples for continuous induction welding tests were obtained by the final 

laminates.  

 

 
 

a) b) 

Figure 1. Manufacturing process of samples for welding tests 

 

2.2. Induction welding equipment  

Fusion bonded samples were induction welded using an experimental set-up available at the 

A.T.M.srl plant and provided by SINERGO (Italy). The experimental setup is depicted in Figure 2. 

The coil can be moved manually along the y-axis, while the movement along the x-axis is 

automatised.  The nominal working frequency with the coil used during this study is close to 145 

kHz, and the level of power can be set as a fraction of the total 2,2 kVA power. The induction 

welding head integrates the induction coil, a pyrometer to control surface temperature, one 

compacting cylinder and one cooling nozzle located on the top of the surface. Typical motion 

speeds are between 1 and 10mm/s. The cooled inductor is attached to a pneumatic cylinder 

such that pressure can be applied for consolidation after welding. The CFRP parts are placed 
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below the inductor. A ceramic plate is placed below the CFRP parts because, contrary to metal, 

the ceramic material does not heat by induction or does it attract the magnetic field and 

therefore has a limited effect (conduction only) on the heating of the test parts. 

 

 
Figure 2. Induction heating system for thermoplastic composite. 

The coil geometry was chosen to avoid the edge effect and, consequently, uniform the 

temperature distribution [9]. The coil was not in contact with the composite laminate, but it was 

kept at a constant distance of 2 mm from the laminate’s surface. The steel roller applied a 

constant consolidation pressure along the welding area following the coil and simultaneously 

cools down the molten matrix. 

 

3. Results and Discussion 

3.1. ILSS tests 

ILSS (Interlaminar Short Beam) mechanical tests were performed to determine the interlaminar 

shear strength of the welded composites by optimising welding parameters. The tests were 

carried out with a 50-kN load cell in an Instron 68TM-50 Mechanical tester, according to 

standard ASTM D2344. For this purpose, three (3) samples were tested for each case 

investigated. After the test, Nikon SMA-U stereoscopic microscope analysed the fractured SBS 

specimens to describe failure types. The ILSS was calculated using the classical beam theory 

(Bernoulli–Euler), and the maximum shear stress acting on the beam section in SBS tests was 

estimated as [10]:   𝐹𝑠𝑏𝑠 = 34  𝑃𝑚𝑎𝑥𝑏 ℎ  (1) 

Based on interlaminar shear strength tests, three different welding procedures were chosen to 

identify the process parameters that guarantee better mechanical performance. Table 1 shows 

the summary of the induction welding selected parameters for each of the three batches of 

specimens. 

417/1602 ©2022 Palmieri et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

During the SBS tests, the failure areas, at the welding interface,  were observed as shown in 

Figure 3.  The value of ILSS obtained, reported in Table 2, is consistent with the SBS values in the 

literature [11]. 

Table 1. Welding parameters 

Energy Level  
Feed Rate 

[mm/s] 

Peak Temperature 

[°C] 

Roller Pressure 

[kg] 

Power 

[%] 

Air Flow Rate 

[lit/min] 

B1 1 120 6 60 180 

B2 1 120 16 90 180 

B3 1 170 10 90 180 

 

The lower value obtained by the B3 process depends on, the higher peak temperature, which 

may cause a matrix’s degradation. 

Table 2. ILSS Results of the induction welding process 

Energy 

Level  

ILSS  

Mean Value (MPa)  

Standard Dev.   

B1 38,01  1,027  

B2 40.68  0,63  

B3  28,22  4,49  

 
 

 
a) b)  

Figure 3. Optical microscopy induction heat-sealed specimens: welding parameters B1 (a) and 

B2 (b) 

3.2. ENF tests 

Therefore, based on the results of preliminary ILSS tests, best welding parameters were chosen.  

The mode-II interlaminar fracture (GIIC) was obtained by performing the end notched flexure 

(ENF) test. The tests were carried out according to ASTM D7905 standard, and a total of five ENF 

specimens were prepared; the specimens had dimensions equal to 1.9 x 25.2 x 130 mm, while 

Figure 4 shows the schematic view of the ENF experiment.  
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a) b) 

Figure 4. a) ENF setup; b) ENF tested sample 

The Mode II energy release rate (GIIc) was calculated from Eq. (2): 

𝐺𝐼𝐼𝑐 = 9𝑎2𝑃𝛿2𝐵(2𝐿3 + 3𝑎3) (2) 

After the ENF tests, the same samples were repaired by induction welding using the process 

parameters reported in Table 3.  

Table 3. Process parameters for repairing 

Feed Rate 

[mm/s] 

Peak Temperature 

[°C] 

Roller Pressure 

[kg] 

Power 

[%] 

Air Flow Rate 

[lit/min] 

1 120 16 95 180 

The force-displacement responses of the samples in the ENF tests are depicted in Figure 5. 

Analysis of the fracture toughness parameters reported in Figure 5, the values of the reference 

samples are consistent with the literature [12]. Therefore, a gradual decrease in the force and 

energy release rate (about 20%) was found for the repaired samples, indicating the possible 

presence of voids at the interface due to the unwelded zone.  

 

Figure 5. End Notched failure test. Comparison between the pristine sample and repaired by 

induction welding 
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3.3. Lap Shear Strength 

To assess the joints’ effective strength, lap shear tests were performed according to the ASTM 

D5868 standard. Three kinds of joints were made in different configurations identified: 

• Adhesive joints were realised by employing liquid Elium as adhesive. The adhesive was 

cured at the room temperature under clamp pressure for a minimum of 48 hours; 

• Direct induction welding joints were performed by direct welding of adherents, using 

the process parameters optimised by ILSS tests (Table 1. Welding parametersTable 1); 

• Additional layer aided Induction welding joints. In this case, a film of Elium, about 1 mm 

of thickness, was cured on an adherend. Later the two adherends were induction 

welded.  

 

The results of LSS are depicted in  Figure 6; the adhesive bonds have higher lap-shear strength 

than the induction welded joints.  

Figure 6 also shows the fracture surface of the adherends for each joint’s configuration 

investigated. In the direct induction welded joints case (Figure 6. A), the trace of the bonding 

area is evident; this results in a good interfacial bonding and represents a cohesive failure of the 

sample. Also, the adhesive bonded joints Figure 6. B is characterised by a cohesive failure that 

indicates that the bond between the adherend and the adhesive is strongest than the adhesive 

strength.   

The lowest value of LSS was obtained by the rich bonded joints, where the interfacial failure 

occurred, and indicates the poor adhesion of the adhesive to the adherends (Figure 6. C). 

 
Figure 6. Lap-shear strength of various bond types. 

4. Conclusion  

In this work, an alternative joining method for infusible thermoplastic resins was investigated. 

Thermoplastic composites bonds made with standard adhesion technology was compared to 

induction welded bonds. Various failure modes were observed for welded joining optical 
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micrograph image was used to identify the failure modes.  Repaired joints (by repeating ENF on 

tested and welded samples) show satisfactory interlaminar fracture toughness (-20%) compared 

to pristine material. Compared to adhesive joints, induction welding allows achieving a residual 

strength lower than 30%, while the repairing procedure led to a slight decrease in fracture 

toughness, lower than 20%. Analysis of the fracture surface highlighted the direct relationship 

between surface fracture failure and the LSS results. The joints with lower shear strength have 

shown poor interfacial bonding, probably linked to an uneven melting of the matrix.  
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Abstract: Inductive power transfer (IPT) technology can be used for convenient and 

straightforward charging of stationary or moving electric vehicles. Primary charging units 

embedded in pavements incorporate Litz wire to achieve low transmission losses. As it covers 

most of a charging unit, the multifunctional composite of Litz wire and potting compound defines 

the structural and thermal response of an IPT charging pad. This research investigates the impact 

of wire and potting material selection, and manufacturing methods on the infiltration and 

structural characteristics of Litz wire embedded in an epoxy potting compound. Fluorescent 

additive Coumarin 1 was added to samples to enable infiltration to be visually analysed from 

images captured under UV light. Compression tests were conducted on epoxy-Litz wire 

composites to characterise the compressive modulus and strength. The discussion showed a 

correlation between Litz wire infiltration and compressive modulus. The structural capabilities of 

samples with the highly-filled and thermally conductive epoxy were improved through process 

modification. 

Keywords: Multifunctional composite; Litz wire; Epoxy; Infiltration; Compressive stiffness 

1. Introduction 

The shift from internal combustion engine to electrically-propelled vehicles can reduce 

greenhouse gas emissions and slow down man-made climate change. IPT (inductive power 

transfer) charging technologies are a simple approach to tackle the significant drawbacks of 

electric vehicles (EV) such as range anxiety and confusing charging systems. If used in roads, 

dynamic IPT charging systems can reduce the battery size due to constant charging or the use 

of EVs as temporary energy storage. IPT charging units embedded in electrified roads are 

subjected to structural (traffic), thermostructural (coefficient of thermal expansion mismatch), 

and thermal (heat losses and climate) loads. These charging units consist of fragile electric and 

electromagnetic components that must be protected to ensure a high transmission efficiency 

over at least a decade. The primary coil is made of Litz wire to reduce losses due to the skin and 

proximity effect. Better integration of Litz wire into the pad structure with optimised 

manufacturing methods and potting compounds could improve the structural and thermal 

behaviour of IPT charging units. 

Various manufacturing methods and materials of potted Litz wire have been analysed to 

improve the infiltration and, subsequently, the thermal capabilities of electrical machines. 

Richnow et al. [1] studied the thermal behaviour of potted Litz wire in stators using impregnation 

methods such as variations of dipping and trickling. Nategh et al. [2] manufactured several 
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potted motor prototypes using a simple casting approach with highly-filled epoxy, polyurethane, 

and silicone potting compounds. The potted motors showed a vastly improved thermal 

behaviour compared to non-potted designs. Shin et al. [3] developed a modified vacuum 

infusion method for an improved infiltration of Litz wire used in high power density motors in 

electrified aircraft. Imura et al. [4] studied the structural behaviour of non-potted Litz wire coils 

in different casing materials embedded in the road for IPT application. 

The structural characterisation and optimisation of the multifunctional composite comprised of 

potted Litz wire have not been presented in existing research. A method to achieve a thermally 

conductive Litz wire composite showing high compressive stiffness has not been developed. 

This paper studies the degree of infiltration and compressive stiffness of a multifunctional 

composite comprised of Litz wire and epoxy potting compound. Composite samples were potted 

under ambient and elevated temperatures using both filled and unfilled epoxies. A method was 

developed to investigate the infiltration of potted Litz wire samples. The fluorescent dye 

Coumarin 1 was added to the epoxy potting system to increase the visibility of the potting under 

UV light, especially for opaque highly filled epoxies. Images of the cross-section were taken and 

processed in ImageJ. A modified compression testing method ASTM D695 was applied to analyse 

the compressive stiffness of Litz wire and epoxy composites. A correlation was investigated 

between used materials, manufacturing parameters, infiltration, and compressive behaviour. 

2. Materials and Methods 

2.1 Materials and manufacturing 

The analysed samples comprised a Litz wire embedded unfilled or filled, thermally more 

conductive, epoxy potting compounds. Two epoxy resins with different filler contents were 

chosen to emphasise the impact of viscosity (inherent with a high thermal conductivity filled 

compound) on the Litz wire infiltration. The epoxy West System 105/206 is generally used for 

liquid composite moulding processes, in scenarios where no increased thermal conductivity and 

electrical insulation are needed. The viscosity at a temperature of 22°C of the mixed system is 

725 mPas [5]. In contrast, the potting compound Electrolube ER2188 is used to encapsulate 

electronic components due to its increased thermal conductivity, flame retardancy, and 

electrical insulation capabilities. The filler content of around 50 % leads to mixed system 

viscosity at a temperature of 23°C of 9000 mPas [6]. 

The Litz wire consists of six twisted bundles, which comprise of five sub-bundles of twisted 

individually-insulated strands. Litz wires for this research were purchased from Elektrisola GmbH 

& Co KG. As shown in Table 1, a type of Litz wire was utilised with 800 strands and a nominal 

diameter of 4.2 mm. The strands comprised an electrolytic tough pitch copper core with a 

diameter of 0.1 mm and polyurethane insulation of 0.005 mm thickness. The purchased Litz wire 

is spirally served with nylon filaments for improved geometrical stability and simple handling. 

The serving was manually removed for some samples. 

Table 1: Specifications of Litz wire 

No of strands Strand diameter 

(mm) 

Thickness 

insulation (mm) 

Average fill 

factor  

Diameter Litz wire 

(mm) 

800 0.1 0.005 0.74 4.2 
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The samples were manufactured using a casting process under ambient pressure. The potting 

compounds were mixed following the datasheet instructions and degassed for five minutes to 

reduce the occurrence of voids in the samples. The Litz wire segments were hand-tensioned and 

fixated with spring clamps to the casting mould to reduce undulations that could compromise 

the structural characteristics. The casting process was undertaken at an ambient temperature 

of 21°C (+/- 1°C) or an elevated temperature of 40°C (+/- 1°C). At elevated temperature, the 

mould and resin were preheated, and samples were cured in an oven to ensure a constant 

temperature. The samples were post-cured at ambient temperature for minimum 14 days to 

achieve consistent structural characteristics. An overview of all sample parameters is given in 

Table 2. 

Table 2: Overview of sample parameters 

Potting compound Potting temperature Litz wire serving 

WS 105/206 21°C Yes 

ER2188 40°C No 

 

2.2 Method infiltration analysis 

A method was developed to visually quantify the infiltration of embedded Litz wire samples. 

Preliminary analysis of images taken with a light microscope showed a lack of contrast between 

the epoxy and uninfiltrated areas. To increase the visibility of areas filled with epoxy, the 

fluorescent dye Coumarin 1 was added to the potting compound (0.5 % of total weight) prior to 

casting. Coumarin 1 emits visible light under UV light due to the peak excitation wavelength of 

360 nm and the emission wavelength 450 nm [7]. The samples were cut into 20 mm sections 

perpendicular to the Litz wire on a Buehler Isomet 1000 precission cutter with an Allied High 

Tech Products Inc. diamond metal bond wafering blade to reduce plastic deformation of soft 

copper. The cross-sectional surfaces were consecutively polished with 600, 1200, 2000 grit 

sandpaper under a constant water flow.  

As shown in Figure 1, the image acquisition setup consisted of a Canon Eos 800D camera and a 

Canon EF-S 60 mm macro lens mounted on a tripod. The images were taken with an aperture of 

f/4, an exposure time of 30 seconds, and ISO set to 100 to maintain contrast and sharpness. The 

samples were lit with a UV light set to the wavelength of 365 nm.  
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Figure 1: Setup for the acquisition of images of the sample cross-section under UV-light 

An algorithm in the image-processing software ImageJ was developed to quantify the potting 

infiltration. First, the colour images were converted to binary images using the thresholding 

method. Second, a watershed separation algorithm was applied to distinguish between strands 

that are in contact. Finally, embedded strands were counted with the particle analysis tool. The 

infiltration was calculated by forming a fraction from embedded strands and the total number 

of strands in a Litz wire. 

2.3 Method compression testing 

The modulus in fibre direction under compression loading of variously embedded Litz wire 

samples was determined by conducting tests following a modification of the standard ASTM 

D695 [8]. The samples were manufactured as described in chapter 2.1. Sample dimensions were 

produced to achieve a fibre volume fraction of 26 %. The sample dimensions were 5.4 mm x 

5.4 mm x 60 mm. To achieve flat surfaces, the samples were cut perpendicular to the Litz wire 

on a Buehler Isomet 1000 precission cutter with an Allied High Tech Products Inc. diamond metal 

bond wafering blade. 

The experiments were conducted on an Instron 5567 universal testing machine with a 30 kN 

load cell. The load was applied with a compression tool consisting of two flat and parallel 

surfaces. The testing machine was set to speed-control with 1.3 mm/min crosshead speed. The 

strain was measured using an Instron axial clip-on extensometer with a gauge length of 25 mm. 

The maximum stress and the stress-strain diagram were recorded to calculate the compressive 

strength and the compressive modulus. 

3. Results and Discussion 

3.1 Infiltration analysis 

As shown in Figure 2, images of fluorescent samples give a qualitative understanding of the 

infiltration with epoxy potting compounds. Areas with a strong contrast between dark strands 

and bright potting compounds are well infiltrated. Dark spots, more extensive and less defined 

than strands, indicate a bad infiltration. Samples potted with ER2188 showed a poorer 

penetration than West Systems 105/206. Samples with non-served Litz wire were better 
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infiltrated. However, a loss of geometrical definition of the bundles and strand density could be 

observed. 

The images were processed in an ImageJ algorithm to quantify the infiltration of potting 

compound. As shown in Table 3, ER2188 and 105/206 samples showed 14 % and 86 % infiltration 

with served Litz wire. The removal of the Litz wire serving of ER2188 and 105/206 samples led 

to an increased infiltration of 41% and 97 %. A comparison of the infiltration of samples with Litz 

wire potted at 21°C and 40°C is given in Table 4. Samples potted at 21°C showed an infiltration 

of 15 % (ER2188) and 92 % (WS 105/206). An increase in potting temperature to 40°C leads to 

increased infiltration for ER2188 samples to 40 % and no change for WS 105/206 samples. 

 

 

Figure 2 : Cross-sectional images of litz wire type A embedded in Electrolube ER2188 and West 

Systems 105/206 potting compound. (1) Ambient temperature, served litz wire; (2) elevated 

temperature, served Litz; (3) ambient temperature, not served Litz wire; (4) elevated 

temperature, not served Litz 

Table 3: Infiltration of samples with served Litz wire vs not served Litz wire 

Resin Litz wire serving Infiltration (%) Standard 

deviation (%) 

Number of 

samples 

ER2188 
Yes 14 2 6 

No 41 12 6 

WS 105/206 
Yes 86 12 9 

No 97 2 6 
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Table 4: Infiltration of samples potted at 21°C vs 40°C 

Resin Potting 

Temperature 

Infiltration (%) Standard 

deviation (%) 

Number of 

samples 

ER2188 
21°C 15 2 6 

40°C 40 12 6 

WS 105/206 
21°C 92 6 8 

40°C 92 12 7 

 

3.2 Compression testing 

The stress-strain curve behaviour and compressive modulus of samples comprising Litz wire 

embedded in ER2188 and WS 105/206 potting compounds were analysed. As shown in Figure 3, 

all sample types showed a linear-elastic stress-strain response until 0.3 % strain. The curve 

flattened in the transition to the plastic area until the failure. The sample failures were initiated 

by cracking of the epoxy matrix or interfacial failures between epoxy and Litz wire, which led to 

the final buckling failures. 

The elastic response was analysed using the chord modulus between 0.1 % and 0.3 %. Samples 

potted in ER2188 showed a mean compressive modulus of 6371 MPa (standard deviation of 990 

MPa, ambient temperature, serving), 8105 MPa (1516 MPa, 40°C, serving), 8053 MPa (1288 

MPa, ambient temperature, no serving), and 10679 MPa ( 2746 MPa, 40°C, no serving). Samples 

embedded in WS 105/206 had a mean compressive modulus of 9442 MPa (standard deviation 

of 876 MPa, ambient temperature, serving), 8814 MPa (615 MPa, 40°C, serving), 9958 MPa 

(977 MPa, ambient temperature, no serving), and 10854 MPa (1124 MPa, 40°C, no serving). 

 

Figure 3 : Stress-strain curves of variously treated samples embedded in ER2188 and WS 105/206 

As shown in Figure 4, samples potted in ER2188 showed an increase of compressive modulus 

with raising infiltration. By potting at elevated temperature and removing the Litz wire serving, 
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the infiltration was improved to 60 % and the average compressive modulus was increased by 

40 % to 10679 MPa compared to samples potted at ambient temperature with served Litz wire. 

As shown in Figure 5, samples embedded in WS 105/206 were less affected by different 

manufacturing methods. The best-infiltrated sample group (elevated temperature, no serving) 

had an improved compressive modulus of 15 % compared to the least infiltrated sample group. 

However, the difference in infiltration between the weakest and strongest sample groups is 52 % 

and 12% for ER2188 and WS105/206, respectively.  

 

Figure 4: Compressive modulus vs infiltration of ER2188 samples 

 

Figure 5: Compressive modulus vs infiltration of WS 105/206 samples 

4. Conclusion 
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This research has focused on the infiltration and structural capabilities of the multifunctional 

composite comprised of an epoxy potting compound and Litz wire. Several manufacturing 

parameters, a low viscous potting system, West Systems 105/206, and a high viscous, thermally 

more conductive epoxy, Electrolube ER2188, have been characterised. The infiltration has been 

visually analysed using the fluorescent dye Coumarin 1 as a contrast enhancer and an algorithm 

in ImageJ for quantification. Samples potted in West Systems 105/206 show a higher infiltration 

than Electrolube ER2188. The infiltration with Electrolube ER2188 can be improved by increasing 

the potting temperature and removing the nylon Litz wire serving. The compressive modulus 

has been characterised. A correlation between compressive modulus and infiltration into the 

Litz wire has been shown. It would be possible to achieve the same structural performance in a 

roadway embedded inductive power transfer pad with the thermally conductive Electrolube 

ER2188 as the West System 105/206 by applying the proposed changes of manufacturing 

parameters. 
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Abstract: As polymeric resins are used as matrix in reinforced composites, understanding of 

their viscoelastic-viscoplastic response is critical for long-term performance design. However, 

during service life, thermosets are not in a thermodynamic equilibrium state, resulting in physical 

aging, which affects failure and viscoelastic (VE) properties, becoming a concern for industries. 

In this paper, an alternative methodology for testing and parameter determination for aging 

polymer, at different temperatures (𝑇𝐴) and times (𝑡𝐴), is proposed. The experimental data 

analysis was performed using a Schapery’s type thermo-aging-rheologically simple VE model 

with constant coefficients in Prony series and the effect of temperature and aging included by 

two shift factors (𝑎𝑇, 𝑎𝐴). Results showed that the shift factor can be presented as the product 

of shifts 𝑎𝑇 and 𝑎𝐴. Furthermore, for short 𝑡𝐴 the change rate of the 𝑎𝐴 with 𝑡𝐴 does not depend 

on 𝑇𝐴, whereas for long 𝑡𝐴 at high 𝑇𝐴 the rate increases. 

Keywords: Physical aging; viscoelasticity; stress relaxation; shift factors; numerical 

simulations 

1. Introduction 

As polymeric resins are broadly used as matrix in reinforced composites for high performance 

applications, understanding of their viscoelastic-viscoplastic response is critical for long-term 

performance design. However, during service life, thermoset polymers are mostly used below 

their glass transition temperature (Tg) and, therefore, they are not in a thermodynamic 

equilibrium state since the local molecular motions are temperature and time dependent, 

resulting in a phenomenon known as physical aging [1]. 

Physical aging, which in out-of-equilibrium amorphous polymers proceeds over years during 

their service life (simultaneously with long-term creep and stress relaxation), affects failure and 

viscoelastic (VE) properties, and, consequently, becomes a concern for industries [2]. Therefore, 

long-term behavior of a VE material cannot be considered without taking physical aging into 

account. 

Physical aging is a reversible process and the amplitude of the change in mechanical properties 

upon aging into equilibrium depends on the magnitude of the initial departure from equilibrium 

[3,4]. Therefore, usually the specimen is first annealed at temperature above Tg (to erase the 

thermal history), and then quenched at temperature below Tg. After, aging is performed for 

different aging times (tA) [1,5,6]. Since the aging may accelerate as the service temperature 

approaches the Tg, for a proper engineering design the physical aging effect needs to be 
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considered, especially when high-temperatures are required. Such constantly evolving 

properties may strongly impair the long-term viscoelastic behavior through a shift in the time 

scale [5,7]. 

Researchers have been using the concept of effective time theory (ETT) to analyze VE 

experiments (i.e. creep or stress relaxation) and using the time-temperature-aging 

superposition principle to explain the data [5,6,8]. The ETT concept, proposed by [7], assumes 

that all retardation times are equally affected by aging with a constant aging shift rate. Through 

this concept, it is possible to predict a data and analyze the material response. However, the 

mechanical test time needs to be shorter than the aging time before the test, to ensure that no 

significant aging will occur during each test. 

In this research, an alternative methodology for testing and parameter determination for aging 

polymer is proposed. The experimental aging data analysis for an epoxy material was performed 

using a Schapery’s type thermo-aging-rheologically simple (T-A-R simple) VE model with 

constant coefficients in Prony series (𝐶𝑚) and the effect of temperature and aging included by 

the product of two shift factors, one responsible for aging (𝑎𝐴) and the other one for testing 

temperature (𝑎𝑇). 

2. Material Model 

2.1 Thermo-aging-rheologically simple viscoelastic model 

In this paper, a modified Schapery’s thermodynamically consistent linear viscoelastic (VE) 
material model is used (Eq (1) (1-D tensile loading). In the used thermo-aging-rheologically 

simple (T-A-R simple) model, where the parameters β and T represent the aging state and the 
mechanical test temperature, respectively, which may be changing during the loading history. 

Viscoplastic (VP) effects are not considered. 

 𝜎(𝑡) = 𝐸𝑟𝜀 + ∫ Δ𝐶(𝜓 − 𝜓′) 𝑑(𝜀)𝑑𝜓′𝑡
0 𝑑𝜓′ (1) 

 Δ𝐶(𝜓) = ∑ 𝐶𝑚𝑒𝑥𝑝 (− 𝜓𝜏𝑚)𝑚  (2) 

where, 𝜏𝑚 are relaxation times and 𝐶𝑚 coefficients in Prony series, which are constants and are 

not affected by temperature nor the aging state. 𝜓 is the reduced time. Shift factor 𝑎 in Eq. (3) 

is dependent on T and β. It is assumed and validated in this work that 𝑎 can be written as a 

product of a T-dependent and an aging(A)-dependent term. Such hypothesis proved to have 

sufficient accuracy for practical applications [9]. 

 𝜓(𝑡) = ∫ 1𝑎(𝛽, 𝑇)𝑡
0 𝑑𝜁 = 𝑡𝑎𝐴(𝛽)𝑎𝑇(𝑇) (3) 

In case of an idealized relaxation test (strain 𝜀0 at 𝑡 = 0), a Heaviside step function is applied 

and the stress relaxation, according to Eqs. (1), (2) and (3), is given by 

 𝜎𝑟𝑒𝑙 = 𝜀0 [𝐸𝑟 + ∑ 𝐶𝑚𝑒𝑥𝑝 (− 𝜓𝜏𝑚)𝑚 ]    ,   𝜓 = 𝑡𝑎𝐴𝑎𝑇 (4) 

In Eq. (4), 𝑎𝑇 and 𝑎𝐴 depend on the constant values 𝑇 and 𝛽. The expression in brackets is the 

stress relaxation function, where its value at 𝑡 = 0 is the epoxy glassy modulus. 

432/1602 ©2022 Nunes et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

For loading-holding (L-H) tests, as the strain increases from zero to 𝜀0 over finite time 𝑡1, the 

strain cannot be applied as a Heaviside step-function (Eq. 4). Therefore, the L(𝑡1)-step, as the 

strain linearly increases from zero to 𝜀0 during time interval 0 < 𝑡 ≤ 𝑡1, is given by 

 𝜎(𝑡) = [𝐸𝑟 𝑡𝑡1 + 𝑎𝑇𝑎𝐴𝑡1 ∑ 𝐶𝑚𝜏𝑚 (1 − 𝑒𝑥𝑝 (− 𝑡𝜏𝑚𝑎𝑇𝑎𝐴))𝑚 ] 𝜀0, 𝜀 = 𝜀0 𝑡𝑡1 ,   0 < 𝑡 ≤ 𝑡1   (5) 

and for the H(𝑡∗)-step of length 𝑡∗, where the strain is held constant, 𝜀 = 𝜀0, is given by 

 𝜎(𝑡) = [𝐸𝑟 + 𝑎𝑇𝑎𝐴𝑡1 ∑ 𝐶𝑚𝜏𝑚𝑒𝑥𝑝 (− 𝑡𝜏𝑚𝑎𝑇𝑎𝐴) (𝑒𝑥𝑝 ( 𝑡1𝜏𝑚𝑎𝑇𝑎𝐴) − 1)𝑚 ] 𝜀0,     𝑡 ≥ 𝑡1  (6) 

 

3. Material, manufacturing and test routines 

3.1 Material and manufacturing 

To carry out the proposed study an epoxy system Araldite® LY 5052/Aradur® HY 5052, provided 
by Hunstsman, was used. This cold-curing resin system presents a low viscosity and long pot-

life, what provide an easy impregnation of reinforcement materials. 

For the manufacture of the samples, through casting process, epoxy was mixed with the 

hardener, in a proportion of 100:38 by weight, for 5 min and degassed for ≅ 12 min in a vacuum 

system to reduce the trapped air content. Then, the mix was poured into a silicon rubber mold 

and compressed between two metallic plates lined with Teflon fabric to allow easy demolding. 

The curing started as soon as the resin was poured into a silicone mold, at room temperature 

(RT) ≅ 23 oC. After 24 h the samples were demolded and post-cured at 105 oC for 4 h, to obtain 

fully cured (FC) samples (degree of cure α=0.992, determined by Kamal’s model [10]). During 

the curing process, a type K thermocouple, connected with a pico logger data acquisition module 

TC-08, was inserted in the uncured resin in the mold and the T vs. t was recorded. Temperature 

fluctuations (±1℃) around the nominal curing temperature were recorded. The manufactured 

FCRT-24h specimen size, after grinding and polishing, was ≅ 160 x 15 x 4 mm3. 

3.2 Thermal rejuvenation of the epoxy samples 

As the samples have different manufacturing dates and storage times, and since physical aging 

will accumulate as soon as the sample is below Tg, a thermal treatment known as “rejuvenation”, 
achieved by annealing, was used to erase the thermal history of the amorphous epoxy before 

start any experimental program. Therefore, as physical aging is a thermoreversible 

phenomenon, any previous aging occurred when the polymer was stored (bellow Tg) could be 

erased. 

To the rejuvenation process, a sample was assembled in an Instron type Universal 3366 machine, 

with load cell of 10 kN and mechanical grips. The specimen was then loaded at a very low load 

(2 N, to prevent buckling during thermal expansion), heated above Tg (T = Tg + 20 oC), using an 

Instron environmental chamber 3119-406, and isothermal holding for 40 min at T=150 oC (as 

recommended by [3] and [7]). After, the chamber was opened and the sample was cooled down 

to a room temperature RT≅ 23 oC. The accuracy of the temperature displayed on the control 

panel of the chamber was checked with a thermocouple, placed close to the sample, providing 

a T vs. t curve for each thermal rejuvenation process (heating and cooling steps). 

433/1602 ©2022 Nunes et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

This process was performed for all samples used in this research and every time when the ageing 

temperature (TA) was changed for each tested sample. For some specimens the annealing and 

the whole test program was repeated several times and during the whole process the specimen 

was never removed from the testing machine or grips released. 

3.3 Quasi-static tensile tests 

After rejuvenation, aiming to investigate the effect of physical aging on the viscoelastic 

properties of an epoxy material, specimens, with gauge length 100 mm, were aged at 

temperature 𝑇𝐴 and the VE response after certain aging time 𝑡𝐴   was measured in loading-

holding (L-H) tests. All tests were performed using an Instron machine, type Universal 3366, with 

load cell of 10 kN, acquisition rate of 1 Hz and mechanical grips. To prevent sample slipping in 

the area and, also, sliding of the extensometer, pieces of sandpaper were used. Axial strain was 

measured using a standard Instron 2620-601 dynamic extensometer, with 50 mm gauge length, 

which was attached to the sample by means of metallic bands. Using an Instron environmental 

chamber 3119-406 was possible to test the samples at various L-H testing temperatures (T) and 𝑇𝐴. 

To parameters identification (𝐶𝑚, 𝑎𝐴 and 𝑎𝑇) in the viscoelastic model, different test routines 

were implemented: 

a) L-H tests at different 𝑇𝐴 and 𝑡𝐴 

• the 𝑇𝐴 was selected, grips were closed, extensometer attached and the machine was 

switched to load-control mode. A very low (2 N) constant pre-load was applied (to prevent 

buckling) and held until the end of the whole temperature-aging-mechanical test program. The 

stress from the pre-load is about 0.1% of the maximum stress in the L-H test. It took about 20 

min to reach and stabilize to the set testing T and to start the first L-H test. Therefore, it was 

estimated that at this time instant the specimen was aged 𝑡𝐴 for ≅20 min.  

• Then, a strain-controlled L-H test was superimposed to the pre-load. During data 

reduction the pre-load was subtracted from the load measured in the L-H ramp. The L-H test 

was performed at T equal to aging temperature 𝑇𝐴=70 to 110 oC without interrupting the aging 

process and it consisted of two steps: i) in the L-step the strain increased linearly with time, 

reaching the final value 𝜀0 = 0.5% in 𝑡1 = 60 𝑠; ii) H-step, where strain 𝜀0 was held constant for 

a time 𝑡∗ and stress relaxation was recorded. The holding time t* was selected based on the 

reached 𝑡𝐴: during the L-H test the aging state should not change, since a constant value of 𝑎𝐴 

during the test is assumed in Eqs. (5)-(6). This means that with increasing 𝑡𝐴 a larger holding time 

t* could be used. After, the specimen was unloaded to the pre-load 2 N level, at constant strain 

rate (0.5%/min). 

During the test and during the following strain recovery the aging continued. The time to the 

next L-H test was long enough to allow for VE recovery and for additional aging. 

The final 𝑡𝐴 was around 5,000 min, except for one specimen at 100 oC that was aged for more 

than 10,000 min. At the end of the aging test, the additional effect of aging on the VE response 

was almost negligible, however, it does not mean that the equilibrium was reached. 

After the final aging step, as the L-H showed small changes of the max stress comparing with the 

previous test, the specimen was considered “fully aged” and no changing in the aging state of 
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the specimen was considered during the following tests. Nevertheless, one more aging test was 

performed in the “fully aged” sample for 𝑡𝐴 = 1,000 min to obtain one extra data “point” before 
the next testing program started. The “fully aged” state will be used as reference (“A-ref”). 

b) L-H for aged specimens 

When the sample was close to equilibrium (“fully aged”), L-H tests at several T was performed 

for master curve construction, and shift factor 𝑎𝑇 and Prony coefficients 𝐶𝑚 determination. To 

avoid additional aging, the T used were below the used 𝑇𝐴 and the 𝑡∗ used in the H(𝑡∗)-step was 

60 or 120 min. For example, for a specimen aged at 𝑇𝐴 = 80 ℃ testing was at 40, 60 and 80℃. 

For the used epoxy and test conditions, the mechanical response is reversible and strains fully 

recover in a time interval ≥10t* [9]. When appropriate, the strain recovery was accelerated 

performing recovery at 10 ℃ higher than the test T, but only after finding that everything is 

reversible and repeatable. This condition is requested for using Eqs. (5)-(6). The enhanced T 

recovery was not used in tests where the 𝑡𝐴 was the parameter. 

At each 𝑇𝐴 one to three specimens were tested and they will be identified in the text as 

“SpN” (N = 1, 2, 3, …), and when relevant testing 𝑇, 𝑡𝐴 and 𝑇𝐴 also will be included in legends. 

4. Results and discussion 

4.1 Mechanical response in constant strain rate tensile tests  

As, for the chosen methodology, all mechanical tests for the same sample were performed 

without removing the sample from the machine grips, the results showed to be very stable, with 

a small scattering in-between repeated test. For example, sample Sp9 tested at 40 oC reached 

during uploading to 0.5% strain (strain rate 0.5%/min) a maximum stress (𝜎0.5%) of 13.75 ±0.01 
MPa and at 60 oC a 𝜎0.5% = 11.67 ±0.00 MPa. 

The efficiency of the rejuvenation process (section 3.2) regarding the repeatability of stress 

relaxation in L-H tests was also checked. For sp10, aged for 𝑡A ≈ 440 𝑚𝑖𝑛 at TA =80 oC, the 

average between annealing 1 and 2 was 𝜎0.5%=8.86 ±0.02 MPa, and for 𝑡A ≈ 1200 𝑚𝑖𝑛, 𝜎0.5%=9.08 ±0.01 MPa. The reached stress level is a result of viscoelastic response. 

4.2 Physical aging effect on the VE behavior 

To determine the aging and temperature effect (at different TA and tA) from the L-H tests 

(described in section 3) in the material VE behavior, the following analysis was performed and 

results were found: 

a) Prony coefficients (Cm): using experimental data provided by testing “fully aged” (“A-ref”) 
epoxy sample in L-H(120 min) tests at T=40, 60 and 80 ℃. Cm (Table 1) were found through 

fitting the data using Eqs. (5) and (6), assuming 𝑎𝑇 = 𝑎𝐴 = 1, since both shift factors do not 

change during the test at constant T. 

b) relaxation functions: stress relaxation in ideal Heaviside step-loading at a given T and 𝜀0 =0.5% were simulated using as input the T-dependent Cm obtained in (a) and Eq.(4). 

c) master curve and temperature shift factor (𝑎𝑇): were obtained after manually shifting 

horizontally the stress relaxation curves (at 40, 60 and 80 ℃) obtained in (b), using 80 °𝐶 as the 
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reference temperature (𝑇𝑟𝑒𝑓). For example, for Sp10 aged for 5466 min (𝑇𝑟𝑒𝑓 = 80 ℃)  𝑎𝑇 are: 

3.5, 2.1 and 0, for temperatures equal to 40, 60 and 80 ℃, respectively. 

d) master Prony coefficients Ci: were found using data from (c) through the method of least 

squares. The master Ci (Table 1) together with 𝑎𝑇 and 𝑎𝐴 are the main parameters in the VE 

model to simulate arbitrary T- and aging dependent strain or stress-controlled ramps. 

e) physical aging shift factor (𝑎𝐴): the shift factor 𝑎𝑇 found in (c) and master Ci found in (d) for 

a “fully aged” state sample were used to simulate the L-H test for different states of aging during 

aging at 𝑇𝐴. In simulations 𝑎𝑇 = 1 (log 𝑎𝑇 = 0), since 𝑇𝐴 = 𝑇𝑟𝑒𝑓 was used, therefore, log 𝑎𝐴 

(Table 2) was the only parameter to be found. The shift factors were used as a parameter to find 

the best agreement with experimental L-H data. 

f) incremental VisCoR code: simulations of L-H tests at arbitrary 𝑡𝐴 were performed using 

experimental time and strain data together with shift factors, obtained in (e). Since the time 

instants in test and simulations were exactly the same, a simple minimization procedure (to 

minimize the difference between the simulated and experimental stress curves) was performed 

using 𝑎𝐴 as a variable. 

Table 1: Prony coefficients 𝐶𝑚 (MPa) for “A-ref” Sp10 (𝑇𝐴 = 80 ○C, 𝑡𝐴 = 5466 min) at three 

temperatures (Er = 0) and Prony coefficients of the master curve, 𝐶𝑖  (MPa), for Sp10. 

τm (s)  0.01 0.1 1 10 102 103 104 105 106 107 

𝐶𝑚 

40 °C 0 0 517.0 104.3 96.8 103.0 0 747.5 1297.8 0 

60 °C 0 0 251.2 103.4 86.3 95.2 0 736.7 1177.1 0 

80 °C 0 0 279.1 101.8 95.7 124.1 45.9 1637.8 0 0 𝐶𝑖   93.1 102.4 99.4 86.6 104.9 111.8 267.8 0 0 1425.4 

 

Table 2: Aging shift factor 𝑙𝑜𝑔 𝑎𝐴 dependence on 𝑡𝐴 at 𝑇𝐴 = 80 ℃ for Sp10. The aging state “A-

ref” is assumed after 𝑡𝐴=5466 min. 

Aging time (min) 20 155  444 2502 5466 log 𝑎𝐴 -1.92 -1.22 -0.92 -0.07 0 

 

The procedure of shift factor 𝑎𝐴 determination for each individual specimen was based on 

master curve for the same specimen in fully aged state (“A-ref”) and its dependence on 𝑇𝐴 and 𝑡𝐴 

is presented in Figure 1a, in which the reference point for 𝑎𝐴 is aging state at 𝑡𝐴 = 20 min (first 

data point), with assumed value log10 𝑎𝐴 = 0. 

In Figure 1a a quasi-linear (constant rate) behavior which log10 𝑎𝐴 change can be observed in 

the range of 20 min < 𝑡𝐴 < 700 min for different 𝑇𝐴. Therefore, for all used 𝑇𝐴, log10 𝑎𝐴 

dependence on 𝑡𝐴 can be obtained by fitting data in Figure 1a and described by the following 

equation [11] 
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 log10 𝑎𝐴 = 0.8169 ∙ log10 𝑡𝐴 − 1.0735  ,  20 min < 𝑡𝐴 < 700 min (7) 

This independency on the used 𝑇𝐴 of the log10 𝑎𝐴 dependence on 𝑡𝐴 was also reported by [3] 

and [7] through the ETT concept. However, the results observed in Figure 1a show a different 

effect of the 𝑇𝐴 on log10 𝑎𝐴 for 𝑡𝐴 > 700 min, where 𝑎𝐴 at a given 𝑡𝐴 is larger if 𝑇𝐴 is higher. 

Predictions extrapolating Eq. (7) to larger region than the used fitting region (Figure 1a dashed 

red line) were done and showed a good agreement with experimental data for low 𝑇𝐴 

(70 and 80 ℃). However, for higher 𝑇𝐴 (90 − 110 ℃) this dependence is nonlinear and Eq. (7) 

for 𝑡𝐴 > 700 min is not applicable. 

Assuming 𝑇𝐴 –independent behavior could cause an overestimation in the material long-term 

VE behavior, directly affecting the polymer engineering design, since the aging will not evolve 

with a constant aging shift rate. 

 

Figure 1. a) Dependence of the aging shift factor 𝑎𝐴 on 𝑇𝐴 and 𝑡𝐴: all data showing quasi-linear 

(constant rate) behavior at short  𝑡𝐴 and b) stress response in L-H test (𝜀0 = 0.5%) at different 

aging states. 𝐶𝑖  for “A-ref” Sp11 (𝑇𝐴 = 80 ○C, 𝑡𝐴 = 2667 min) were used to simulate tests at 

different 𝑇𝐴 and 𝑡𝐴 for 𝑇𝐴 = 80 ○C. 

Using master Prony coefficients (Ci) and shift factors as input for VisCoR code the stress 

response for Sp11 aged for 𝑡𝐴 = 2667 min at the same temperature (T=80 ○C) was predicted.  

For the applied methodology, the simulations provided, with a fast convergence, an excellent 

accuracy over the whole-time interval (Figure 1b). The use of the incremental VisCoR model, has 

as the main advantage the significant memory saving [12], becoming a very promising tool for 

the industry. 

5. Conclusions 

This paper focused on a methodology for testing and parameter determination for aging 

polymer using a Schapery’s viscoelastic (VE) type of model, where the VE response was 
measured in tensile tests at different temperatures for specimens subjected to different aging 

temperatures (𝑇𝐴) and times (𝑡𝐴). 

Results showed that the aging rate (𝑎𝐴 change with 𝑡𝐴 in log-log axes) for the first 700 min of 

aging for all used 𝑇𝐴,  is constant. However, with increasing 𝑡𝐴 the effect of 𝑇𝐴 became significant, 

with faster 𝑎𝐴 change for higher 𝑇𝐴. The on 𝑇𝐴 –dependent behavior is contrary to the trend 
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reported at literature when a different approach was used. Such dissimilar behavior could 

provide different VE response, and, therefore, an unreliable long-term material response 

prediction. 

The performed simulations using the incremental VisCoR model provided a good agreement 

with the test data, attesting the reliability of the proposed methodology and model.  
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Abstract: In this work a novel composite material based on Elium® 188 O resin reinforced with 

Manicaria saccifera fiber was developed and characterized, by vacuum-assisted resin infusion 

molding (VARIM) manufacturing methodology using two fabric fiber layers configured to 0° and 

90°. The influence of the presence of reinforcement was studied on physical, thermal, and 

mechanical properties. Physical characterization showed that fiber presence increased the 

density compared to the resin; the moisture content in the composites was not significantly 

affected, and the water absorption increased due to the presence of Manicaria fiber. The fiber 

volume fraction was 0.23, and the void content was 3.9%. Thermal analysis showed that the 

degradation process of the composites started in the same temperature range as the resin. The 

composite improved the flexural strength and modulus by 36% and 28%, respectively. Manicaria 

fiber has good potential as a reinforcement for composite materials. 

Keywords: Manicaria fiber; natural fiber composite; Elium® 188 O resin; infusion resin; 

thermoforming. 

1. Introduction 

Over the last years, the massive production of commodities that are not renewable or 

sustainable has generated a global because waste derived from these industries remains in 

landfills for many years. The development of sustainable practices or alternatives to reduce 

waste has generated significant interest in many governments and industries, which has led to 

a transition towards new eco-friendly materials [1]. One example is composite materials based 

on polymeric matrices reinforced with natural fibers, which are emerging as an alternative of 

great interest from an engineering perspective due to their potential to replace traditional 

plastic. 

In particular, natural fibers are attractive because they display several advantages in contrast to 

conventional reinforcement materials such as glass or carbon fibers. Their low cost, low density, 
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sufficient specific strength, good thermal insulating properties, biodegradability, and 

renewability constitute the main incentives for their use in composites [2]. In Colombia, the 

processing and production of coffee, palm oil, corn, rice, cocoa, sugar cane, and bananas 

generate more than 71 tons of waste per year that end up in landfills or are incinerated [3]. 

Recently, the need to reduce the environmental impact of the agro-industry led to explore the 

possibility to exploit the residues produced by this industry as raw materials in other fields. 

Researchers have focused on developing new technologies and strategies to create value-added 

products based on agricultural residues or natural fibers, such as composite materials. A 

Colombian natural fiber of high interest is the fiber extracted from the Manicaria saccifera palm. 

It can be used with no further treatment as a UD layer, has a high percentage of cellulose, low 

density, and good thermal and mechanical properties. Its application has been previously 

explored for use in green composites laminated with PLA as polymeric matrix [4]. The green 

composites performed good mechanical properties and excellent energy absorption capacity, 

showing the great potential of Manicaria as PLA reinforcement. 

Sustainable composite materials are usually constituted by thermoplastic polymeric matrices, 

which could be post-formed. The development of Liquid Composite Molding (LCM) 

manufacturing techniques such as Vacuum-Assisted Resin Infusion Molding (VARIM) by using 

thermoplastic matrices has contributed to the development of novel liquid resins that are 

processed as thermoset polymers using in situ polymerization, but that maintain their property 

of being recyclable and reusable at the end of their useful life. An example of this is the Elium® 

188 O resin developed by Arkema Inc., which has low viscosity and can be processed at low 

temperatures [5]. Although its application has been studied in composite materials reinforced 

with synthetic and natural fibers, such as Jute or Rayon [6], there is great interest in continuing 

to investigate its use with other natural fibers to develop novel and low-cost composites with 

innovative applications. 

Therefore, this work aims to present the development and characterization of a novel 

sustainable composite material based on Elium® 188 resin reinforced with natural fabric 

obtained from Manicaria saccifera. Vacuum-assisted resin infusion molding (VARIM) 

manufacturing process of composite laminas was used with two layers of fiber configured to 0° 

and 90°. The neat resin and composite material’s physical, thermal, and mechanical properties 

were characterized. Density, moisture and void content, water absorption, fiber fraction, 

thermal analysis (TGA and DSC), flexural test, and thermoforming are analyzed to explore the 

performance of the materials. 

2. Materials and Methods 

2.1 Materials 

Elium® 188 O resin and Luperox® AFR40 produced by Arkema Inc. were used as polymeric matrix 

and catalyst. In addition, a chemically treated natural fiber extracted from Manicaria saccifera 

palm was used as reinforcement in the composite material [4], [7]. Besides, Ipplon® KM1300 

vacuum plastic, Greenflow 75 flow mesh, ½" spiral tube, grey vacuum tape, and low-cost anti-

adherent fabric (Peel ply) were used as the main inputs for elaborating the vacuum assemblies 

necessary for the manufacturing processes. 

2.2 Resin and composite preparation 
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A vacuum-assisted resin casting system was constructed to prepare the resin. 3 wt.% catalyst 

was used to polymerize the resin specimens and composite lamina. Liquid resin previously mixed 

with Luperox® AFR40 was deposited in a silicone mold with the geometry of flexure test 

specimens according to ASTM D790. The mold was placed in a vacuum bag made of Ipplon® 

KM1300 plastic and sealed with vacuum tape. Acetate sheets and a layer of the breather, a fabric 

that serves as a resin trap and minimizes contact with air, were placed on top of the mold before 

the bag was closed. The sealed bag was connected to a GAST DOA-P704-AA vacuum pump that 

generated a vacuum at a pressure of approximately -430 mmHg. A typical set-up for this process 

is shown in Figure 1. 

 

Figure 1. Typical vacuum-assisted resin casting set-up. 

Composites based on Elium® 188 O resin and reinforced with Manicaria saccifera fiber were 

manufactured using vacuum-assisted resin infusion molding [5]. By using this method transfers 

resin across a surface or mold where the fiber or composite reinforcement rests. Figure 2 shows 

the assembly used in the elaboration of the composite material. 

 

Figure 2. Typical set-up of resin infusion manufacturing of composites based on Elium® 188 O 

resin reinforced with Manicaria saccifera fiber. 

For this study, a GAST DOA-P704-AA vacuum pump was used to generate a vacuum at a pressure 

of approximately -20 mmHg. This value is indicative of the initial acceleration to which the liquid 

resin previously mixed with catalyst is subjected. Composite laminate with two layers of 

reinforcement oriented at 0° and 90° ([0/90]) were manufactured in this work. The composite 

was cured at room temperature for 24 hours and then post-cured for 24 hours at 60°C.  

2.3 Physical characterization 

2.3.1 Volumetric density 

The density of the materials was determined by the displacement of distilled water at 21.1°C (ρ 
= 0.998 g/cm3), according to ASTM D792 – method A. Five samples for each material were 

tested. 
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2.3.2 Fiber volume fraction and void content 

The fiber volume fraction was determined using Eq. (1) [8], 

vi = xi
ρi

ρce
                   (1) 

where the mass fraction (xi) and density of the constituent i (ρi) are related to the experimental 

density of the composites (ρce) to calculate the volume fraction of the component (vi). 

Likewise, method B of the ASTM D2734 standard was used to determine the void content in the 

composites. Eq. (2) was used to calculate the void percentage per unit volume in the structure 

of the materials.   Vvoid [%] = 1 − ρce (xf
ρf

+ (1−xf)
ρm

)                 (2) 

where ρce represents the experimental density of the compounds, xf and ρf are the mass 

fraction and density of the fiber, respectively; and ρm symbolizes the density of the composite 

matrix, in this case, Elium® 188 O resin. 

2.3.3 Moisture content 

The percentage moisture content of the materials was measured according to the ASTM D6980 

standard. Each specimen was heated to 105°C until its weight remained constant with an 

accuracy of 1 mg. The percent moisture content was calculated as the difference between the 

initial and final weight, divided by the magnitude of the initial weight. Five samples of each 

material previously stored in a controlled room at 21.9°C and 55.3% relative humidity were 

tested.  

2.3.4 Water absorption 

Water absorption was evaluated according to the ASTM D570 standard. Samples of each 

material were dried at 50°C for 24 hours, then cooled in a desiccator to be immediately weighed. 

The specimens were immersed in distilled water for 24 hours. Then, samples were removed, 

and their entire surface was dried with a cloth and finally weighed. Eq. (3) was used to calculate 

the percentage weight increase during immersion. Three samples of each material were 

evaluated. 

% Increased weight = Wi−W0
W0

× 100                                                     (3) 

where Wi is the weight of the sample after the immersion period and W0 is the weight after 

drying. 

2.4 Thermal performance 

2.4.1 Thermogravimetric analysis (TGA) 

Thermo-gravimetric analysis (TGA) test for composite material and Elium® resin were carried 

out using a TA Instruments SDT Q600 (New Castle, TE, USA) based on the ASTM E1131 standard. 

The procedure was performed from room temperature up to 500°C with a heating ramp of 

10°C/min in an inert nitrogen atmosphere. 
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2.4.2 Differential scanning calorimetry (DSC) 

The thermal behavior of the resin and the composite material was studied using a DSC TA 

Instruments Q2000 (New Castle, TE, USA) with hermetically sealed aluminum plates according 

to ASTM D3418 standard. Samples of each material were heated with a ramp of 5°C/min from 

25°C to 200°C under an inert nitrogen atmosphere at a 400 mL/min flow rate. 

2.5 Flexural test 

Flexural tests were performed per ASTM D790 standard. Specimens were loaded at three 

bending points with a span to depth ratio of 16:1. An Instron Model 3367 equipped with a 500 

N load cell was used. Five rectangular specimens (12.7 mm x 63.5 mm) were tested using a 

crosshead speed of 1.61 mm/min and 0.92 mm/min for neat resin and [0/90] composite. 

2.6 Thermoforming 

The thermoforming behavior of the composite material was evaluated by transforming a flat 

panel into a corrugated geometry using an aluminum mold and a Dake model 44-251 molding 

press. A preheating time of 15 minutes at 160°C was used, and then 18 bar of pressure was 

applied for 4 minutes.  

2.7 Statistical analysis 

The influence of the reinforcement in the composite material on the physical and mechanical 

properties was characterized using an ANOVA one-way test in the Minitab 19 Statistical 

Software (Minitab Inc., State College, PA, USA). A p-value lower than 0.05 was considered 

statistically significant. 

3. Results and Discussion 

3.1 Physical properties 

Table 1 presents the physical properties results for Elium® 188 O resin and [0/90] composite. 

The density in the composites increases due to the presence of Manicaria sheets that present a 

higher density (between 1.30 and 1.34 g/cm3) with respect to the resin (1.182 g/cm3). According 

to the statistical analysis with a 5% significance, the reinforcement’s presence has a significant 

influence on this property. In terms of the moisture content, it was found that there are no 

significant differences between the resin and the composite, proving that by using the VARIM 

manufacturing method, the fiber was impregnated and coupled satisfactorily with the matrix. 

Table 1: Physical properties. 

Configuration 
Volumetric Density 

[g/cm³] 

Moisture Content 

[%] 

Water Absorption 

[%] 

Void Content 

[%] 

Resin 1.182 ± 0.003 0.084 ± 0.025 0.19 ± 0.03 - 

[0/90] 1.213 ± 0.013 0.108 ± 0.031 1.68 ± 0.15 3.91 

 

The hygroscopic behavior of Elium® resin and [0/90] composite was quantified by water 

absorption. According to Table 1, composite material presents an increase of 784% in the 
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percentage of water absorption compared to the neat resin due to the hydrophilic behavior of 

the natural fiber. 

On the other hand, the fiber mass fraction was 0.225; therefore, the fiber volume fraction was 

0.245 (24.5%), and consequently, the resin fraction was 0.755. Thus, it was obtained that the 

[0/90] composite presented a void content of 3.91%. Applying higher vacuum pressures or 

mercerization to the fiber could improve this property and contribute to the manufacture of 

composites with optimum mechanical and physical properties since the pores generate stress 

concentrators that may lead to premature failure. 

3.2 Thermal analysis 

The thermal stability of the materials was studied by thermogravimetric analysis. Figure 3a 

shows the weight loss and the weight loss derivative curves as a function of temperature. Resin 

curves present a first loss step between 250 to 300°C, of approximately 15%, attributed to some 

resin additives. A second step between 310°C to 410°C, with a maximum peak at 375°C, 

represents mainly the degradation of the PMMA, a polymer that makes up the largest 

percentage of the resin. 

Similar behavior is observed for the composite curves. At temperatures around 250 °C, a weight 

loss step is observed. This peak is not only attributable to the resin but also to the presence of 

the lignocellulosic fiber. At 280°C the partial decomposition of the lignin and the decomposition 

of the hemicellulose takes place. Cellulose, the main component of the fiber, has a degradation 

peak at 340°C, approximately. Therefore, the decomposition phases of the lignocellulosic 

material are mixed with the decomposition regions of the resin.  

  
Figure 3. Thermal performance of resin and [0/90] composite. a) TGA. b) DSC. 

Figure 3b shows the thermal transitions curves obtained by the DSC testing. It is observed that 

tested materials (composite and neat resin) do not have a melting point, but they present a glass 

transition temperature. This behavior is due to the highly amorphous nature of the resin since 

it is mainly composed of PMMA, a very amorphous polymer [9]. The glass transition temperature 

of the resin is approximately 83°C, and for the composite, it is around 117°C, producing a 

deviation with respect to the resin due to the presence of the reinforcement. 

3.3 Flexural test analysis 

a) TGA b) DSC 
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Figure 4 shows the typical behavior of the resin and the [0/90] composite subjected to flexural 

tests at three loading points. The composite shows a better performance in the typical flexural 

behavior than Elium® resin due to the presence of the fibers, which make the composite more 

rigid and stronger because fiber’s elastic modulus is higher than Elium® resin [7]. 

 

Figure 4. Typical performance of Elium® 188 O resin and [0/90] composite in the flexural test. 

Table 2 shows the values of the material properties under flexural tests. In the [0/90] composite, 

flexural strength and modulus were higher than Elium® resin by 36.2% and 28.4%, respectively. 

As also was discussed in [10], the good resin-fiber adhesion led to increased strength in natural 

fiber-reinforced composite, validating that the fiber was linking satisfactorily to the resin using 

the VARIM manufacturing method. 

A study with [0/90] composites based on Elium® resin reinforced with Jute fiber fabric, at 40% 

fiber volume fraction, reported a value of 87.1 MPa for the flexural strength [6], which is in the 

range of this study, but with a higher fiber fraction. Therefore, Manicaria fiber adheres better to 

the resin than Jute fiber, making the flexural properties comparable even though the composite 

material has a lower fiber volume fraction. Besides, it shows that this type of long fiber fabrics 

improves mechanical properties because its organized structure, with a high percentage of 

cellulose, allows a better load distribution in contrast to neat resin.  

Table 2: Flexural mechanical properties. 

Configuration 
Flexural Strength 

[MPa] 
Modulus [GPa] 

Deformation at 

maximum load [%] 

Resin 64.09 ± 4.50 1.94 ± 0.15 5.14 ± 0.73 

[0/90] 87.28 ± 1.94 2.49 ± 0.18 4.40 ± 0.68 

 

3.4 Thermoforming and potential application 

A corrugated structure with a good surface finish was obtained without structural irregularities 

due to a good fit of the material to the mold, demonstrating that the composite materials could 

be mechanically recycled, sustainable, and used in thermoformed products design. Figure 5 

shows the thermoforming test result. 
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Figure 5. Composite laminate to corrugate structure using thermoforming process. 

4. Conclusions 

A well-impregnated thermoplastic composite material with Colombian Manicaria saccifera fiber 

was produced using Elium® resin by vacuum-assisted resin infusion molding. The mechanical 

and thermal properties of the composite developed showed a great potential of Manicaria fiber 

as reinforcement for composite materials; an opportunity to generate added value to Colombian 

biomass through the design of eco-friendly products with potential applications in industries 

such as automotive, construction, health, among others. 
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Abstract: Infrared Thermography (IRT) is a full-field measurement technique for evaluating 

defects or damage in a material by localized variation in the surface temperature observed using 

a thermal camera. The occurrence of damage in composite structure is accompanied by heat 

dissipation and a subsequent temperature evolution on the specimen surface. The thermal 

images provide quantitative information about location and magnitude of hot spots and, in turn, 

of the damage mechanisms. Therefore, surface temperature analysis using an infrared camera 

can be applied to better understand the damage mechanisms and energy absorption in 

composites. In this paper, simultaneous high-speed white-light and infrared imaging were 

conducted to obtain quantitative description of thermomechanical response of the material and 

to study the formation and propagation of shear localizations from the temperature history. 

Keywords: full-field imaging; high strain-rate; composites; in-plane shear; thermography   

1. Introduction 

Composites materials are widely used in a diverse range of applications due to the several 

benefits they provide (lightweight, multifunctionality, corrosion-resistance, etc.). However, 

composites may encounter dynamic loads during service. For instance, during an impact event 

such as bird strike, the local strain rates near the impact location are very high and it is known 

that mechanical properties such as the in-plane shear strength or the fracture toughness are 

sensitive to the strain rate. Therefore, reliable characterisation of mechanical properties over a 

wide range of strain rates and temperatures is required to safely design components with these 

materials. The Split Hopkinson Pressure Bar (SHPB) is an experimental technique used to 

measure mechanical properties at strain rates in the order of 100 to 1000 s−1[1]. Though there 

are several works studying the use of SHPB for rate-dependent compressive properties of 

composite materials, there is limited work investigating tensile or shear properties of composite 

materials under high rates of loading [2,3]. One of the main failure mechanisms of unidirectional 

fibre composites is inter-fibre failure under in-plane shear. It is mainly driven by the properties 

of the polymeric matrix which due to its viscoelastic nature, is highly strain-rate dependent. 

Some experimental works have investigated the effects of strain rate on the in-plane shear 

behaviour of composites [4–6]. Cui et al. [4] reported that the shear stiffness and yielding 

strength increased with strain rate, while the failure strain decreased. The initiation and growth 

of micro cracks was not only responsible for the shear driven failure, but this failure mechanism 

also changed considerably with strain rate.  
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There is also literature on the application of temperature measurement for the characterisation 

of the mechanical behaviour of composites. Various authors have used infrared thermography 

(IRT) to identify damage in FRP materials [7–9]. IRT is a full-field measurement technique based 

on the principle that electromagnetic radiation in the infrared spectrum (wavelength in the 

range of 0.75–1000 um) is emitted by all objects above absolute zero temperature. IRT can be 

used to monitor the surface temperature during loading. In addition to the change in material 

temperature due to a change in applied stress (thermoelastic effect), heat generation in 

composites can be due to various mechanisms such as fracture, damping caused by viscoelastic 

behaviour of the matrix or the frictional sliding between fibre-fibre and fibre-matrix interfaces. 

Libonati and Vergani [7] studied the damage evolution in GFRP under static loading conditions 

and showed that IR thermography is a powerful tool for damage analysis and the thermal maps 

and thermal profiles allowed the detection of defects, damage formation, and evolution. For 

instance, small amount of energy is dissipated during the formation of microcracks, which can 

be observed as small temperature increase in the thermal images, while fibre breakage causes 

large dissipation of energy and a corresponding local increase of temperature. Jiménez-

Fortunato et al.  [8] explored the possibility of combining Digital Image Correlation (DIC) with 

thermal imaging conducted using low-cost bolometer IR cameras for assessing defects in 

composite materials. However, the use of thermography for high strain rate applications is 

limited by the capabilities of the currently available IR detectors [10]. The temperature variation 

occurs during a short duration of the order of milliseconds and their visualization is only possible 

with high-speed imaging. The high acquisition rates (>10kHz) required to capture the 

phenomena in dynamic tests means reduced integration times which adversely affects the signal 

to noise ratio. Pan et al. [11] used high-speed thermal imaging to identify localization of 

temperature rise, adiabatic shear band, resin matrix softening, damages and failures during the 

dynamic failure of 3-D braided composite material. Johnston et al. [9] used a Telops FAST-IR 2K 

camera capable of frame rates up to 90,000 frames per second in sub-window mode to capture 

the temperature fields of a composite panel impacted using a gas gun and found that the 

generated temperatures in the local region near the point of impact was over 252 °C. This large 

temperature rise surpassing the glass transition temperature of the matrix causes thermal 

softening and subsequent deformation localization. Similar localized temperature rise exceeding 

the Tg of the resin matrix was reported to cause stress concentration and subsequent failure in 

warp/weft fibre tows in localized positions in non-crimp fabric reinforced polymer composites 

[12]. Johnsen et al. [13] reported an increase in temperature of almost 50 °C during high strain 

rate testing of rubber-modified polypropylene, when adiabatic heating conditions are met. It 

was also noted that the self-heating introduces a softening in the material and increases the 

locking stretch for higher strain rates. Tarfaoui et al. [3] developed an experimental setup for 

Hopkinson bar compression tests in which simultaneous full-field deformation and temperature 

measurements were obtained. It was reported that the observed V-shaped hot zones, localized 

at the centre of the specimen coincided with the damage area observed from the white light 

imaging. Similar tests conducted on pultruded glass fibre composites also observed maximum 

temperatures in the fracture zones exceeding 80 °C and it can be concluded that simultaneous 

optical and IR imaging can be used to obtain quantitative description of thermo-mechanical 

response of the material and to study the formation and propagation of shear localizations from 

the temperature history [14].  
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In this paper, we characterise the in-plane shear response of carbon fibre composite laminates 

at high strain rates using combined white light imaging and infrared thermography. The results 

will serve as a basis for the development of improved strain rate sensitive, physically-based 

constitutive models for composites.  

2. Experimental setup 

2.1 Material  

Tensile dogbone specimens were cut by water jet cutting from a 300x300 mm plate made of 

IM7/8552 prepreg, [+45, -45]8s, with an approximate thickness of 2mm. Specimen geometry is 

displayed in Fig. 1. 3M DP460 epoxy-based adhesive was employed to glue metallic endcaps to 

the specimens. The M12 threaded endcaps were impedance matched and used for gripping into 

the Hopkinson bars. A specially designed rig was used to ensure the alignment and co-axiality of 

these endcaps during curing of the epoxy. The subset matching based DIC requires surfaces 

containing a random pattern. Prior to testing, coupons were prepared with a black speckle on 

white background to obtain full-field measurement of the strains by DIC. The speckle patterns 

were applied on the samples using the temporary tattoo or water slide paper method developed 

by Quino et al [15]. In this method, a random speckle pattern created by Speckle Generator 

software from Correlated Solutions was printed on commercially available special paper for 

temporary tattoo and wet-transferred to the surface of the specimen. 

 

Figure 1 Specimen geometry to characterise the in-plane shear behaviour. 

 2.2 High rate characterisation 

Dynamic characterisation was performed in a Split Hopkinson bar system (see Fig. 2) to achieve 

strain rates up to 900s-1.  The bars were instrumented with three sets of strain gages (see Fig. 2) 

from which the history of loads across the specimen was calculated following 1D wave 

propagation theory as described in reference [16]. The calculated axial stress σ𝑥𝑥 was then 

converted into shear stress 𝜏12 with 𝜏12 = − σ𝑥𝑥/2. The history of strains was obtained from 

DIC analysis of high-speed images taken with a Kirana camera (Specialised Imaging Ltd, UK) at a 

rate of 250000 fps. The image acquisition of the camera was triggered by the stress pulse arriving 

at the first strain gage. A delay of 380 s was set as the Kirana camera can only capture 180 

frames. Digital image correlation (DIC) analysis of the high-speed camera images were 

conducted using Davis software to obtain the displacement across the speckled gage section of 

the composite specimens and the corresponding strain were evaluated. It was found that the 

strain distribution within gage area was reasonably uniform and an average strain from the 

centre of the sample was used to plot the stress vs. strain curves.   
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Figure 2 (a) Experimental setup with combined high-speed imaging, (b) Schematic diagram of a 

Split Hopkinson Tension bar  

A Telops FAST M3K photon detector camera was used to capture IR images at a resolution of 64 

x 8 pixels and a frame rate of 93000 fps. It was necessary to use a subwindow mode to obtain 

the high frame rate required for the dynamic test. The sample was heated with a heat-gun to 

get a clear difference in temperature to the surroundings. The window size was progressively 

reduced to ensure that the 8 pixels of the width coincided with the width of the composite 

sample. A typical image of the radiometric temperature plot obtained from the Telops camera 

is shown in Figure 3.  An integration time of 5 μs and calibration range from 0 to 176 °C were 
used in the experiment. The same trigger signal used for the Kirana was used to trigger image 

acquisition of the Telops camera.  

 

Figure 3 Typical images of surface temperature from IR camera  

3. Results and Discussion 

The raw signals obtained from the strain gages in the input bar (SG1 and SG2) as well as the 

output bar (SG3) are shown in Figure 4. The shape of the input pulse obtained from using the 

rubber pulse shaper is evident. The raw signals from the oscilloscope are post-processed using 

1D wave theory equations to obtain the force and stress signals in the composite. The force 

validity showing equilibrium between the end of input and beginning of output bars is also 

shown. 
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Figure 4 (a) Typical strain gage signals from the SHPB test and (b) Force validity 

A time lapse of the images taken with Kirana high speed camera is shown in Figure 5. The 

threaded endcaps and the speckled pattern in the gage area of the composite are clear. The 

images are from 80 μs apart and show the shear deformation and failure of the composite.  

 

 

Figure 5 Typical high speed camera images of in-plane shear test of CFRP composite  

The displacement measurements in the x-direction (loading direction) obtained from the DIC 

analysis is shown in Figure 6. A region of interest is chosen in the gage area and a subset size of 

17 pixels x 17 pixels was chosen with a step size of 8 pixels. The images correspond to the first 

image acquired after the trigger (before any stress pulse), (ii) displacement in the composite 

when the stress wave arrives in the specimen, (iii) localization and beginning of fibre failure and 

(iv) finally fracture and complete failure of the specimen. It can be noted that the fibre fracture 

occurs at an angle corresponding to the 45°surface ply. 
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Figure 6 Displacement contours obtained from DIC analysis 

The stress obtained from the postprocessing of the strain gage signals and the strain obtained 

from the DIC analysis were combined to obtain the shear stress vs. strain plot shown in Figure 

7. It can be seen that the tests consistently show a nonlinear shear response, and a post-peak 

strain softening region. The average shear strength measured from the peak stress was 123 

MPa, slightly below to the 130MPa reported by Cui et. al for a similar material system [4], 

possibly because of the higher strain rate in their experiments. 

 

Figure 7 Shear stress vs strain curve at high strain rate for IM7/8552 composite 

The radiometric temperature measured from the Telops camera was used to plot the change 

in temperature (ΔT) in the composite. Figure 8 shows that there is a diffused increase in 

temperature in the composite during the deformation followed by localized hotspot during 

fibre fracture. The increase in temperature is almost 100 °C which is consistent with the 

reported literature. The thermal images clearly show the effect of matrix damage and fibre 

failure, which will provide additional information about the damage mechanisms in the 

composite and the effect of the temperature increase on the material performance.  
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Figure 8 Change in temperature measured from high speed thermal camera 

4. Conclusion 

A combined high-speed white-light and infrared imaging method was used to study the in-

plane shear response of carbon fibre composite at high strain rate. A Split Hopkinson Pressure 

Bar setup was used to conduct the test on ±45° sample of the composite. DIC analysis of the 

high speed images were used to obtain the strain history and 1D wave analysis was used to 

measure the stress history. The thermal images provide quantitative information about 

location and strength of hot spots and, in turn, of the damage mechanisms. Therefore, surface 

temperature analysis using an infrared camera can be applied to provide quantitative 

description of thermo-mechanical response of the material and to study the formation and 

propagation of shear localizations from the temperature history. 
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Abstract:  The laser-assisted Automated Fibre Placement (AFP) process has great potential to 

reduce cycle times for large-scale primary aircraft structures by means of in-situ consolidation. 

Single- and double-curved structures, such as an aircraft fuselage, require advanced layup 

strategies and careful evaluation of resulting gap or overlap defects. The work presented in this 

paper examines the impact of gap defects on tensile and compression strength of AFP-

manufactured laminates using in-situ consolidation. Two laminates with gap defects and one 

reference laminate without defects were manufactured. Computed Tomography scans and 

microsections were generated to determine resulting defects and porosity in the gap areas. 

Tensile and compression test samples were prepared and tested. Tensile test results remained at 

the same level for all configurations. Compression strength decreased for the specimens with 

gap defects.  

Keywords: Automated Fibre Placement; Thermoplastic Composites; in-situ Consolidation; Gap 

Defects; Mechanical Properties 

1. Introduction 

In-situ Automated Fibre Placement (AFP) is a promising manufacturing process, which dispenses 

with post consolidation process steps as autoclave- or press-consolidation. Instead, the 

structure is fully consolidated in the course of the additive in-situ process. This process has the 

potential to reduce production time- and energy, leading towards a more sustainable 

manufacture of large composite structures. Without a subsequent autoclave- or press-

consolidation-process to mitigate resulting defects, detailed analysis and evaluation of the 

interdependent layup parameters is required to ensure structural integrity of the manufactured 

components. The manufacture of complex non-developable geometries using AFP inevitably 

results in defects. The following three interdependent factors determine the type and 

magnitude of the defects: Fibre angle deviation, fibre steering and gap and overlap defects. The 

fibre angle deviation is the angular deviation from the required ply angle orientation following 

layup on a curved surface. This deviation has to be as small as possible. A typical aerospace 

industry requirement is below ± 3° [1]. Fibre steering describes the in-plane curvature of the 

layup path. Steering radii below a critical value result in manufacturing defects. Comprehensive 

research has been conducted on steering of thermoset AFP layup [2-6]. Zenker et al. [7-8] and 

Clancy et al. [9] investigated steering effects for thermoplastic AFP. Zenker et al. found increased 

fibre waviness and resulting local gap defects following steering of CF/PA6 6.35 mm tape. Clancy 

et al. achieved good results for steering radii as low as 400 mm for 6.35 mm wide CF/PEEK tape. 

Allowable fibre angle deviation and fibre steering can thus be considered as boundary conditions 

for the layup strategy. Along with the reference geometry, this results in the third defect 

category gaps and overlaps. The impact of gap and overlap defects on thermoset composite 
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structures has been investigated comprehensively [9-21]. Depending on laminate and defect 

design, maximum compression strength reductions between 1 % [11] and 55 % [14] were found. 

Defect-induced out-of-plane waviness was identified as a main factor for the strength decrease 

[20]. Tensile strength was generally found to be less critical than compression strength with gap- 

and overlap-induced maximum strength decreases between 3.4 % [11] and 45 % [16]. Nguyen 

et al. found a strength increase of 20 % for an overlap configuration with 12.7 mm overlaps [16]. 

Thus far, only two studies focus on AFP gap- or overlap defects for thermoplastic material. 

Rakhshbahar et al. investigated tensile strength of unidirectional specimens with 3 mm wide 

pairwise stacked gaps [22]. The specimens were consolidated in a hot press. The decrease in 

tensile strength was 13 % compared to the reference laminate. Zenker et al. investigated the 

impact of gap and overlap defects in CF/PPS specimens, which were consolidated in either a 

variothermal press cycle, autoclave or stamp consolidation process. Defects were included in 0° 

and 90° plies and 2.5 mm or 7.35 mm in size. Specimens with gap defects in 0° plies showed the 

largest decrease in ultimate strength of over 70 % and over 60 % for tensile and compressive 

tests, respectively. Gaps in 90° plies resulted in tensile strength decreases of up to 40 % and 

compression strength decreases of up to 33 % [23]. To the author’s knowledge, no research has 
been carried out for the effect of gap defects on in-situ AFP manufactured laminates thus far. 

This work presents a first experimental investigation of gap defects using in-situ AFP. 

2. Materials and Methods 

2.1 Facility and Specimen Manufacture 

The laminates for experimental investigation were manufactured at the thermoplastic AFP 

facility at the German Aerospace Center (DLR) Institute of Structures and Design in Stuttgart, 

Germany. The facility uses a 6 kW near-infrared laser combined with a Multi Tape Laying Head 

end-effector (AFPT GmbH, Dörth) and a cooled compaction roller (Fig. 1). 

 

Figure 1. Thermoplastic AFP facility at DLR Institute of Structures and Design, Stuttgart 

A closed-loop temperature control system is used, to keep the temperature in the consolidation 

zone (nip-point) within the optimum process window. This allows for processing of high-

temperature thermoplastic composites. In this case, carbon-fibre-reinforced low-melt polyaryl 

ether ketone (CF/LM-PAEK) prepreg slit tape with a fibre volume fraction of 60 % was used for 

the experiments. The Material was supplied by Toray Advanced Composites (TC1225) and slit to 

a tape width of 12.7 mm. Three laminates were manufactured within the scope of this work: 

one acting as a defect-free reference and the others with different defect (gap) severities. The 

laminates were manufactured on an unheated tooling. Optimum manufacturing parameters 
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were determined in previous work [24,25]. A nip-point temperature of 470 °C, consolidation 

pressure of 6 bar and a layup speed of 7.5 m/min were used. All three laminates were 

manufactured using the same balanced and symmetric (quasi-isotropic) ply stacking sequence 

[0°/-45°/90/°45°]2S. Gaps were introduced into the laminates in all four 90° layers, resulting in 

discrete reductions of ply quantity of 25 % (16 layers to 12). This exaggerated configuration was 

chosen in order to cause a severe deterioration of the consolidation properties in the gap area 

and examine possible delamination, out-of plane waviness or other effects occurring due to the 

in-situ process [11,20,23]. AFP layup of complex geometries results in gap defects of triangular 

shape, with the shortest side corresponding to the width of the utilised tape material. Common 

AFP prepreg material widths are 12.7 mm and 6.35 mm (1/2 inch and 1/4 inch). The industry 

customary gap allowance between adjacent tapes of 0.5 mm [1] was added resulting in expected 

defect gaps of 13.2 mm and 6.85 mm. 

2.2 Computed Tomography 

A high resolution microfocus computed tomography (µCT) system (nanotom, GE Sensing & 

Inspection Technologies GmbH, Wunstorf) was used for the non-destructive inspection of the 

laminates. The system comprises a microfocus X-ray tube with maximum accelerating voltage 

of 180 kV and a 12-bit flat panel detector. X-ray parameters 80 kV / 180 µA at an exposure time 

of 1000 ms enabled a voxel size of 2 µm. The commercial software package VGStudioMax 3.4 

(Volume Graphics GmbH, Heidelberg) was used for data analysis and visualisation. 

2.3 Microsections 

Specimens for microscopic analysis were embedded in epoxy resin and ground using a grinding 

and polishing system (Struers ApS, Denmark). A VHX-5000 digital microscope (Keyence 

Deutschland GmbH, Neu-Isenburg) was used for analysis and image visualization. 

2.4 Mechanical Testing 

From the manufactured laminates, tensile and compression test samples were prepared. The 

tensile test samples were prepared and tested according to AITM 1-0007 A2 [26] at the DLR 

Stuttgart facility. Specimen dimensions were 250 mm by 22 mm with 50 mm long end tabs. The 

specimens were tested to failure using a ZwickRoell 500 kN material testing machine at a rate of 

2 mm/min. Ultimate tensile strength was determined using Eq. (1): 𝜎𝑡𝑢 = 𝑃𝑢𝑡𝑛∙ 𝑤                  (1) 𝑃𝑢 is the maximum load, 𝑡𝑛 is the specimen thickness and 𝑤 is the specimen width. The 

specimen thickness was approximately 2.9 mm. 

Compression test samples were prepared according to AITM 1-0008 A2 [27] and tested at 

COTESA GmbH in Mittweida, Germany. Specimen dimensions were 172 mm by 22 mm with 

75 mm end tabs, resulting in a free length of 22 mm. The test rate was 0.5 mm/min and an anti-

buckling device was used during the tests. Ultimate compression strength was determined using 

Eq. (2): 𝜎𝑐𝑢 = 𝑃𝑢𝑡𝑛∙ 𝑤                  (2) 
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𝑃𝑢 is the maximum load, 𝑡𝑛 is the specimen thickness and 𝑤 is the specimen width. At least 

6 specimens of each configuration were tested for both tensile and compression tests. 

3. Results 

3.1 Computed Tomography  

 

Figure 2. Computed Tomography scan of 13.2 mm gap defect, voxel size: 15 µm 

Fig. 2 shows the CT scan of a specimen with 13.2 mm gap configuration. Delamination can be 

detected in particular in the edge region of the gap close to the ply drops. Poor consolidation is 

moreover found in the center of the gap between the top layers. Fig. 3 shows a representative 

section of the reference laminate. Intralaminar porosity is apparent in the first ply at the bottom 

of the laminate. A large pore of 0.3 mm in width can be detected in ply 4, which is a gap between 

adjacent courses. Repeated interlaminar porosity can be found throughout the laminate. 

 

Figure 3. Computed Tomography scan of reference laminate, voxel size: 2 µm 

3.2 Microsections 

A microsection of the 6.85 mm gap configuration is depicted in Fig. 4 For the purpose of clarity, 

the dropped 90° plies are highlighted in red. Distinct triangular pores can be recognized adjacent 

to the ply drops. Within the gap area, the bottom half of the laminate is poorly consolidated 

with pronounced interlaminar porosity. Fig. 5 shows a microsection of the 13.2 mm gap 

configuration. Triangular pores are found again in the vicinity of the ply drops. Interlaminar 

porosity is less pronounced than in the 6.85 mm gap configuration. 

458/1602 ©2022 Raps et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

Figure 4. Microsection of 6.85 mm gap configuration 

 

Figure 5. Microsection of 13.2 mm gap configuration 

3.3 Mechanical Testing 

Fig. 6 shows the tensile strength test results. The reference laminate without gap defects 

achieved an ultimate median tensile strength of 699 MPa with a standard deviation of 19 MPa. 

Both gap configurations reached a slightly higher median tensile strength of 721 MPa. The 

compression strength test results are depicted in Fig. 7. The reference laminate reached a 

median ultimate compression strength of 224 MPa with a standard deviation of 12 MPa. The 

6.35 mm and 13.2 mm gap configuration reached 51 % and 54 % of the reference strength, 

respectively. 

 
Figure 6. Tensile strength results 

 
Figure 7. Compression strength results 

4. Discussion 

Both CT scans and microsections reveal pronounced porosity in the gap region. The triangular 

pores next to the ply drops are likely due to fibre bridging. The compaction roller has a diameter 

of 80 mm and a 5 mm-thick silicone cover which is not able to force the stiff tape closer to the 

step geometry. To ensure a stable process, the tape is held under tension, which adds to the 

bridging effect. While these triangular pores would be filled with resin during a post-
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consolidation process, the in-situ process results in small pores in these sections. In the case of 

the 6.35 mm gap configuration, the triangular ply drops, in combination with the tape tension 

results in a delamination force, which is splitting the newly added tape from the substrate, 

creating a bridge between the ply drop edges. This effect is less pronounced in the 13.2 mm gap 

configuration, as a larger area for consolidation is available between the ply drop edges. A 

second explanation for the suboptimal consolidation in the gap area is a disturbance of the 

temperature control due to the gap defect. An analysis of the temperature control log revealed 

a fluctuation in control parameters. Approaching the ply drop off, the temperature control 

system detected an apparent increase in ply temperature. As a consequence, the laser power 

was decreased. The nip-point-temperature was thus below the optimum process temperature 

in the area of the gap defects. Both these effects likely resulted in suboptimal consolidation. The 

consolidation roller configuration and the temperature control system with respect to ply drop 

offs will be investigated in future work. The CT results revealed interlaminar porosity not only in 

the defect areas, but also in the reference laminate. Ongoing investigations address 

minimisation of porosity through the use of optimised materials and process parameters. 

Both gap defect sizes result in similar compression and tensile strength results. This agrees with 

results by Sawicki et al. showing that further increases in gap size above a threshold of 0.76 mm 

did not further decrease strength results. Tensile strength was not mitigated by the gap defects. 

Undulation and porosity in the gap area thus did not affect tensile strength. The chosen gap 

configuration did not disrupt the main load-bearing 0° plies. Zenker et al. found a slight decrease 

in tensile strength of around 3 % for a similar stacking sequence and gap configuration (7.35 mm 

gap width) using isothermal stamping post consolidation and larger tensile strength decreases 

of up to 40 % for variothermal press consolidation [23]. It is generally viewed as a disadvantage 

of the in-situ AFP process, that pores and gaps cannot be filled with resin as in a post-

consolidation process. In this case however, this might be an advantage as the 0° plies are not 

weakened by resin passing from the 0° plies to the porous areas. Further analysis of failure mode 

and detailed comparison with post consolidated samples will be subject to future investigation. 

Unlike tensile strength, compression strength decreased significantly by almost half of the 

reference strength value. Significant compression strength decreases were reported also in [10, 

14, 20, 21]. Zenker et al. [23] found a compression strength decrease of up to 30 % from 7.35 mm 

wide defects in 90° plies. While Zenker et al. used a caul plate or press tooling to achieve a 

uniform laminate thickness, the in-situ AFP process, as well as post consolidation processes with 

soft tooling, result in decreased laminate thickness in the area of gap defects. The manufactured 

specimens showed a local thickness reduction of 0.6 to 0.9 mm in the area of the gap defects. 

While the bottom of the laminate follows the tooling surface, the subsequent plies are 

increasingly pushed in, resulting in a through thickness asymmetry which leads to a local shift in 

midplane. This in turn results in a bending moment, similarly reported in work by Nguyen et al. 

[16]. Furthermore, increased porosity and undulations in the gap area facilitate buckling of the 

0° plies. Future work will focus on decreasing porosity in the gap defect area, to mitigate these 

effects.  

5. Conclusion 

This paper presents a first investigation into the impact of gap defects on in-situ AFP 

manufactured laminates. The results were promising with regard to in-situ manufacture of 

complex structures since the weakening of the laminate was less pronounced than expected. 
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The two investigated gap sizes resulted in similar tensile and compression strength results. While 

tensile strength remained at the same level, compression strength decreased due to suboptimal 

consolidation in the defect area. Future work will focus on optimising the layup process for 

disruptions due to ply drops to achieve better consolidation in the gap areas.  
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Abstract: In this work, the combined effect of plasma treatment and drying of flax fabrics on 

the mechanical and physical performance of hot-pressed polypropylene-based laminates is 

examined. Specifically, flax fabrics exposed for 15 min to a stream of nitrogen plasma were dried 

at 70 °C in a vacuum oven for different times (0, 3 h and overnight) and incorporated into laminar 

structures applying pre-optimized process conditions. Wicking tests were performed to analyse 

their absorption properties, while quasi-static tests in terms of flexural and tensile measurements 

were made to compare the mechanical performance of all samples prepared. In addition, optical 

techniques have been used for morphological analyses and damage NDT inspection, i.e. SEM and 

ESPI, respectively.  

Keywords: Composite laminates; plasma treatment; polypropylene; flax fabric; non-

destructive technique.  

1. Introduction 

In recent years, the “green” market is evolving to face the challenge of climate change. In this 

respect, the use of natural fibre as reinforcement in composite has grown due to environmental 

reasons. Thanks to the reduction of the pollution associated with the extraction, production and 

disposal, natural fibres open the door for new low environmental impact solutions in the 

aerospace [1], automotive [2] and biomedical [3] industries. From this perspective, green 

composites were developed for both functional and structural applications replacing traditional 

materials as demonstrated by Al-Hajaj et al [4] that have carried out non-destructive 

investigations to state the performance of hybrid composite made by woven Kevlar and flax 

fibres. Different fibre orientations were taken into account to establish the configuration that 

best resists low-velocity impact and the results suggest that the measured impact toughness is 

slightly better compared to those of aluminium alloys and carbon fibre composites. Mocerino et 

al [5] have focused on the hybridization process of carbon/hemp composite laminate to combine 

the mechanical performance of the carbon with the ability to adsorb energy of the natural fibres. 

The results show an improvement of the adsorbed energy capability and a decrease in the 

delamination extension after an impact event of the hybrid composite compared to the 

traditional carbon fibre one. A FE model has also been validated to predict the impact response 

and the crack evolution showing a good agreement with experimental results. 

However, natural fibres, due to their inherent hydrophilic nature, are incompatible with most of 

the polymers that usually have a hydrophobic behaviour that threatens interfacial adhesion. 

Mechanical performance of the composite is strongly dependent on the quality of the interface 
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and an incorrect adhesion can be determinant for the quality of the interfacial phase, limiting 

the laminate’s applications. Surface pre-treatments can be employed to improve the 

compatibility between the reinforcement and the matrix, such as electric discharge (corona, cold 

plasma), alkali treatment, silane coupling agent, and so on. In the contribution of Wu et al [6] 

natural bamboo fibers have been modified with methacrylic anhydride to improve interfacial 

adhesion in composites processed by 3D printing with photopolymerization of vinyl palm oil-

based resins. Kaboglu et al [7] have investigated the effect of the pre-modified maleic anhydride-

grafted PP matrix for flax fabric-based composite to enhance the interfacial adhesion. Results 

confirmed potentials of suitable coupling agents to improve the mechanical behaviour of 

products by decreasing the out-of-plane displacement under impact loads. 

In this regard, superficial plasma treatment is largely employed to modify the natural fibres’ 

surfaces introducing reactive groups without the employment of dangerous chemicals and the 

formation of toxic reaction products. In addition to surface treatments, it is a common practice 

to dry fibre to previously remove the water in bulk and more. Fiore et al [8] have investigated 

the degradation phenomena of natural fibre reinforced composites in order to evidence 

reversible ones that allow a mechanical recovery after the drying treatment. They demonstrated 

that flexural strength is strongly dependent on reversible ageing phenomena, while stiffness is 

related to irreversible ones.  

In this work, the combination of plasma and drying treatments was analysed at different 

parameters, poorly explored in the literature. Based on previous studies, flax fabrics were 

treated with low-pressure plasma treatment for 15 min and dried in the oven for 0 h, 3 h and 

overnight. Composite specimens were cut from hot compacted laminates based on plasma 

treated and eventually dried flax fabric and poly-propylene (PP) matrix. Wettability properties 

were measured by means of a longitudinal wicking test. The performance of natural fibre 

composite was examined under tensile and flexural loads. Finally, Electronic Speckle Pattern 

Interferometry (ESPI) non-destructive testing and Scanning Electron Microscopy (SEM) were 

performed in order to quantify defects and damage extent in loaded specimens. 

2. Experimental 

The composite materials studied consist of a commercial woven flax fabrics (density: 200 g/m2, 

2x2 Twill structure) supplied by Composite Evolution (Chesterfield, United Kingdom) and a 

polypropylene (PP) matrix purchased purchased from Songhan Plastic Technology Co. Ltd under 

the trade name Topilene J640 (MFI @ 230 °C, 2.16 kg: 10g /10 min).  

Preliminarily, the matrix was processed by flat filming to obtain an 80 µm-thick PP film using a 

Collin Teach-Line E-20 T extruder equipped with a Collin CR 72T calender. The temperature 

profile along the screw was set equal to 180-190-200-190-185 °C from the hopper to the filming 

head with a screw speed of 55 rpm. 

The reinforcing flax fabric, precut in layers of suitable dimensions, was treated with a low-plasma 

system (ATTO Type B, Diener Electronic, Germany) created by an inductively coupled RF 

generator, using nitrogen, N2, as process gas. The equipment is composed of a cylindrical 

borosilicate glass chamber with an inner diameter of 211 mm and a depth of 300 mm, connected 

to a vacuum system that consists of a rotary slide pump with a suction power of 2.5 m3/h. The 

fabrics (160 mm x 160 mm) were treated for 15 min at a low frequency of 40 kHz and power of 

200 W, and the process pressure was about 0.5 mbar. 
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In addition, flax fabric layers were also dried at 70 °C in a vacuum oven considering different 

treatment times corresponding to 0 h, 3 h and overnight.  

In the light of already consolidated knowledge on the durability of the plasma treatment 

efficacy, significantly reduced after only a few days, the treated fabrics were employed to 

produce composite samples within less than 12 hours of their production. Each laminate was 

obtained by superimposing 12 reinforcement layers, preliminarily conditioned as above, 

alternated with PP films, and compacting the stack of layers by means of a Collin Model P400E 

press at 190 ° C and according a pre-optimized pressure cycle. In this way, 160 mm x 160 mm 

laminate plates were obtained from which rectangular specimens were cut according to ASTM 

D3039 and ASTM D790 Standards for tensile and interlaminar shear (ILSS) tests, respectively. 

Longitudinal wicking measurements were performed on treated flax fabric in laboratory 

conditions at 23.9 °C and 55% RH, and results were compared to untreated fabrics values. The 

vertical testing apparatus is shown in Fig. 1. The fabrics were dipped in a distilled water reservoir 

to a depth of 5 mm. In order to monitor the water rising speed, the height of the waterfront was 

recorded for each 10 mm travelled as a function of time and the total duration of each test was 

300s. 

 
Figure 1. Longitudinal wicking test apparatus: reservoir of distilled water, sample holder and 

flax fabric sample. 

 

Tensile measurements were carried out setting a crosshead speed of 2 mm/min and Digital 

Image Correlation (DIC) technique was employed to obtain in-plane surface deformation of the 

specimens and to measure strains. After collecting the planar specimen surface images during 

the tensile test, the images were processed by “GOM Correlate” software to evaluate the 

strains. 

ILSS tests were performed with Universal Testing Machine (Instron model 4301), equipped with 

a 1 kN load cell, setting a ratio between the distance of the supports (span) and the thickness of 

the specimen equal to 10 and a loading speed concentrated to 2 mm / min. Failure strength and 

modulus were calculated by processing typical stress-strain curves. 

 

After the mechanical testing, specimens were analysed by optical techniques: Electronic Speckle 

Pattern Interferometry (ESPI) and Scanning Electron Microscopy (SEM). The typical set-up of the 

system for recording ESPI measurements can be found in previous works [9]. SEM was adopted 

to collect images of the fibre-matrix interface using a field emission (FEI Quanta 200) instrument 

under low vacuum and an acceleration voltage of 30 kV. Before the analysis, specimens were 

coated with an Au/Pd layer applied with sputter coating equipment. 
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3. Results and discussion 

The effect of the plasma treatment on flax fabrics was investigated in previous works [10] with 

the aim to find the optimal exposure time to the N2 gas that best improves the interfacial 

adhesion with the PP polymer. For this purpose, the reinforcing fabrics were treated to low-

pressure plasma treatment at different times equal to 0 min, 5 min, 10 min and 15 min and 

opportunely dried. The results in terms of morphological and mechanical properties were 

compared with respect to the only pre-dried fabrics assumed as a reference sample. Samples 

with flax fibres treated for the longest time of 15 min were found to exhibit the best 

performance. Results of the wicking tests suggested that the plasma treatment has a relevant 

effect on the fibre surface wettability, witnessed by an increase in the speed of the waterfront 

in accordance with the increase of the treatment time.  

Fig. 2 compares the representative tensile stress-strain curves of flax fabric specimens pre-

exposed to plasma for different times. Clearly, flax fabric specimens pre-treated for 15 min 

(Plasma 15’) show the best tensile properties while the fabric specimens treated for 5 and 10 

min seem to have mechanical parameters even lower than those of the reference pre-dried flax 

fabric. This behaviour can be ascribed to structural changes induced both by drying and by 

plasma surface treatment, as partially evidenced by the results of the analyses reported in this 

contribution. 

 

Figure 2. Representative tensile stress-strain curves of FF/PP composites with pre-dried fibres 

exposed to low-pressure plasma for 0 min, 5 min, 10 min and 15 min. 

Considering a fixed low-pressure plasma treatment of 15 min, flax fabrics were dried for 0 h 

(P15), 3 h (P15 + D3) and overnight (P15 + DOn), then tested for longitudinal wicking and the 

results were compared to those of the un-treated fabrics (UT).  

Wicking tests made it possible to obtain useful information regarding the diffusion of water both 

from the bundles’ fibres surface into the fabric, and between the fibres of the individual bundles 

by means of capillarity.  

Fig. 3 (a) shows the results of the vertical wicking tests in terms of the height of the waterfront 

as a function of the test time up to 300 s for the untreated fabric and for those exposed to 

plasma for the three different times considered (5, 10 and 15 min). It is noticed that the 

representative curves show a linear trend within the first 30 seconds before the change of the 

slope. This tendency is typically explained by assuming that at the beginning of the test the 

surface forces are predominant, wetting the fabric, and then the water penetrates among the 

fibres by capillarity [11]. For each treated fabric the water uptake speed is greater than that 
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detected for the un-treated one. The (P15) and (P15 + DOn) samples return the longer travelled 

final distance. 

The capillarity flow regime is generally expressed in literature with the Lucas-Washburn power 

low equation [12]:  

      ℎ��� � ���         (1) 

where h is the height of the water rise, t is the time, k is the wicking constant and p is the wicking 

rate power low index. The parameters k and p are determined by transforming the graph of Fig. 

3 (a) into a bi-logarithmic scale in Fig. 3 (b). The k constant is strongly dependent on capillarity 

and the highest values are calculated for P15 and P15+D3 samples. While the wicking ratio, p, 

corresponds to the speed of the phenomena relevant for a longer time than those of interest in 

this work. 

Based on the results collected in Table 1, P15 and P15+D3 showed similar wettability and, 

therefore, it is possible to assume that they are the best candidates to reach a good interfacial 

adhesion with the hosting matrix. 

 

Figure 3. (a) Water uptake evolution of the liquid height, h, along the flax fabrics as a function 

of time, t, and (b) the bi-logarithmic scale representation. 

Table 1: Wicking parameters. 

 UT P15 P15+D3  P15+DOn 

p (slope) 0.5169 0.3992 0.3731 0.4563 

k (intercept) 0.4444 0.8159 0.8355 0.6668 

 

Figs 4 and 5 show the mean values of the tensile and shear properties, respectively, by 

histograms. Compared to the only 15 min plasma treatment, for a long time of pre-drying the 

mechanical performance improves. In detail, with respect to P15, the ultimate tensile strength 
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and Young’s modulus of the P15+DOn sample improve by 14.06% and 5.78%, respectively, while 

the ILSS strength and modulus improve by 4.02% and 16.15%. For the shorter time equal to 3h 

of pre-drying the combination of the treatments is not relevant. The higher ILSS modulus of the 

P15 + DOn specimen has to be attributed to a better impregnation of the reinforcement fabric 

by the host matrix and, therefore, to a greater ability of the composite to withstand the internal 

stresses triggered during the loading.  This behaviour can be ascribed to the optimal combination 

between the improvement in interfacial affinity induced by the N2 plasma treatment and the 

surface drying effect in the vacuum oven. 

 

Figure 4. Tensile strength (A) and modulus (B) of flax-PP composites with treated fabrics for 15 

min to plasma flow and dried for 0 h (P15), 3 h (P15+D3) and overnight (P15+DOn). 

 

Figure 5. ILSS strength (A) and modulus (B) of flax-PP composites with treated fabrics for 15 

min to plasma flow and dried for 0 h (P15), 3 h (P15+D3) and overnight (P15+DOn). 

As far as ESPI investigation is concerned, Fig. 6 shows the unwrapped phase-contrast maps 

obtained by numerical processing using 4-step phase-shifting. Thanks to the grey scale, it is 

possible to identify in the central part of each specimen the area previously loaded and 

delaminated after the ILSS test. Using a Matlab code, the damaged areas were calculated and 

the results are reported in Table 2. With regard to specimens including flax fabric layers exposed 

to plasma for 15 min (P15) and not dried, it appears that the delaminated area increases if the 

reinforcing fabric is pre-dried for 3 h and then abruptly decreases for specimens in which the 

fabric is subject to longer pre-drying times. This evidence is coherent with ILSS modulus results 

since the highest modulus corresponds to the sample P15+DOn which resists better the out-of-

plane deformations, and it is consequently affected by lower delamination. In accordance with 
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previous results, ESPI analysis confirms that an overnight drying of the flax fabric in combination 

with a 15 min plasma treatment is able to ensure the best performance of polypropylene-based 

composites. 

 

Figure 6. ESPI unwrapped phase image of the composite with flax fabrics exposed to plasma for 

15 min and additionally dried for 0 h (P15), 3 h (P15+D3) and overnight (P15+DOn), left to right. 

Table 2: Damaged area measured by ESPI technique. 

 P15 P15+D3  P15+DOn 

Area [mm2] 42.22 51.56 35.02 

 

In Fig. 7 SEM micrographs, collected at different magnifications, highlight interface details 

between the treated flax fabrics and the PP matrix. Drying appears to induce a fraying effect of 

the fibres and laminates seem to be less compacted with the increase of the treatment time. 

This effect can increase the surface/volume ratio promoting the matrix penetration and 

consequently enhancing the interfacial fibre/matrix interlocking. Thus, for sufficiently long 

treatment times, the resin can better penetrate the fibre bundles, increasing the interface 

bonds. Only some pull out phenomena is noted (see arrows), essentially due to a localized loss 

of adhesion between the fibre bundle and the matrix.  

 
Figure 7. SEM images of the composite with flax fabrics exposed to plasma for 15 min and 

additionally dried for 0 (P15), 3 h (P15+D3), and overnight (P15+DOn) at different 

magnifications. Arrows indicate pull-out phenomenon. 
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4. Conclusions 

The results achieved so far show that an appropriate combination of plasma treatment and 

drying of the reinforcing fabrics can generate interesting performances of the produced 

composites. Specifically, considering that the benefits induced by the plasma pre-treatment of 

the reinforcing fabric, on the mechanical properties of the relative composites, appear to 

increase over time for exposures lasting up to 15 min, mechanical tests, supported by 

morphological observations, have clearly shown that such improvements, slightly compromised 

by short pre-drying steps, can be further magnified by prolonged ones. 

5. References 

1. Mohit H, Mavinkere Rangappa S, Siengchin S, Gorbatyuk S, Manimaran P. Alka Kumari C, 

Khan A and Doddamani M. A comprehensive review on performance and machinability of 

plant fiber polymer composites. Polym. Compos. 2022; 43(1): 608-623.   

2. Pantaloni D, Ollier L, Shah DU, Baley C, Rondet E and Bourmaud A. Can we predict the 

microstructure of a non-woven flax/PLA composite through assessment of anisotropy in 

tensile properties?. Compos. Sci. Technol. (2022); 218: 109173.  

3. Sathish T, Palani K, Natrayan L, Merneedi A, de Poures MV and Singaravelu DK. Synthesis and 

characterization of polypropylene/ramie fiber with hemp fiber and coir fiber natural 

biopolymer composite for biomedical application. Int. J. Polym. Sci. 2021; 2462873 (8 pages).  

4. Al-Hajaj Z, Sy BL, Bougherara H and Zdero R. Impact properties of a new hybrid composite 

material made from woven carbon fibres plus flax fibres in an epoxy matrix. Compos. Struct. 

2019; 208: 346-356.  

5. Mocerino D, Boccarusso L, De Fazio D, Durante M, Langella A, Meo M, Pinto F and Rizzo F. 

Prediction of the Impact Behavior of Bio-hybrid Composites Using Finite Element Method. 

ESAFORM 2021 (2021).  

6. Wu Y, Li C, Chen T, Qiu R and Liu W. Photo-curing 3D printing of micro-scale bamboo fibers 

reinforced palm oil-based thermosets composites. Compos. Part A Appl. Sci. Manuf. 2022; 

152:106676.  

7. Kaboglu C, Liu J, Liu H, Russo P, Simeoli G, Lopresto V, Dear JP and Maharaj C. The effect of 

a coupling agent on the impact behavior of flax fiber composites. J. Eng. Mater. Technol. 

Trans. ASME 2021; 143(3):031008 (10 pages).  

8. Fiore V, Calabrese L, Miranda R, Badagliacco D, Sanfilippo C, Palamara D, Valenza A and 

Proverbio E. On the response of flax fiber reinforced composites under salt-fog/dry 

conditions: Reversible and irreversible performances degradation. Compos. Part B Eng. 

2021; 230:109535.  

9. Papa I, Ricciardi MR, Antonucci V, Langella A, Tirillò J, Sarasini F, Pagliarulo V, Ferraro P, 

Lopresto V. Comparison between different non-destructive techniques methods to detect 

and characterize impact damage on composite laminates. J. Compos. Mater. 2020; 

54(5):617-631. 

10. Leone G, D’Angelo GA, Russo P, Ferraro P, Pagliarulo V. Plasma treatment application to 

improve interfacial adhesion in polypropylene-flax fabric composite laminates. Polym. 

Compos. 2022; 43(3): 1787-1798.  

11. Raja D, Ramakrishnan G, Babu VR, Senthilkumar M and Sampath MB. Comparison of 

different methods to measure the transverse wicking behaviour of fabrics. J. Ind. Text. 2012; 

43(3):366–382.  

12. Hamdaoui M and Nasrallah S Ben. Capillary Rise Kinetics on Woven Fabrics: Experimental 

and Theoretical studies. Indian J. Fibre Texile Res. 2015; 40(2):150-156.  

470/1602 ©2022 Russo et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June 2022, Lausanne, Switzerland 

IMPROVING THE MODE II DELAMINATION BRIDGING PERFORMANCE OF 

FIBROUS COMPOSITE Z-PINS 

 

Eduardo, Santana de Vegaa, Giuliano, Allegria, Bing, Zhanga, Ian Hamertona, Stephen R, Halletta 

 

a: Bristol Composites Institute, University of Bristol 

 

Abstract: Composite Z-pins have been traditionally manufactured employing carbon fibres 

combined with a bismaleimide (BMI) resin. These materials allow a substantial enhancement of 

the mode I interlaminar fracture toughness of Z-pinned laminates to be achieved. Nonetheless, 

the improvements in mode II toughness are much more modest, due to the inherent brittleness 

of the combination of carbon/BMI. In order to increase the mode II dominated toughness of Z-

pins, fibrous Z-pin rod-stocks were manufactured employing matrix and fibre materials with 

mechanical properties dissimilar to those of carbon/BMI. The novel through-thickness 

reinforcement candidates were inserted in quasi-isotropic glass fibre/epoxy laminates and their 

single-pin delamination-bridging performance was characterised under a mode II dominated 

loading configuration. Polybenzoxazole (PBO) fibre pins showed an increase in average energy 

dissipation per pin by as much as 113 mJ (2000% increase) compared to the 5mJ dissipated by 

traditional carbon fibre/BMI pins. The effect of twisting the fibre yarns was characterized by 

including Z-pins manufactured out of twisted PBO fibres. These showed 10-fold increase in 

performance compared to carbon fibre, albeit a reduction of 50% compared to unidirectional 

PBO.  

Keywords: fibre-reinforced polymer; through-thickness reinforcement; delamination; z-pins 

1. Introduction 

Interlaminar toughness of laminates is a critical mechanical performance indicator of most 

composite structures. Delamination is the predominant failure mechanism of these materials 

and must be accounted for in any sort of structural design. The incorporation of through-

thickness reinforcement (TTR) has been the preferred way to tackle this problem. TTR consists 

of different methods of embedding fibrous reinforcement that bridge the load-bearing layers of 

the laminate and the interface between these, increasing the energy required for interlaminar 

cracks to appear and propagate [1]. Methods of TTR are numerous and can vary from the quasi-

orthogonal insertion of fibre tows, such as those used in tufting [2] and stitching [3], to the 

production of dry-fibre preforms with a woven or braided 3D reinforcement architecture [4]. 

Most of these methods have been designed with dry fibre and resin infusion manufacturing in 

mind. Z-pinning is a TTR method which relies on thin metallic or composite rods, which are 

typically inserted orthogonally to the surface of the laminate. The stiffness of these cured rods 

allows them to be introduced into laminates which have been preimpregnated with resin and 

are the only suitable method for prepeg lamination manufacturing [5].  

Most research has been aimed at studying the behaviour of commercially available steel and 

carbon fibre-reinforced bismaleimide (CF/BMI) composite z-pins. There is an extensive body of 

research dedicated to the delamination bridging behaviour of metal and CF-based composites 

[1,6,7]. This has exposed the advantages and drawbacks of using either type of z-pin. In both 
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cases, the bridging behaviour is largely dependent on the delamination mode and the resultant 

load mode-mixity. Metallic pins typically excel under mode II delamination bridging [8]. In 

contrast, CF/BMI pins show significant delamination toughening when the load applied results 

in primarily mode I displacements. In each case, as the level of mode mixity shifts towards its 

complementary delamination mode, the toughening effect observed is considerably reduced. 

Current CF/BMI z-pins will pull-out of the host laminate at load mode-mixities below 0.2-0.5. 

Above this, they will typically rupture transversely and exhibit extensive fibre failure [9,10]. To 

address this, this study explores the use of alternative fibre/matrix combinations that can 

successfully bridge mode II delamination cracks and provide extensive toughening under these 

loading conditions. Rodstock was successfully manufactured using unidirectional and twisted 

high-strength, high-toughness fibrous reinforcement in combination with a tough thermosetting 

resin. The bridging behaviour of these novel z-pins under mode II loads is evaluated and directly 

compared to that of the most commonly available z-pin type. SEM micrography is used to assist 

in characterizing the failure mode and effectiveness of this novel structures.  

 2. Materials and Methods 

2.1 Materials  

E-glass/913 epoxy prepreg used as the reinforced laminate was supplied by Hexcel UK. CF/ BMI 

matrix z-pins were supplied by DPP B.V. The novel Z-pins were manufactured by pultrusion of a 

continuous fibre tow of either 1k carbon fibre or poly(p-phenylene-2,6-benzobisoxazole) fibre 

or PBO. The latter is commercially traded as Zylon and was obtained from Toyobo, Japan. High 

toughness epoxy resin used was obtained from Huntsman Corporation, UK.  

2.2 Manufacturing 

Novel Z-pin rodstock was manufactured through pultrusion of continuous fibre tows. 

Reinforcement fibres are pulled through a resin bath containing an epoxy resin blend 

(Araldite©LY3508 resin and Aradur©22962 hardener). The impregnated fibres are then forced 

into a heated die which gels and shapes the system into a composite rod.  The z-pin rodstock 

subsequently undergoes a full post-cure cycle to allow the mechanical properties of the resin to 

develop. Three types of z-pins were manufactured using this method.  The afore-mentioned 

epoxy resin was used as the main matrix (EPX) together with a combination of different fibre 

materials and architectures, namely unidirectional CF, unidirectional PBO fibre (uPBO) and 

twisted PBO fibre (tPBO). A fourth z-pin type was also included to represent the traditional z-pin 

material combination of carbon fibre and bismaleimide resin (CF/BMI). 

Figure 1 shows a schematic representation of the z-pinned coupons used in this study. Each 

coupon comprises 56 plies of unidirectional E-Glass within a Hexcel 913 epoxy resin. They are 

stacked into a quasi-isotropic layup with individually symmetric top and bottom halves 

separated by a PTFE film.  The overall layup of the laminate is antisymmetric with top and 

bottom stacking sequences of [(0/45/90/-45)3/0]𝑆 and [(90/-45/0/45)3/90]𝑆 respectively. The 

0/90 mid-plane reduces nesting [11,12] of the fibres, which would otherwise contribute to the 

mode II traction loads. The cure cycle used follows that recommended by the manufacturer, 

with prolonged times at the lower temperatures during heating to reduce the risk of exotherm. 
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2.3 Testing 

Mechanical testing was carried out using the arcan rig shown in Figure 1, mounted to an electro-

mechanical tensile test machine loaded with a 1kN load cell.  The rig allows single-pin 

delamination bridging tests of coupons through the full mode-mixity range by rotating the 

samples by 15° at a time from 0° to 90°. It is worth noting that pin misalignment is unavoidable 

during insertion, which will affect the load mode mixity acting on the pin. The effect of 

misalignment can be accounted for by calculation introduced by researchers at the University of 

Bristol [9,10,13]. The effect on load mod mixity is most significant at delamination modes close 

to Mode I. In this study, the specimens were tested using the 90°configuration, which 

corresponds to a nominal load mode-mixity of 1, or mode II delamination. Accounting for pin-

misalignments of up to 15°, the load mode mixity will above 97% mode II dominated. Thus, 

specimens have been assumed to have similar load mode-mixities for statistical simplicity. 

Regardless, it is important to note this occurrence and the implication that pure mode II is not 

possible unless no misalignment is   present.  

      

3. Results and discussion 

3.1 Energy dissipated and max force 

The single pin bridging test results for all four pin types are summarised in Table 1 and Figure 2. 

Two key variables were obtained from the load displacement graphs for each specimen set, 

energy dissipated and maximum force.  The energy dissipation corresponds to the area under 

the load displacement graph. It is a measure of the energy absorbed by the pin whilst bridging 

the delamination. The maximum force is the peak of the load displacement graph, which can 

correspond to the failure load of the pin or its peak traction load.  

The total energy dissipated by the PBO-based z-pins was superior to that of the CF based pins. 

uPBO-EPX specimens dissipated 113 mJ of energy more on average than the commercially 

available CF-BMI pins. This corresponds to a 2307% improvement in delamination bridging 

toughness. Similarly, tPBO-EPX pins showed an improvement of 1006% in comparison to their 

CF counterparts. It also implies that unidirectional PBO is twice as effective bridging a 

delamination as twisted PBO.  

Figure 1 -  Schematic representation of a single-pin bridging test coupon (left). Arcan 

test rig with Mode II-dominated set up (right). 
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Table 1 - Summary of key results from the load-displacement curves of the pin bridging tests. 

 

did not result in statistically significant differences between CF-BMI and CF-EPX. Both pin types 

exhibited an average energy dissipation value between 4 and 5 mJ. In terms of peak load, all 

four Z-pin categories displayed similar peak loads in their load-displacement curves, with 

standard deviation bars overlapping between them. On average, the maximum load sustained 

during the test varied from 50 to 60N. The following sections will analyse and compare the 

failure characteristics of each z-pin type to understand the energy dissipation values observed.  

 

3.1 Matrix Comparison 

 

Figure 3 – Typical load-displacement curves for single pin bridging tests of CF-BMI and CF-EPX. 

Fibre Matrix Abbreviation Average Energy 

Dissipated [mJ] 

Maximum 

Force [N] 

Notes 

Unidirectional 

Carbon 

BMI CF-BMI 4.3 54.4 Commercial 

pins 

Unidirectional 

Carbon 

Epoxy CF-EPX 5.4 56.0 Control resin 

Unidirectional 

PBO 

Epoxy uPBO-EPX 117.9 60.2 - 

Twisted PBP Epoxy tPBO-EPX 54.2 51.7 2mm lay-length 

Figure 2 - Mean energy dissipated per z-pin type during bridging tests (left). Mean 

maximum force carried by each (right). 

CF-BMI (rupture) 

CF-EPX (rupture) 
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Before directly comparing the effect of altering the fibrous reinforcement on the z-pin bridging 

performance, it was necessary to compare the behaviour of a typical CF-BMI z-pin with CF z-pins 

manufactured using the same procedure and resin system as that of the novel z-pins presented. 

As it is clear from the energy dissipation charts in Figure 2 and from the load displacement chart 

(Figure 3), the difference in Mode II performance is statistically negligible. The load-

displacement curves reveal a similar behaviour for both types of pin. Those manufactured out 

of the high elongation resin showing a larger displacement and higher compliance as expected, 

albeit not enough to increase energy dissipation significantly.  This correlates with previous 

modelling of mode II bridging [10,13] which suggest that mode II delamination bridging is solely 

fibre-property dominated.  

3.2 Effect of fibre material 

Figure 4 shows the typical load displacement curves for both novel z-pin comprising PBO fibres, 

compared to that of commercial CF-BMI pins. Energy dissipation corresponds to the area under 

the load displacement curves. This implies that the best performing z-pin will be able to sustain 

a large traction load [14] through a large displacement. Under mode II-dominated conditions 

such as these, CF-based z-pins failed by transverse rupture, as has been previously reported 

[5,15,16], with complete tensile failure of the CFs [10]. However, PBO-based pins are able to de-

bond from the laminate and pull-out from the insertion hole without rupturing. This partial or 

full pull-out mechanism results in a displacement along which work is carried out against an 

opposing traction force. The load is a combination of the friction between the pin and the 

surrounding laminate as it slides out and a snubbing [17] effect as the pin is pushed into the 

laminate. This energy absorption mechanism through pin pull-out of composite Z-pins has been 

documented [1,5,15] albeit only at load mode mixities close to Mode I or in metallic Z-pins. This 

is the first account of a composite-based z-pin able to pull-out of the host laminate without 

rupturing during mode II delamination.  

SEM micrographs of failed uPBO in Figure 5 can help understand the failure mechanisms behind 

the pull-out of PBO-based pins during mode II delamination. The pin is permanently deformed, 

pushed against the delamination plane. There is extensive matrix longitudinal cracking and 

separation of the fibre tow into smaller fibrils.  This behaviour results from the combination of 

high strength and high toughness of the PBO fibres. The high toughness and noticeably higher 

tPBO-EPX (rupture) 

CF-BMI (rupture) 

tPBO-EPX 

(pull-out) 

CF-BMI (rupture) 

uPBO-EPX 

(pull-out) 

Figure 4 - Comparison of the typical load-displacement curves of CF-BMI with tPBO-EPX (left) 

and uPBO-EPX(right) 
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elongation at break (2.5% compared to 1.5% of carbon fibre) allows them to bend under mode 

II-dominated conditions. As the pin bends, the load acting on the pin is transferred and carried 

axially, along the fibre orientation. This is combined with a tensile strength as high as 5.5 GPa 

(as quoted by Toyobo, Japan), which reduces the risk of tensile fibre failure. Both factors 

synergistically improve the bridging performance of the pin, allowing it to be pulled out and 

dissipate energy during delamination.  

 

Figure 5 - SEM failure micrographs of uPBO-EPX z-pins under mode II-dominated loading. 

3.3 Effect of fibre architecture 

 

Figure 6 - Comparison of the typical load-displacement curves of uPBO-EPX with tPBO-EPX (left) 

and microstructure of a tPBO pin within a laminate (right). 

The effect of using two twisted tows of PBO fibre to alter the z-pin architecture is apparent from 

the load-displacement curve in Figure 6 and the overall energy dissipation chart in Figure 2. 

There appear to be two factors that reduce the performance of the twisted pins compared to 

unidirectional tows. The average traction force against displacement is significantly lower and 

some pins are only partially pulled out. Both of these factors contribute to a lower energy 

dissipation through bridging. The lower overall traction load may be caused by the tendency of 

the twisted yarn to form a more geometrically consistent and smoother pin.  Figure 6 shows 

how one of the twisted yarns completely envelops the other, forming an almost perfectly 

cylindrical structure. Secondly, the tendency of this pins to rupture during pull-out may be a 
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result of the increased stress concentrations at the points of fibre overlap. As the pin is pulled 

under tension, both individual yarns tend to de-bond from each other as can be observed in 

Figure 7. They are then able to slide past each other and form points of contact with increased 

stress concentration. At these points, the individual bundles may not be able to slide past each 

other anymore and in some cases fibre failure may occur, as seen in Figure 7. It is worth noting 

how dissimilar this failure is compared to typical CF failure. The thinning of the filaments and 

filament bundles observed suggests a more progressive and plastic mechanism.  

 

Figure 7 - SEM micrographs of tPBO-EPX pins failed by pull-out (left) or rupture (right). 

4 Conclusion 

Novel z-pins have been manufactured by pultrusion and employing alternative materials 

and architectures to those commonly used. Single pin delamination bridging tests have 

revealed that pins comprising PBO fibre are able to pull out from the laminate under 97-

99% mode II dominated delamination loads. Unidirectional PBO z-pins have shown an 

energy dissipation improvement of over 2000% compared to conventional CF pins. The 

superior performance of PBO based pins has been attributed to the high strength, high 

toughness characteristics of PBO fibre, which allows large deformations without rupture 

and support of high axial loads. Twisted PBO yarn has shown a better manufacturability 

albeit a significant reduction in bridging performance compared to its unidirectional 

counterpart. This study marks the discovery of composite z-pins with metallic z-pin-like 

mode II bridging behaviour.  
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Abstract: In this study, the strain rate dependent tensile properties of Polypropylene (PP) and 
Thermoplastic olefin (TPO) were investigated under the high strain rate by using the Split 
Hopkinson Pressure Bar (SHPB). The SHPB is the most widely used apparatus to characterize 
dynamic mechanical behavior of materials at high strain rates between 100/s  and 10,000/s. Also, 

the dynamic properties of TPO and PP were measured under temperature from -35 ℃ to 85 ℃. 
The SHPB test is based on the wave propagation theory which was developed to give the stress, 
strain and strain rate in the specimen using the strains measured in the incident and transmission 
bars.  In addition, to verify the strain data obtained from SHPB, the strain distribution of the  
specimen was photographed with a high-speed camera and the strain data obtained through 
the Digital Image Correlation (DIC) and compared with the strain value from the SHPB test. 

Keywords:  Split Hopkinson Pressure Bar (SHPB); High strain rate ;  Thermoplastic Olefin(TPO), 
Polypropylene (PP) 

1. Introduction 

High fuel efficiency and high efficiency are emerging as important issues in the automobile 
industry. If the weight is reduced by using various lightweight materials and plastics, fuel 
efficiency can be maximized. For this purpose, thermoplastic olefin (TPO) such as polypropylene 
(PP) are used as automotive interior materials. Thermoplastic composites are increasingly being 
applied to automotive materials, especially due to their simple manufacturing process, low 
material cost, and excellent impact force.[1] 

The advantage of these materials is that fuel can be saved due to the weight reduction of the 
vehicle due to the low specific gravity. In order to develop reliable automotive lightweight 
products for such TPO and PP, it is very important to predict the material properties under 
impact load. Materials deform rapidly during a vehicle crash, and in general, materials tend to 
increase in strength and stiffness as the strain rate increases. In particular, it is essential to 
secure accurate dynamic properties as the vehicle interior material proceeds at a high strain rate 
of over 1000/s during a automotive collision [2]. Therefore, in the event of an automotive 
collision, an accurate automotive design should be conducted based on the collision analysis 
considering the dynamic properties. 
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In this paper, the dynamic properties proceeding at a dynamic strain rate (100/s ~ 10000/s ) 
were measured using a Hopkinson Bar (SHPB) experiment. Also, the dynamic properties of PP 
and TPO were measured under temperature from -35 ℃ to 85 ℃. The temperature range is 
considered by the cryogenic and high temperature regions on Earth. The SHPB method was 
proposed in 1949 through Kolsky's Stress Wave Theory. Using the strains measured at the 
incident bar and transmission bar in the device, the stress, strain, and strain rate of the specimen 
can be obtained [3]. In this work, the tensile behavior according to the strain rate of the PP and 
TPO materials was obtained using the SHPB. 

2. Experimental design 

2.1 Experimental materials 

In this study, PP (polypropylene) and TPO (Thermoplastic olefin), which are widely used in the 
automobile industry as lightweight parts, were selected as experimental materials. Both of 
materials composition on ingredients were represented as shown in Table 1 and Table 2. Also, 
mechanical and physical properties of materials were represented as shown in Table3. 

Table 1: Polypropylene composition on ingredients 

Chemical name CAS No. Contain Ratio (%) 

1-Propene polymer with ethene 9010-79-1 59 ~ 69 

Ethylene-1-octene copolymer 26221-73-8 19 ~29 

Talc (Containing no asbestos fibers) 14807-96-6 3 ~ 13 

 

Table 2: Thermoplastic  olefin composition on ingredients 

Chemical name CAS No. Contain Ratio (%) 

1-Butene polymer with ethene 25087-34-7 37 ~ 47 

1-Propene polymer with ethene, block 106565-43-9 24 ~ 34 

1-Propene polymer with ethene 9010-79-1 15 ~ 25 

Talc (Containing no asbestos fibers) 14807-96-6 1 ~ 5 

 

Table 3 : Mechanical and physical properties of materials 

Properties Test Conditions Units PP TPO 

Density - g/cm3 0.95 0.89 

Tensile Strength at Yield 50mm/min MPa 19 10 

Elongation at Break 50mm/min % 222 353 

Flexural Strength 2mm/min MPa 28 12 
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Flexural Modulus 2mm/min MPa 1,860 480 

 

2.2 Specimen design 

In this work, the specimens for the tensile test were prepared based on the ASTM D3039.  For 
the designing of the shape of specimen, the gage length must be short enough to allow stress 
equilibrium to be reached in the dynamic tests and also to achieve sufficiently high strain rates. 
For this reason, a dog-bone specimen was designed with the shape and dimensions as shown in 
Figure 1. The specimen width was designed to minimize stress concentration at its ends by 
selecting a smooth radius of curvature in the transition region. 

 

 

Figure 1. The specimen dimensions in mm ( Thickness = 3mm) 

2.3 Experimental  Set-up 

 Dynamic tensile test were performed using a modified tensile SHPB as sketched in Figure 2. 
The SHPB is largely composed of a striker, incident bar and transmission bar. When the striker 
fired through the gas gun strongly collides with the incident bar, the specimen located between 
the incident bar and the transmission bar is stretched in tensile mode generating a tensile wave. 
This elastic wave is transmitted through the incident bar and then reaches the boundary 
between the incident bar and the specimen. On reaching the specimen, a part of this incident 
pulse is reflected, and the rest is transmitted to the transmission bar. [4]. In this experiment, the 
stress, strain, and strain-rate versus time can be obtained from the records of strain gages on 
the incident and transmission bars by using the well- established elementary linear elastic wave 
propagation theory. Based on this theory, the strain in the specimen is directly proportional to 
the time integral of the reflected pulse and stress is directly proportional to the amplitude of the 
transmitted pulse. 

 

Figure 2. Schematic of Split Hopkinson Pressure Bar 

As shown in Figure 3, when the initial length of the specimen located between incident bar 
and transmission bar is 𝐿  and the displacement of both ends of the specimen is  𝑢 , 𝑢 .  The 
average strain of the specimen can be expressed as follows. 
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Figure 3. Testing section of Split Hopkinson Pressure Bar 𝜀 =                                                                                                                                             (1) 𝑢 = 𝐶 ∫ 𝜀 𝑑𝑡 + (−𝐶 ) ∫ 𝜀 𝑑𝑡 = 𝐶 ∫ (𝜀 − 𝜀 ) 𝑑𝑡                                                                   (2) 𝑢 = 𝐶 ∫ 𝜀 𝑑𝑡                                                                                                                              (3) 𝐶   is elastic wave speed of bars. The applied load at the each ends of the specimen can be 

expressed as follows. 𝑃 = 𝐸 𝐴 (𝜀 + 𝜀 )                                                                                                                  (4) 𝑃 = 𝐸 𝐴 𝜀                                                                (5) 

Where 𝐸  is Young’s modulus of the bars, 𝐴  is cross-sectional area of the bars. The stress 
through the specimen is constant because of assumption that the short specimen is in 
equilibrium statement during the deformation.  So, it can be expressed  𝑃 ≈ 𝑃 or 𝜀 + 𝜀  ≈ 𝜀 .                                                                                                                          (6) 

Finally, the average stress, strain, and strain rate in the specimen are obtained based on 
hypothesis of equilibrium using the following expressions 𝜎 =  =  𝐸 𝜀                                                                                                                              (7) 𝜀 =  =  ∫ 𝜀 𝑑𝑡                                                                                                                        (8) 𝜀̇ =   𝜀                                                                                                                                                (9) 

 

Table 4: Physical properties of incident and transmission bars  

Properties Units 6061 aluminum alloy 

Density g/cm3 2.70 

Young’s modulus GPa 68 

Tensile strength MPa 310 

Length M 2 

Bar diameter mm 20 
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2.3 Temperature control 

In the SHPB experiment, there was a constraint that the incident bar and transmission bars 
had to pass through the environmental chamber and that chamber should have a small 
dimension, so the environmental chamber was directly fabricated and configured to control 
temperature. The PID control system can be used to control the target temperature. A ceramic 
heater was used to raise the temperature, and liquid nitrogen was purged for cryogenic 
temperatures to control the target cryogenic temperature. 

2.4. Digital Image Correlation (DIC) 

In this study, to secure the reliability of the strain data obtained through SHPB, comparison 
with the strain data obtained through Digital Image Correlation (DIC) was conducted. The DIC 
technique is a non-contact measurement method that can obtain the strain rate of the specimen 
during the deformation process by analyzing the digital image of the speckle pattern. The DIC 
technique was performed with GOM's Aramis Professional software. In order to obtain a 
uniform strain field in the plane from the speckle-patterned surface, the image resolution of the 
high-speed camera was set to 800 × 164 and the frame rate to 65,000 fps. In addition, to ensure 
the in-plane strain field due to the deformation of the specimen, high-speed camera video 
recording for the DIC technique was performed simultaneously during the high-speed 
compression test through the Hopkinson bar. 

3. Results and discussions 

3.1 Effect of strain rate on mechanical properties  

The voltage amplitude measured by strain gauge attached at the incident bar and the 
transmission bars recorded by oscilloscope. The voltage data can be converted to strain 
experienced by each strain gauge, thus stress, strain and strain rate in the specimen can be 
calculated using equations (7) and (8). 

 Figure 4. represents the results of dynamic tensile test of PP and TPO. Dynamic tests were 
carried out by using the 1000𝑠  , 1500𝑠  , 2000𝑠  of strain rates. It can be seen that the 
tensile modulus and failure strain strengths of both materials increased with the strain rates. 
This is because the materials can withstand the higher load under the high strain rate since the 
amount of accumulated damage at the particular strain level decreases as strain increases. This 
is because the loading rate is increased, the time for the damage to develop is less.[7~8] 

 

Figure 4. Stress-strain response for different high strain rates: (a) PP ; (b) TPO 
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3.2 Mechanical properties at temperature effect  

Figure 5. represents the results of dynamic tensile test of PP and TPO in temperature -35 ℃ , 

23℃, 85 ℃.  The results show that the tensile modulus and tensile strength of both materials 
increased at the low temperature. In general, the material tends to a stiffer mechanical behavior 
at the low temperature. 

 

Figure 5. Strain-Stress curves at the strain rate of 1500 𝑠  : (a) PP ; (b) TPO 

3.3 Verification of consistency of SHPB data through DIC 

 

Figure 6. (a) Comparison of strain data from SHPB experiment and DIC , (b) The image of TPO 
by the high speed camera and DIC 

Figure 6 shows the results of SHPB experiments and DIC results. In all the strain data before 
failure, it can be seen that the two data are almost similar, whereas from 0.08ms, the strain field 
on the surface of the specimen is distorted as the strain begins to occur in the specimen.  

Through this, it was confirmed that the strain measurement of SHPB was reliable through 
similarity to the DIC data until the DIC analysis area was broken. 

 

4. Conclusions 
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In this study, the strain rate dependent mechanical behavior of PP and TPO was 
investigated under the high strain rate and various temperatures by using the split 
Hopkinson bar equipment. Dynamic mechanical properties such as the stress, strain and 
strain rate of the specimen was obtained by elastic wave theory. Firstly, the dynamic 
tensile tests were performed with respect to the strain rate. Then the behavior 
according to temperature was also confirmed with strain rate. 
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Abstract: Plastic packaging, predominantly made from polypropylene (PP) and polyethylene 
terephthalate (PET), has a low service life and is currently the main purpose of synthetic 
polymers. A lot of effort has been made to keep this valuable resource within a material cycle, 
however, a significant decrease in many material properties is usually observed, which is also 
referred to as downcycling. In contrast, the subject of this work is to explore the potential of 
recycled thermoplastics for upcycling processes using them as thermoplastic matrix in fiber-
reinforced composites. Therefore, different types of recycled PP (rPP) and PET (rPET) were 
characterized in terms of viscosity and molecular weight to be used in a polymer melt spinning 
process that is combined with a glass fiber spinning line to enable the manufacturing of hybrid 
yarns. The comparison of unidirectional rPP and virginPP-based composites by using the hybrid 
yarns reveals a slight decrease in composite performance, serving as a first benchmark for such 
an approach.  

Keywords: polymer melt spinning; hybrid yarn; recycled polymers; fiber-reinforced 
thermoplastic composites 

1. Introduction 

It is known that multiple processing of thermoplastic polymers leads to degradation of the 
molecular chains due to high process temperatures and shear forces. This is accompanied by 
losses in terms of further processing and usage properties. The extent to which these take effect 
in turn determines for which areas of application and under which processing conditions the use 
of recycled polymers makes sense. Plastic packaging, which is predominantly made from 
polyolefins and PET, has a short service life and is currently the main use for synthetic polymers. 
The object of this work is to explore the potential of recycled thermoplastics for upcycling 
processes in which they are used as a thermoplastic matrix in fiber-reinforced composites.  

Hybrid yarns are an ideal material in order to produce thermoplastic composites. The matrix 
material is placed in form of endless thermoplastic filaments between the endless reinforcing 
fibers (Figure 1), so that the high viscous melt must pass very short flow paths during composite 
manufacturing resulting in outstanding consolidation quality. Especially, complex thermoplastic 
light weight parts produced by Tailored Fiber Placement (TFP) technology benefit from the usage 
of hybrid yarns since it allows the arrangement of fibers even along small radii [1]. Further, the 
amount of required reinforcing fibers for composite manufacturing is reduced to a minimum by 
TFP, so that this approach inherently fulfils the demand of resource efficiency.  
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Based on the wide experience on polymer melt spinning as well as the simultaneous spinning of 
glass and thermoplastics for hybrid yarn manufacturing recycled polypropylene (rPP) and 
polyethylene terephthalate (rPET) are used to serve as raw material in this work [2].  

Since recycled thermoplastics are subjected to degradation when passing through several 
processing cycles their molecular weight is reduced. Moreover, the introduction of fillers, 
pigments, and processing additives as well as residuals from packaging are accumulated in the 
recycled thermoplastic and lead to new challenges for subsequent processing; in particular, the 
fiber spinning process requires defined processing windows of viscosity and purity of the 
polymer melt. The aim of this work is: (i) a feasibility study to define the conditions that allow a 
stable hybrid yarn spinning with recycled thermoplastics for TFP made preforms and (ii) 
providing benchmarking data for the comparison of the mechanical performance of composites 
produced by virgin against recycled materials.  

 

 

Figure 1 : Scheme of the simultaneous spinning process of glass and thermoplastic filaments for 
hybrid yarns 

 

2. Experimental 

2.1 Materials 

As a virgin and reference material a homopolymer PP was used (granulated, HG475FB, Borealis) 
that is known to provide good spinnability. The melt flow rate (MFI) at 230 °C/2.16 kg is 
MFI = 27 g/10 min, and the melting temperature is given with 161 °C determined by differential 
scanning calorimetry. The recycled PP (rPP) was provided in form of flakes (Thees Natur PP, 
Thees Kunststoffverarbeitung GmbH, Germany) with MFI = 40 g/10 min. 
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As a PET virgin material PET RT20 (INVISTA Resins & Fibers GmbH, Germany) was used. The 
recycled PET types C/TR-04, O-08 und O-12 (Veolia MultiPet GmbH, Germany) were provided 
with increasing degrees of impurity in form of bottle flakes.  

The glass fiber spinning was carried out using a standard E-glass composition. During hybrid yarn 
spinning the same standard PP-compatible sizing was applied on all produced yarns. The sizing, 
consisting mainly of a PP-film forming agent (Aquacer 598, BYK, Germany) and aminosilane 
(AMEO, Evonik, Germany), is applied on both types of filaments during the commingling process 
by the sizing applicator roll.  

 

2.1 Methods 

Polymer processing. Many of the recycled PP and PET materials are provided in form of flakes 
that are made by shredding different packaging materials. The melt spinning process requires a 
homogenous polymer to avoid differences in the polymer viscosity that would lead to unstable 
spinning conditions or even fiber rupture. This homogenization is received by an additional 
compounding and extrusion step so that granules are produced out of the flakes. In this work 
this was done by a twin-screw compounder (ZE 25 R/A Ultra Glide, Berstorff). Further, residuals 
in forms of particles and fibers (Figure 2) resulting from previous usage are still present in the 
polymer. In order to increase the polymer purity to avoid clogging of the spinning nozzles, the 
residuals are filtered out by sieves of different mesh sizes. Selected PP samples have therefore 
been extruded two or three times; filtering was realized by sieves of 15 µm up to 120 µm mesh 
size; the extrusion was carried out at 220 °C or 250 °C, respectively. 

 

Figure 2 : Examples of typical residuals found in rPP and recycled PET C-TR 07; light microscope 
images of thin polymer layers received by pressing a melt droplet between glass sheets, a) fiber 
bundles and particles (PP); b) a single fiber with a length of 908 µm (PP), c) label residue (PET) 

Polymer and hybrid yarn spinning. Principle tests of spinnability were carried out at a piston 
spinning device that was constructed and built up at IPF with different spinning parameters. The 
hybrid yarns we spun utilizing a pilot spinning line by combining a glass melt spinning and 
polymer melt spinning process using a drawing velocity of 486 m/min. This velocity is sufficient 
to draw the polymer into filaments that will serve as matrix provider during composite 
manufacturing. 

Molecular weight. For the molecular weight analysis (number and weight average Mn and Mw) 
the high temperature gel permeation chromatography (HT-GPC) was utilized (GPC220, Polymer 
Laboratories) with a streaming velocity of 1.0 ml/min at 150 °C.  
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Viscosity. The complex viscosity was determined by the rotational rheometer ARES-G2 (Waters 
TA Instruments, USA). All experiments were performed in parallel plate geometry, 25 mm 
diameter, at temperatures of 180 °C-250 °C for PP and 260 °C-300 °C for PET.  

Unidirectional composites. Filament winding of the hybrid yarns followed by compression 
molding was used to manufacture unidirectional composites with a glass fiber volume fraction 
of 50 %. The processing regime was as follows: heating up to 250 °C with a heating rate of 
15 K/min at 10 bar; increasing the pressure to 45 bar for 2 min; reduction of the temperature 
and pressure down to 165 °C and 10 bar; cooling down to 40 °C with 15 K/min. Specimens for 
mechanical testing were cut out of the unidirectional plates using a rotating diamond saw. 
Tensile tests (ISO 527-5) and transverse tensile tests (ISO 527-4) were performed. 

Micro-computed tomography (µCT). The particle size and distribution of impurities inside the 
recycled polymers were caried out with µCT investigations (CT-ALHA, Procon X-Ray GmbH, 
Sarstedt). The samples were scanned with 960 projections using X-Ray of 90 keV/120 µA. With 
a resulting image resolution of 4 µm the particle quantification was done with 3D image analysis 
software VG Studio MAX 3.5 (Volume Graphics GmbH, Heidelberg). 

 

3. Results 

3.1 Viscosity  

The complex viscosity has been determined for PP and PET in the temperature range that will 
be achieved during polymer spinning for the hybrid yarns. As a rule of thumb, the complex 
viscosity of the thermoplastic polymers should range between 100 Pa·s and 1000 Pa·s to fulfil 
the requirements of spinning. Both, the virgin-PP and rPP type meet this demand even at high 
temperatures of 250 °C. In the case of PET, a significant reduction of the viscosity is observed 
already at very low angular frequencies. Besides the virgin PET, the recycled PET type C/TR-04 
reveals an appropriate viscosity. In contrast, the viscosity of the recycled PET types O-08 and O-
12 strongly ranges underneath the limit of 100 Pa·s, so that they have not been considered for 
spinning trials. 

 

Figure 3 : Complex viscosity depending on the angular frequency determined for a) PP types 
and b) PET types at different temperatures 
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3.2 Molecular weight analysis 

The number (Mn) and weight average molecular weight (Mw) was determined for virgin PP (vPP) 
and rPP after passing through various process steps. Since the virgin PP and rPP are not of the 
same polymer type, the values of both materials cannot be compared directly, however, it 
becomes obvious, that the molecular weight of rPP is on a much lower level that corresponds to 
roughly one third of the virgin PP. However, the treatment by the different extrusion cycles and 
temperatures did not lead to any further decrease. Also, the additional heat and shearing 
stresses during spinning using the piston spinning device did not result in further reduction of 
Mw and Mn. 

The PET samples have been analyzed in the as-received state and the values of Mn were found 
to range between Mn = 51,000 g/mol for the virgin-PET, as well as 42,000 g/mol for C/TR-04, 
33,000 g/mol for O-08 and 32,000 g/mol for O-12. Referring to the low values of complex 
viscosity the reduction of Mn by more than 10,000 g/mol does strongly limit the spinnability.  

 

Figure 4 : Number and weight average molecular weight of recycled PP before and after 
different compounding and extrusion events 

 

3.3 Purification 

The size of the particles and fibers that were found as residuals in the recycled polymers does 
not only need to be considered with regards to nozzle blocking. The filtration of polymers during 
processing is done as a standard procedure to prevent any damage of the devices by big particles 
of any origin. The always available residual particles in recycled polymers carry the risk of high-
pressure build-up in the processing equipment due to clogging of those filters. As a standard 
sieve a mesh size of 40 µm is used in the spinning devices. The rPP was selected to determine 
the particle diameter distribution after processing the material at 220 °C by using mesh sizes 
underneath and above this value to learn about the achievable purification. The particle 
diameter distribution in Figure 5 shows that a clear purification effect is observed by the sieve 
with a mesh size of 15 µm. In the other cases, the maximum values are reduced or a wider 
distribution can be observed. Further investigation was done by µCT-analysis (Figure 6) after 
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filtration by a 40 µm and a combined filtration of 40 µm and 15 µm mesh size. Again, it shows 
the effectiveness of the small mesh. However, the filtration by larger mesh sizes is necessary as 
a first step since otherwise the pressure in the compounding unit increases drastically.  

 

 

Figure 5 : Particle diameter distribution after filtration of rPP at 220 °C using different sieves 

 

Figure 6 : µCT-analysis of particle distribution in rPP after filtration using sieves with a mesh 
size of 40 µm or a combination of 40 µm and 15 µm 

 

3.4 Hybrid yarn manufacturing and composite testing 

rPP was selected for the upscaling in hybrid yarn spinning trials. The material was filtered 
accordingly and rovings with a total fineness of 160 tex (118 tex glass, 42 tex polymer) have been 
manufactured at a temperature of 220 °C for rPP and 235 °C for virgin PP adding 2% coupling 
agent (SCONA TPPP 9212 GA, BYK, Germany).  

The unidirectional composites made of the produced hybrid yarns have been tested transverse 
and along the fiber direction (Figure 7). Since the same sizing was applied on both hybrid yarns 
the reduction of the properties is mainly attributed to the degradation of the matrix. However, 
it should be kept in mind that the interphase properties are also determined by the interaction 
of the sizing with the matrix polymer [3] that might be different if the molecule chain length of 
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the matrix polymer is shortened. The matrix degradation during processing leads to a reduction 
of the tensile strength that is more pronounced in transverse direction, as expected, by about 
32%.  

 

Figure 7 : Comparison of the mechanical properties of unidirectional composites produced by 
winding of hybrid yarns made of vPP and rPP  

 

4. Summary  

This work showed the feasibility in principle of using recycled PP in hybrid yarns to serve as 
matrix polymer for composites; the usage of recycled PET was limited by the low melt viscosity 
of recycled PET types. It can be assumed that the usage of additives and also the adaption of the 
sizing in subsequent works might lead to an increase of the achieved mechanical composite 
performance. However, the filtration efforts that are required to enable fiber spinning are a 
clear downside and need to be evaluated with regards to economic efficiency.  
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Abstract: The industry uses more and more thermoset composites owing to their outstanding 

properties and high versatility. Nevertheless, this class of materials which cannot be repaired nor 

recycled raise a major problem regarding the transition from a linear towards a circular 

economy. One solution to this problem involves a new class of materials coined vitrimers. Herein, 

we develop a promising high-performance epoxy vitrimer with a high glass transition 

temperature for aeronautics applications and compatible with conventional composite 

manufacturing processes. The ability of these vitrimers to fulfil all processing specifications such 

as viscosity, reactivity and gel time was verified. For the first time a complete rheological study 

was performed on high performance epoxy vitrimer systems possessing the same 

thermomechanical properties as the reference thermoset analogue. The first results were 

promising for making reprocessable epoxy vitrimer composites. 

Keywords: vitrimer; composite; epoxy; rheology; reprocessable 

1. Introduction 

Aeronautics uses more and more thermosets for high performance applications (e.g. structural 

parts such as fuselage or wings) thanks to their outstanding mechanical properties, resistance 

to solvents and versatility in application.  They are also used in many other areas such as 

transportation in general or energy (e.g. wind turbines). Nevertheless, these important materials 

raise a major problem regarding their recyclability as they are intrinsically insoluble and 

infusible. Even if these properties are considered as major assets during their lifetime, they 

become important drawbacks at the end of their life as they are very difficult to recycle. (1) 

To improve their mechanical properties, thermosets are generally associated with 

reinforcements such as carbon fibres, glass fibres, carbon nanotubes, graphene and many 

others. One of the challenges regarding the recycling process consists in separating the 

reinforcement from the matrix. Current processes use thermolysis (the matrix is degraded at 

high temperature) (2,3), solvolysis (4) or other methods (5) enabling reinforcements recovery  

but mostly with altered mechanical properties. Therefore, these fibres cannot be recycled 

several times and used for the same applications as they were initially designed for. (6,7) 

An interesting way to recycle thermoset composites would be to work on the chemical structure 

of the thermosets before they are produced in order to introduce reprocessable and recyclable 

properties. Vitrimers open up great opportunities towards sustainable materials by producing 
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reprocessable thermosets based on dynamic exchanges endowing the vitrimers with a 

behaviour similar to that of glass above the glass transition temperature (Tg). (8) 

Many efforts have been made in the past two decades to produce reprocessable, healable and 

recyclable thermosets by introducing reversible bonds into the polymeric networks, including 

reversible non-covalent interactions (e.g. hydrogen bonds) and reversible covalent exchanges. 

Thermosets with non-covalent interactions are often weak and could not withstand large stress 

making them not suitable for structural applications. Alternatively, polymer networks with 

reversible covalent bonds, known as covalent adaptable networks (CANs), offer an attractive 

way to make thermosets with good mechanical integrity combined with thermoplastics-like 

behaviour at high temperature. CANs are generally divided into two groups depending on their 

exchange mechanism: dissociative CANs and associative CANs. The first group, dissociative 

CANs, are constituted of reversible chemical reactions based on dissociative exchange 

mechanisms, meaning the cross-link bonds break upon heating and reform at lower 

temperature resulting in a decrease of network connectivity and modification of the cross-

linking degree during network rearrangement. Hence, such exchange reactions lead to a sudden 

drop of viscosity with the increasing temperature; as a result, the network cannot maintain its 

dimensional integrity at high temperature. For instance, the Diels-Alder (DA) reaction is typically 

representative of dissociative CANs. The second group, associative CANs, keep their cross-link 

density constant during thermal activation with an unchanged number of chemical bonds during 

reprocessing. In fact, bond breaking only occurs when a new bond is formed. (9–11) 

In 2011, Leibler and co-workers coined this new polymeric material based on associative CANs, 

“vitrimer”. This first vitrimer was obtained by adding transesterification catalysts into 
epoxy/acid or epoxy/anhydride polyester networks. This catalyst promoted transesterification 

reactions with control over the exchange kinetics by varying the quantity of catalyst initially 

introduced. (12) Vitrimers are now considered as the third class of polymeric material alongside 

thermoplastics and thermosets. At service temperature, vitrimers behave like traditional 

thermosets, which have good thermal and mechanical properties. However, when heated above 

a specific temperature, the exchangeable reaction (such as transesterification) occurs. In the 

past decade, various chemistries have been implemented for vitrimers purposes including 

carboxylate transesterification (13–15), transamination of vinylogous urethanes (16–18), 

transalkylation (19–21), disulfide exchange (22–25) or imine exchange (26–28), to name a few. 

From the composite standpoint, vitrimer matrices based on chemistries cited above have 

started to be used to produce composite materials with different reinforcements such as carbon 

fibres (29–31), carbon nanotubes (32–34), graphene (35–37), glass fibres (38) and few others 

(39–41). 

Despite the significant scientific interest of those chemistries, their use in practical industrial 

applications is not straightforward. Indeed, many issues are inherent to the chemical nature of 

each system such as scalability, use of a catalyst, thermal stability or low mechanical properties. 

Here we report a catalyst-free new epoxy vitrimer system based on the commercial epoxy resin 

RTM6-2, readily upscalable with composite manufacturing processes and which could be 

reprocessable, repairable and recyclable. 

2. Experimental 

2.1 Materials 
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HexFlow® RTM6-2 Part A (4,4'-Methylenebis[N,N-bis(2,3-epoxypropyl)aniline]) and Part B (4,4'-

Methylenebis(2,6-diethylaniline) 60-100%, 4,4'-Methylenebis(2-isopropyl-6-methylaniline) 30-

60%) were purchased from Hexcel. 4-aminophenyl disulfide (4-AFD) was purchased from 

Molekula group. 

2.2. Characterizations 

Differential scanning calorimetry (DSC) analyses were performed with a DSC 25 TA instruments 

under nitrogen atmosphere at a heating rate of 10°C/min from -50°C to 350°C. 

Thermogravimetric analyses (TGA) were performed with a TG 209 F3 Tarsus Netzsch under 

nitrogen atmosphere at a heating rate of 10°C/min from 30°C to 950°C. 

Rheological analyses were performed with a rheometer MCR 302 Anton Paar. Oscillatory 

measurements using parallel plates of 25 mm diameter with a gap of 0.5 mm, an angular velocity 

of 10 rad/sec and a strain of 4% were typically used. 

2.3. Synthesis of RTM6-2 vitrimer 

The reference epoxy network was prepared following the recommendation of Hexcel by adding 

6.81 g of RTM6-2 part B preheated at 90°C to 10 g of RTM6-2 Part A preheated at 80°C both for 

12 hours. Then, the mix was stirred slowly at 80°C for 30 minutes.  

For the vitrimer network, 5.45 g of 4-AFD preheated at 80°C was added to 10 g of RTM6-2 Part 

A preheated at 80°C both for 12 hours and then stirred slowly at 80°C for 30 minutes. This was 

followed by a curing process at 180°C for 90 minutes for the RTM6 and 130°C for 60 minutes 

then 180°C for 15 minutes for the RTM6 vitrimer to obtain the plates. 

3. Results and discussion 

To prepare the above-mentioned vitrimer, the harderner usually used in the Hexcel formulation 

was fully replaced by a dynamic hardener (4-AFD). This harderner is constituted of disulfide 

linkages which undergo exchanges at high temperature introducing the desired vitrimer 

properties.  This change in hardener is expected to have an influence on the curing behaviour of 

the RTM6 resin. To better evaluate this influence, different experiments were conducted to 

study the reactivity of 4-AFD with the RTM6 resin. Through this study, a careful comparison was 

conducted between the non-dynamic RTM6 reference and the vitrimer counterpart. 

The thermal stability analysed by TGA (Table 1) of the network which is an important criterion 

for processing and reprocessing showed that dynamic network possesses a lower degradation 

temperature compared to the non-dynamic reference.  An onset degradation of 5% is observed 

at 286.5 °C for the vitrimer while the reference is stable up to 345 °C. Luzuriaga and coworkers 

observed the same decrease of degradation temperature with their DGEBA counterpart (31). 

This difference is very likely due to the presence of the disulfide bridges, known to be less 

thermally stable than the carbon-carbon bonds. 

From DSC thermograms (Figure 1), similar glass transition temperatures were obtained for the 

reference and vitrimer network. However, the enthalpy of crosslinking of the vitrimer was 

largely increased by 27% compared to that of the reference network, indicating its internal 

energy is higher. Furthermore, the exothermic peak has been lowered by more than 40°C for 
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the vitrimer compared to RTM6, showing that crosslinking reactions occurred at lower 

temperatures (Table 1). 

Table 1: Thermal properties of RTM6 and RTM6 vitrimer obtained by DSC and TGA analyses. 

 Tg0 [°C] Enthalpy [J/g] Exothermic peak [°C] Tg∞ [°C] Td [°C] 

RTM6 -16.50 459.9 242.0 222.51 345.0 

RTM6 vitrimer -10.51 585.1 200.5 233.06 286.5 

 

 

Figure 1: DSC thermograms of the uncured RTM6 and RTM6 vitrimer. 

Before evaluating the crosslinking kinetics, the linearity zones at different isothermal 

temperatures in oscillation mode were determined. A strain of 4% and an angular frequency of 

10 rad/s were selected and used in all curing profiles. 

The initial complex viscosities for RTM6 and RTM6 vitrimer all lie between 50 and 100 mPa.s for 

isotherms ranging from 110°C up to 150°C (Figure 2). This indicates that the introduction of 4-

AFD as hardener does not considerably change the viscosity of the resin at the initial curing stage 

which is an important parameter for processing techniques such as RTM.  Nevertheless, even if 

the initial complex viscosities are comparable for both networks, the time to reach 106 mPa.s is 

much faster for the RTM6 vitrimer. Indeed, the reactivity seems faster for the vitrimer system in 

accordance with the DSC thermograms obtained previously. 

In addition to the complex viscosity, the storage and loss modulus were also followed during 

crosslinking kinetics. Gel times corresponding to the time at which the evolving dynamic storage 

(G′) and loss (G′′) moduli cross over during an isothermal cure were determined at different 
temperatures (Table 2). 
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Figure 2: Complex viscosity as a function of time during curing at different isotherms for RTM6 

and RTM6 vitrimer to assess the crosslinking kinetics. 

Table 2: Gel times for curing at different isotherms for RTM6 and RTM6 vitrimer. 

Gel time [min] 120°C 130°C 140°C 150°C 

RTM6 340 202 140 91 

RTM6 vitrimer 53.5 34.5 21.5 16 

 

The gel times are much shorter for the RTM6 vitrimer compared to standard RTM6, confirming 

the increase of reactivity and crosslinking kinetics with the 4-AFD hardener. This information is 

important to further adapt the processing conditions for composite manufacturing.  

Subsequently, to prove the capacity of the RTM6 vitrimer to be reprocessable, the material was 

ground and reprocessed above its glass transition temperature by compression moulding at 220 

°C for 30 min. The new plate obtained had a satisfying aspect (Figure 3). 

 

Figure 3: RTM6 vitrimer (Tg >210°C) reprocessed using a hot-press after grinding. 
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4. Conclusions 

In our work, we produced an epoxy vitrimer from the high performance RTM6-2 epoxy 

thermoset and 4-AFD hardener containing dynamic disulfide bonds. We have shown that both 

networks have comparable properties although the RTM6 vitrimer crosslinks at lower 

temperatures and has a higher reactivity, while showing new features such as reprocessability 

as presented previously. Therefore, the RTM6 vitrimer could be used as a matrix to manufacture 

polymer composites using industrial manufacturing processes such as resin transfer moulding 

or infusion. Furthermore, raw materials are already available in large volumes, which offers 

great opportunities for manufacturing high performance vitrimer composites at an industrial 

scale. 
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Abstract: The large-scale additive manufacturing (AM) process provides unique potential with 

the ability to fabricate large thermoplastic composite structures with complex features by 

leveraging extrusion processes. To design load bearing structures manufactured with this 

technology it is essential that engineers have a deep understanding of the material systems that 

can be processed with this equipment. Material characteristics such as elastic modulus, ultimate 

strength, and strain to failure are essential for engineers to design safe and predictable 

structures and parts. The quasi-static tensile and compressive response was evaluated in the two 

primary directions within the 13-plane (along and through the thickness of the printed bead) for 

parts manufactured from short carbon fiber reinforced polyethylene terephthalate-glycol (PETG) 

and polycarbonate (PC) on a Cincinnati Big Area Additive Manufacturing (BAAM) work cell. 

Carbon reinforced PETG and PC were chosen as they provide a balance between feedstock cost 

and mechanical performance appropriate for structural applications. Tensile properties were 

measured using a thickness-modified ASTM D638-14 with as-printed coupons. Compressive 

properties were measured using ASTM D6641-16 with printed samples that were machined into 

a flat plate to characterize the continuous area at the center of the deposited extrudate. Digital 

image correlation was used on all specimens during experiments to capture full-field strain 

behavior. Tensile and compressive performance of carbon reinforced PETG and PC was compared 

in various orientations to establish engineering properties that can be used for structural design 

inputs. 

Keywords: Large-scale additive manufacturing; thermoplastic composites; big area additive 

manufacturing (BAAM); standardized testing. 

1. Introduction 

This paper summarizes and then compares the tensile and compressive quasi-static response of 

two carbon fiber reinforced thermoplastic materials manufactured into panels using large-scale 

polymer extrusion additive manufacturing on a Cincinnati BAAM machine. Tensile and 

compressive properties including strength and elastic modulus are important in the design of 

structural elements. This study used methods based on ASTM D638-14 standard test method 

for tensile properties of plastics [1] to measure the tensile properties of as-printed type III 

dumbbell-shaped specimens and ASTM D6641-16 standard test method for compressive 

properties of polymer matrix materials using a combined loading compression test fixture [2] to 

measure the compressive properties of machined flat material. These two standards were 

chosen in order to evaluate their potential for characterizing large-scale additively 
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manufactured composites and to explore what adaptations may be necessary in order to use 

these existing test standards for a wider array of material systems. 

The material used in this study was printed in a box configuration modeled as solid rectangular 

boxes on a BAAM machine as shown in Figure 1. There was no infill, top, or bottom layers, and 

only one perimeter. The bead width achieved was nominally 15.9-mm thick in the walls. The 

boxes were cut into panels in a secondary process and as-printed tension samples were 

extracted. Some areas of panel were faced equal amounts on both sides using a Laguna 

Computer Numerical Controlled (CNC) router to expose a 7.5-mm thick flat continuous center 

of the extruded panel for prismatic compression samples. Two materials were printed for this 

study: PETG/CF using TechmerPM Electrafil 1711 3DP [3] feedstock and PC/CF using Sabic 

feedstock. 

 

Figure 1: Image of BAAM print 

A coordinate system was adopted to describe the directionality of the material, shown in Figure 

2 with a representative graphic of a panel of as-printed AM material in the 13-plane. 

 
Figure 2: Additively manufactured material cartesian coordinate system 
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2. Quasi-static Testing Methods 

2.1 Tensile Testing 

Tensile testing was conducted using ASTM D638-14, a widely accepted standardized test 

method for characterizing the tensile response of plastics. A modified type III specimen [1] was 

used with the thickness that was determined by the as-printed thickness of the panel the 

samples were extracted from. The rate of testing chosen was 1.2-mm/min based on previous 

work done at the University of Maine combined with guidance for tensile polymer-matrix 

composite testing given in ASTM D3039-17 [4], which calls for a standard rate of crosshead 

displacement of 0.05-in/min (roughly 1.2-mm/min). All specimens were conditioned at standard 

laboratory conditions for at least 88-hours prior to testing in accordance with ASTM D618-21 

procedure A [5]. 

 
          (a) 

 
                     (b) 

Figure 3 : ASTM D638-14 type III specimen geometry 

(a) longitudinal 11-specimen & (b) through-thickness 33-specimen 

Tests were conducted with an Instron WaveMatrix program designed to drive the position-

controlled test using a constant crosshead displacement linear rate of 1.2-mm/min as the speed 

of testing. This was found to produce failures in an acceptable amount of time as outlined in 

section 8.2 of ASTM D638-14. Figure 4 shows the tensile testing setup that was used during this 

study. A spray painted stochastic patten was generated using a flat white background speckled 

with flat black dots for use with a digital image correlation (DIC) system. Post-processing of DIC 

data was conducted in GOM Suite 2021 [6] and a screenshot of a tensile coupon’s full-field strain 

from GOM Correlate Pro is shown in Figure 5 below.  

 

Figure 4 : ASTM D638-14 test setup 

 

Figure 5 : Screenshot from GOM Correlate to 

show calculation area 
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2.2 Compression Testing 

Compression testing was conducted using a method developed based on ASTM D6641-16 

standard test method for compressive properties using a combined loading test fixture [2]. 

Figure 6 below shows the specimen geometry that was cut from the 7.5-mm thick flat panels 

using a waterjet.  

 

Figure 6 : ASTM D6641-16 combined loading compression (CLC) specimen geometry 

Figure 7 shows the test setup used to conduct position controlled constant head speed quasi-

static compression tests at a crosshead displacement rate of 1.3-mm/min. This test fixture is 

used to characterize the compressive properties by loading the specimen in both direct end-

loading and shear-loading. Full-field strain measurements were collected using the same 

methods described for tensile testing in the previous section and a screenshot of the strain field 

shown in the analysis software is given in Figure 8. 

 

Figure 7 : ASTM D6641-14 CLC test setup 

 

 

Figure 8 : Screenshot from GOM Correlate to 

show calculation area 

The setup and use of the CLC test fixture has more steps than simply gripping the tensile samples 

in the Instron grips for ASTM D638-14. The procedure used with the CLC fixture was as follows; 

insert specimen into the fixture using an alignment jig in order to assure a consistent and 

centered location within the fixture, torque all eight bolts on the fixture to 25-in-lb as indicated 

in ASTM D6641-16, and then load the fixture into the Instron test frame on top of a fixed platen 

and then bring the top of the fixture into contact with a self-leveling platen. 
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3. Quasi-static Testing Results 

3.1 Tensile Testing 

Tension tests were conducted on specimens oriented in two directions within the 13-plane: the 

longitudinal or axial 11-direction, and the through-thickness 33-direction. Multiple specimens 

were tested in each orientation and the results were averaged to provide a single value for 

characterization. Figure 9 shows on the left typical failed PETG/CF and on the right typical failed 

PC/CF specimens tested for this study with 11 samples on top and 33 on bottom. All specimens 

used in this study had failures in the straight narrow region of the specimen or right at the 

termination of the radius leading into this section of the coupon. 

 

 
 

 

 

 

Figure 9: Tension testing – failed specimen images (left) PETG/CF & (right) PC/CF 

Table 1 gives a summary of the average tensile properties for both material systems in both the 

print direction (1) and build direction (3) as well as the associated coefficients of variation (COV) 

and number of specimens tested (N). Figure 10 gives two representative stress-strain curves for 

the tensile data collected. On the left shows the representative curves for PETG/CF and on the 

right shows the representative curves for PC/CF.  

Table 1 : Tabulated tension data for PETG/CF and PC/CF 

Material Property Units 
PETG/CF PC/CF 

11 (N = 7) 33 (N = 9) 11 (N = 5) 33 (N = 7) 

Ultimate Strength MPa (% COV) 86.9 (2.47) 10.9 (9.53) 88.2 (4.35) 28.2 (1.91) 

Elastic Modulus GPa (% COV) 12.1 (3.65) 2.72 (1.61) 8.08 (3.75) 2.61 (1.63) 

Poisson’s Ratio - (% COV) 0.378 (7.19) 0.387 (9.30) 0.392 (11.5) 0.388 (2.28) 

Strain at Failure % (% COV) 1.29 (6.81) 0.435 (14.4) 1.57 (5.04) 1.22 (2.12) 

  
Figure 10: Representative tensile stress-strain curves (left) PETG/CF & (right) PC/CF  
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3.2 Compression Testing 

Compression tests were conducted in the same orientations as tensile testing; the longitudinal 

1-direction aligned with the print direction and the build (through-thickness) 3-direction. 

Multiple specimens were tested in each orientation and the results were averaged to provide a 

single value for characterization. Figure 11 shows on the left typical failures observed in PETG/CF 

specimens and on the right PC/CF specimens tested for this study. All compression specimens 

failed in the gauge region. 

 

 
 

 

 

 
 

 

Figure 11 : Compression testing – failed specimen images (left) PETG/CF & (right) PC/CF 

Table 2 gives a summary of the average tensile properties for both material systems evaluated 

as well as the associated coefficients of variation (COV) and number of samples tested (n). Figure 

12 gives two representative stress-strain curves for the tensile data collected. On the left shows 

the representative curve for PETG/CF and on the right shows the representative curve for PC/CF.  

Table 2 : Tabulated compression data for PETG/CF and PC/CF 

Material Property Units 
PETG/CF PC/CF 

11 (N = 5) 33 (N = 4) 11 (N = 5) 33 (N = 5) 

Ultimate Strength MPa (COV) 109 (2.78) 93.6 (1.76) 117 (1.42) 138 (7.43) 

0.2% Offset Strength MPa (COV) 80.9 (5.72) 53.2 (4.27) 65.1 (5.76) 43.1 (25.6) 

Elastic Modulus GPa (COV) 11.5 (5.89) 3.94 (3.08) 8.34 (4.45) 3.47 (11.4) 

Poisson’s Ratio - (COV) 0.422 (12.3) 0.175 (24.6) 0.438 (2.61) 0.143 (28.6) 

Strain at Failure % (COV) 5.21 (18.2) 13.2 (7.29) 4.12 (5.64) 15.3 (9.81) 

  
Figure 12 : Representative compressive stress-strain curves (left) PETG/CF & (right) PC/CF 
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3.3 Results Comparison 

This section presents a side-by-side comparison of the PETG/CF and PC/CF results for tension 

and compression testing done in Table 3 followed by some discussion in the conclusions section 

of this paper. 

Table 3 : Summary of results – tension and compression for PETG/CF and PC/CF 

Result Type  Material Property 

M
a

te
ri

a
l 

Test Orientation 

Ultimate 

Strength 

 

MPa 

(% COV) 

Elastic 

Modulus 

 

GPa 

(% COV) 

Poisson’s 
Ratio 

 

- 

(% COV) 

Strain at 

Failure 

 

% 

(% COV) 

P
E

T
G

/C
F
 

Tension 
11 (N = 7) 

33 (N = 9) 

86.9 (2.47) 

10.9 (9.53) 

12.1 (3.65) 

2.72 (1.61) 

0.378 (7.19) 

0.387 (9.30) 

1.29 (6.81) 

0.435 (14.4) 

Compression 
11 (N = 5) 

33 (N = 4) 

109 (2.78) 

93.6 (1.76) 

11.5 (5.89) 

3.94 (3.08) 

0.422 (12.3) 

0.175 (24.6) 

5.21 (18.2) 

13.2 (7.29) 

P
C

/C
F Tension 

11 (N = 5) 

33 (N = 7) 

88.2 (4.35) 

28.2 (1.91) 

8.08 (3.75) 

2.61 (1.63) 

0.392 (11.5) 

0.388 (2.28) 

1.57 (5.04) 

1.22 (2.12) 

Compression 
11 (N = 5) 

33 (N = 5) 

117 (5.64) 

138 (7.43) 

8.34 (4.45) 

3.47 (11.4) 

0.438 (2.61) 

0.143 (28.6) 

4.12 (5.64) 

15.3 (9.81) 

 

4. Conclusions 

The experimental mechanical characterization in tension and compression in this study used 

two standard test methods ASTM D638-14 and ASTM D6641-16 respectively on AM PETG/CF 

and PC/CF materials showing that they exhibit similar mechanical performance with regards to 

strength, stiffness, and strain response. 

In tension the PC/CF had a slightly higher ultimate strength in the 1-direction, only 1.5% higher 

than the PETG/CF, however, a higher retention of strength through the thickness was exhibited 

with 61% higher strength in the 3-direction compared to the PETG/CF. In the loading direction 

the PETG/CF was 33% and 4% stiffer than the PC/CF in the 1 and 3-directions, respectively. All 

ultimate strength and elastic modulus values calculated in the 1-direction had coefficients of 

variation (COV) less than 5% and less than 10% for the 3-direction that showed more variation 

for the PETG/CF 3-direction ultimate strength. The compressive properties also showed a mix of 

which material exhibited higher properties with the PC/CF again having strengths at 6.8% and 

32% higher for the 1 and 3 directions respectively. Like the tensile response the PETG/CF was 

also exhibited higher stiffness in compression by 27% and 12% for the 1 and 3-directions 

respectively. COVs for ultimate strength and elastic modulus in compression were all less than 

10% except for PC/CF 3-direction elastic modulus, which has a COV just above 10% of 11.4%. 

From this study it was seen that the PC/CF had higher ultimate strengths in both tension and 

compression and the PETG/CF exhibited higher stiffness in tension and compression regardless 

of orientation. In addition, both materials showed higher compressive strengths and similar 

stiffnesses in both tension and compression. 
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Tensile and compressive mechanical properties presented in this paper had relatively low COVs 

for testing conducted on reinforced composite materials, therefore, allowing for confidence in 

their use in supporting engineering analyses and design applications. In addition, the relative 

consistency of the results indicate that ASTM D638-14 and ASTM D6641-16 may be applicable 

for use in characterizing large-scale additively manufactured materials, however, with regards 

to the ASTM D638-14 dumbbell-shaped specimens more than half of the failures observed in 

this study occurred outside of the gauge region defined in the test standard, but within the 

narrow region or termination of the radius leading into that region. This phenomenon of failures 

outside the center-region of the specimen and near this radius warrants further investigation. 

The relatively low COVs on elastic moduli, which used strain values captured using DIC show that 

this versatile non-contact measurement method shows promise for use with large-scale AM 

materials. Additional work is required to better understand failure modes and mechanisms as 

well as investigation of the full-field strains captured using DIC. 
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Abstract:  

The purpose of this study is to investigate the influence of mechanical properties of matrix on 

bending strength of uni-directionally reinforced vinyl ester composite. Four types of vinyl ester 

were prepared as the matrix of the composite, where the mechanical properties were varied. 

Bending strengths and Mode-1 fracture toughness of monolithic resin plates were measured by 

three-point bending tests and single-edge-notch bending tests, respectively. Interfacial shear 

strengths were also investigated by micro-droplet tests. Changes of bending strengths of the 

composites were investigated by three-point bending tests. 2. The bending strength of the 

composites was the highest, when the bending strength of the matrix resin and the interfacial 

shear strength was high. For the materials studied in this research, achieving the consistency of 

high bending strength of the resin and high interfacial shear strength was effective for improving 

the bending strength of the composite. 

Keywords: Uni-directionally reinforced composite; Vinyl ester; Bending strength  

1. Introduction 

Because composite material has high ratio strength and ratio rigidity, is superior in fatigue-

resistant properties, it is essential materials in industry [1]. Composite which functionalized a 

particularly lightweight and high-strength carbon fiber as a reinforcement is used widely in the 

field of not only the field of aerospace but also public industry, and it is predicted that by its 

lightness and the superior dynamics characteristic the market size of the composite will be 

enlarged in future [2],[3]. In late years, in matrix resin used for composite, vinyl ester resin which 

had workability of the unsaturated polyester resin and mechanical properties and adhesive 

properties of epoxy resin attracts attention. In particular, vinyl ester resin was superior in 

corrosion resistance and use of composite which used vinyl ester as matrix resin spread in the 

fields such as chemical equipment or ship [4],[5]. The strength of the composite is not solely 

dependent on the strength of the fibers, but the properties of the matrix determine the damage 

that occurs first, so the properties of the matrix resin must also be considered. Vinyl ester resin 

with various performance including high strength and high tenacity was developed. On the other 

hand, influence of resin properties on mechanical properties of composites which use vinyl ester 

resin as matrix has not been well known yet. In this study, the purpose of this study is to 

investigate the influence of mechanical properties of matrix on bending strength of uni-

directionally reinforced vinyl ester composite. Four types of vinyl ester were prepared as the 
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matrix of the composite, where the mechanical properties were varied. Bending strengths and 

Mode-1 fracture toughness of monolithic resin plates were measured by three-point bending 

tests and single-edge-notch bending tests, respectively. Interfacial Shear Strengths (IFSS) was 

also investigated by micro-droplet tests. The uni-directional composite plates were then 

fabricated by conventional pressing method at elevated temperature condition. Changes of 

bending strengths of the composites were investigated by three-point bending tests. The 

relationships between the bending strength of the composite and the bending strength, Mode-

1 fracture toughness of the resin plate specimen and interfacial shear strength were investigated. 

2. Material and Testing Description 

2.1 Material 

Four types of vinyl ester resins (hereinafter referred to (A), (B), (C), and (D) resins) (DIC 

Corporation) with styrene as the monomer were prepared as the materials of matrix resins.  

Stitched unidirectional carbon fiber cloth with 3.4GPa of nominal tensile strength and 230GPa 

of Young's modulus (TORAYCA cloth UT70-40G, Toray Industries) was prepared as the 

reinforcement.  

2.2 Fabrication process of monolithic resin plate and composite plate 

Figure 1 and 2 shows the fabrication process of monolithic resin plates and composite plates, 

respectively. Each resin was cured at 25 °C for 12 hour and then at 180 °C for 12 hours in the 

mold having thin rectangular space to make the monolithic resin plate. The monolithic resin 

plates with 2 mm and 6mm were obtained after the curing. The number of cloths aligned in the 

unidirectional orientation and the volume fraction of the fibers in the composite plate was 4 and 

50, respectively. The composite plates were obtained by heat pressing under 4 MPa at 25 °C for 

12 hours and then at 180 °C for 12 hours.  

 

Figure 1. Fabrication process of monolithic resin plates. 

 

Figure 2. Fabrication process of composite plates. 

2.3 Bending test 
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Bending test was employed using a universal testing machine (Autograph AG-I, Shimadzu 
Corporation). Figures 3 and 4 show schematic illustrations of test specimen. Coupon specimens 
with the dimensions of 80 mm long × 10 mm wide × 4 mm thick and 100 mm long × 15 mm wide 
× 2 mm thick were cut from the monolithic resin plate and composite plate, respectively. The 
sides of the specimens were finished with a sandpaper before the tests.  The test speed and the 
distance between the fulcrums were 2.0 mm/min and 64 mm in accordance with ASTM D5023 
for the test of monolithic resin specimens, and 5.0 mm/min and 80 mm in accordance with ASTM 
D7914 for composite specimen, respectively. 

  
Figure 3. Specimen of resin plates  for 

bending tests. 
Figure 4. Specimen of composite plates for bending 

tests. 
2.4 SENB test 

Single-edge-notch bending (SENB) test was employed using a universal testing machine 

(Autograph AGS-X, Shimadzu Corporation). Figures 4 shows schematic diagram of test specimen. 

Thick coupon type specimens with the dimensions of 80 mm long × 6 mm wide × 12 mm thick 

were cut from the monolithic resin plates. Notches were introduced as the initial cracks. A pre-

crack was then introduced by sliding a razor blade across the tip of the notch. The test speed 

was 10 mm/min in accordance with ASTM D5045. Critical stress intensity factor KⅠC was 

determined from the failure load Pm by Equation (1) (6), and the fracture toughness in mode1 of 

the test specimens were evaluated. 

 

Figure 4. Specimen of resin plate for SENB tests. 𝐾Ⅰ𝐶 = ( 𝑃𝑚𝐵𝑊12)𝑓(𝑥)                   (1) 

𝑓(𝑥) = 6𝑥12 [1.99−𝑥(1−𝑥)(2.15−3.93+2.7𝑥2)](1+2𝑥)(1−𝑥)32    

𝑥 = 𝑎𝑊   

2.5 Micro-droplet test 

Micro-droplet test was employed using test device (HM410, Toei Sangyo Co., Ltd.) shown in 

figure 5. Figures 6 shows schematic diagram of test specimen. The test speed was 0.12 mm/min. 
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Interfacial shear strength 𝜏 was determined from pull-out load P, fiber diameter d and micro-

droplet length L by Equation (2). 

  

Figure 5. Test machine for micro-droplet 
tests. 

Figure 6. Specimen for micro-droplet tests. 𝜏 = 𝐹𝜋𝑑𝐿                    (2) 

3. Results 

3.1 Mechanical properties of resin and interfacial property 

The mechanical properties of the resin plate specimen obtained from the test results are shown 

in the table 1. It was observed that test results of fracture toughness in mode1 showed trade-

off relations to those of bending strength and interfacial shear strength. 

Table 1: Mechanical properties of resin and interfacial property.  

 (A) (B) (C) (D) 

Bending strength [MPa] 135.2 137.5 131.1 86.7 

Fracture toughness  

in Mode 1 [MPa√𝑚] 
1.32 1.41 1.42 1.75 

Interfacial shear strength [MPa] 22.8 29.2 15.7 12.6 

3.2 Bending strength of composite specimen 

Figures 7 and 8 show stress-strain diagrams and the comparison of bending strengths of the 

composite specimen, respectively.  The bending strength of the composites was the highest, 

when the resin (B) was applied as the matrix resin where the bending strength of the resin and 

the interfacial shear strength was high. On the other hand, the bending strength of the 

composites was lowest, when the resin (D) was applied as the matrix resin where bending 

strength of the resin and interfacial shear strength was low. The fracture strain of the 

composites was also the highest when the resin (B) was applied as the matrix resin, while the 

lowest fracture strain was observed, when the resin (D) was applied. Difference of fracture 

states after bending tests are shown in Figure 9. Brittle fracture behavior was observed, when 

the resin (D) was applied as the matrix resin. On the other hand, ductile fracture behavior was 

observed, when the resin (B) was applied as the matrix resin. 
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Figure 7. Stress-Strain diagrams. Figure 8. Change of bending strength of 

composites. 

 

Figure 9. Difference of fracture states after bending tests. 

The relationships between the bending strength of the composite and the bending strength, 

mode I fracture toughness of the resin plate specimen and interfacial shear strength are shown 

in Figures 10-12, respectively. In order to compare the relationship between the bending 

strength of composite and the matrix resin properties, each resin properties were normalized 

by the lowest value investigated in this study. The bending strength of the composite was 

increased as the bending strength and interfacial shear strength of the resin were increased, 

even if the fracture toughness in mode1 of the resin was decreased. On the other hand, the 

bending strength of composite was decreased when the bending strength of the resin and 

interfacial shear strength was decreased. These results indicated that, for the materials studied 

in this research, achieving the consistency of high bending strength of the resin and high 

interfacial shear strength was effective for improving the bending strength of the composite.  
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Figure 10. Change of bending strength of 

composite with respect to bending strength of 
resin. 

Figure 11. Change of bending strength of 
composite with respect to IFSS. 

 
Fig.12 Change of bending strength of composite with respect to mode-1 fracture toughness of resin. 

4. Discussion 

Difference of crack propagations was explained by a schematic model shown in Figures 13. 

When only the strength of the resin was comparatively high, the interfacial cracks were 

significantly initiated and propagated, even if cohesive failure was prevented and additional 

cracking due to cohesive crack propagation was also prevented. On the other hand, when only 

the interfacial shear strength was comparatively high, cohesive failure was significantly initiated 

and propagated, then cohesive failure dominated the strength of composite, even if the 

initiation of the interfacial crack that would be initial cracks was delayed. When these both 

effects were introduced at once, combination of delay of the initial crack initiation and delay of  

the additional cracking was achived and ductile fracture occurred. As a result, either of 

elemental improvement was not effective to prevent total damage of the composite. This study 

found that achieving the consistency of high bending strength of the resin and high interfacial 

shear strength was effective to improve the bending strength of the composite.  
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Figure 13. Difference of crack propagations. 

5. Conclusion 

1. It was observed that test results of fracture toughness in mode1 showed trade-off relations 

to those of bending strength and interfacial shear strength. 

2. The bending strength of the composites was the highest, when the bending strength of the 

matrix resin and the interfacial shear strength was high. On the other hand, the bending 

strength of the composites was the lowest, when the bending strength of the matrix resin 

and interfacial shear strength was low. 

3. For the materials studied in this research, achieving the consistency of high bending strength 

of the resin and high interfacial shear strength was effective for improving the bending 

strength of the composite.  
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Abstract: This study aims to develop smart 3D woven nano composite by vacuum infusion 

process, which can sense deformation and damage at the joints of complex shapes like T-profile. 

The MXene were delaminated by chemical etching and dispersed in deionised water. In next 

stage, they were sprayed directly on the joint of 3D woven T-profile composite to form a 

conductive coating. The resultant nano composites were subjected to tensile loading to study the 

sensitivity of MXene to applied elongation. Results show that the MXene network is sensitive to 

tensile deformation. It can be concluded from the study that MXene smart strain gauge 

manufactured during this research work can be used for in-situ deformation monitoring of 

complex shaped composites while being cost effective and easy to manufacture. 

Keywords: 3D woven composite; MXene; mechanical testing; T-profile 

1. Introduction 

The quality evaluation of fibre reinforced composites in aerospace, civil and mechanical 

engineering structures is usually accomplished by locating damage via different techniques. 

These damage detection techniques can be broadly classified into two major categories namely 

destructive and non-destructive testing (NDT). Bulk manufactured cost-efficient components 

are often evaluated by destructive testing whereas large complex components, which are not 

feasible to be damaged are evaluated via NDT. Researchers combine various scientific 

techniques to develop systems for sensing damage in the composite structures. Some of the 

NDT methods are ultrasonic testing, radiography, thermographic, acoustic [1], and 

shearography testing [2] etc. However, these methods fail to evaluate the component during its 

actual usage. The concept of structural health monitoring (SHM) becomes important in such 

scenarios where quality of the component needs to be evaluated during its actual usage.   

The most feasible method of SHM is by integrating sensor elements during various stages of 

composite manufacturing. A brief overview of such methods is integrating metallic wires, optical 

fibres [3], yarn coated with conductive dyes [4] etc., in the composite layup or in the fabric 

preform during weaving process. However, placing sensor elements during fabric layup 

introduces defect in the composite structure while integrating the sensor at weaving stage of 

fabric manufacturing imparts damage to the sensor element and often results in improper 

functioning of the sensor. To resolve this problem and enhance the sensing efficiency, 

conductive nanoparticles like MXene [5], carbon nanotube (CNT) [6], graphene [7] etc., are 

either dispersed in matrix or applied as coating on the composite. The mechanical deformation 

of composite structure affects the electrical properties of these nanoparticles, which forms the 

basis of monitoring the structural health of the material.   
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The MXene nanoparticles are two dimensional (2D) structures of titanium carbide Ti3C2Tz 

synthesized from its MAX phase via various etching and delamination methods. The 

manufacturing process of MXene allows bonding of functional groups such as -O, -OH and/or-F, 

denoted as Tz in the formula, to impart wide range of properties. The reported tensile strength 

of MXene nanoparticles is 570 MPa (940 nm thick film) [8]. Recent studies have successfully 

modified MXene to achieve high adhesion with epoxy resin [9]. 

The most common research methodology of effective SHM by MXene nanoparticles is focused 

only on planar surfaces [10]. However, the practical applications of composites consist of 

complex shapes. Such shapes are usually in the form of ‘T’ or ‘I’. One of the most extensively 

used shape is T-profile, which transfers load between mutually perpendicular directions. The 

conventional method of manufacturing T-joint composites is by laying up fabric plies on 2 

opposing ‘L’ shaped rigid mould [11]. The laminated T-joint composite manufactured in this 

manner is reported to have less load bearing capacity and prone to delamination [12]. To 

overcome the structural limitations of laminated composite, the layers of fabric plies are either 

z pinned/tufted [13] or the T-profile preform is 3D woven directly on weaving machine. 

Numerous studies have shown that the 3D woven T-profile composites exhibit higher 

mechanical properties without delamination of constituent layers [14]. 

Majority of the research on NDT techniques for SHM of laminated and 3D woven composite T-

profile has been done via process such as ultrasonic vibration [15], integrating piezoresistive 

layers [16] and electromechanical response of CNT [17], etc. However, there is a research gap in 

deformation and damage sensing of complex shapes by MXene nanoparticles. The aim of this 

research work was to develop smart 3D woven composite T-profile capable of monitoring its 

deformation and damage in real time using MXene nanoparticles. T-profile preform was woven 

on shuttle loom and infused with epoxy resin to manufacture composite.  In the next step, the 

MXene nanoparticles were sprayed at the composite junction region and copper wires were 

soldered to measure the resistance via multimeter. The electromechanical response of MXene 

coating was studied while subjecting the sample to tensile loading.  

2. Materials and Methods 

2.1 Preparation of MXenes 

The MXenes were sourced in their Ti3AlC2 MAX phase. The etching process was done by adding 

the MAX phase to hydrochloric acid and lithium fluoride solution. After stirring for 24 h, the 

multilayer MXene sediment was delaminated using 99 wt.% LiCl. The Ti3C2Tz MXene 

nanoparticles were further centrifuged at 3500 rpm for 10–15 times and rinsed with deionised 

water until the pH of the supernatant reached 6.5. After measuring the concentration of MXenes 

in the supernatant to 0.335 mg/mL, it was finally concentrated to 3.3 mg/mL by centrifuge to 

obtain conductivity in the order of 105 Ω.  

2.2 Weaving of T-profile preform and composite manufacturing 

Fibre reinforcement in the shape of T-profile was woven in folded form on an 8 head shaft dobby 

loom with shuttle insertion. The draft and denting plan as shown in Figure 1a was designed to 

thread glass rovings of 300 tex. The thread density (warp and weft) measured in final fabric was 

8 threads/cm.  
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Bisphenol F resin hardener system CR-122 was used as matrix and the woven T-profile was used 

as reinforcement to manufacture composite via resin transfer moulding process in double ‘L’ 
shaped metal mould. The wet preform was then subjected to 101.3 kPa vacuum for 3 h. The 

preform was cured at room temperature for 24 h and post cured in oven at 80 °C for 5 h.  

To increase the hydrophilicity of epoxy surface, T-profile composite was subjected to argon-

oxygen plasma and sprayed with 10 layers of MXene using airbrush with a 0.4 mm diameter 

nozzle. The composite T-profile was cut into dimensions as shown in Figure 1b.  

 

Figure 1. 3D woven composite T-profile: (a) Weave design and draft; (b) Sample dimensions 

and resistance measurement scheme 

2.3 Tensile testing 

The tensile testing of five composite specimens was carried out on Instron ElectroPuls E10000T 

machine with optical strain sensor and testing speed of 2 mm/min. The specimen dimensions 

and mounting scheme are as shown in Figures 1b and Figure 2, respectively. The copper wires 

were soldered on the MXene coating and silver paste was applied to reduce the contact 

resistance. The resistance measurement was performed with Fluke 287 RMS multimeter by 

using two-probe method. 

 

Figure 2. Tensile testing of T-profile composite 
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3. Results and Discussion 

3.1 Tensile testing results and discussion 

Due to premature failure at the bottom restraints, four out of five samples were successful in 

demonstrating monotonic relation between deformation and resistance values of the MXene 

coating. The graphs of ∆R/R0 against force-displacement for one representative sample is shown 

in Figure 3. ∆R is change in resistance and R0 is initial resistance of the MXene coating. A typical 

graph on T-joint composites can be divided in two distinct zones i.e., initial failure and final 

failure. Initial failure is usually detected as drop in the tensile load values for the 1st time.  

 

Figure 3. Real time deformation monitoring of composite T-profile during tensile loading 

With increase in the tensile load, the stress started to accumulate at the junction region of T-

profile. At 2.47 mm the initial failure occurred. Further loading beyond this point lead to crack 

propagation and ultimate failure of the composite at 6.54 mm in the junction region. The major 

failure mode observed was yarn/matrix damage.  

The resistance values of MXene coating increased linearly in proportion to the applied stress 

which matches well with the previous studies related to MXene based SHM of composites [5], 

[10]. The initial failure of composite was detected as disturbance in the resistance value while 

the deformation due to stress accumulation till failure was detected as steady increase in the 

resistance of the MXene coating. The main source of change in MXene coating resistance is 

quantum tunnelling and contact resistance. Quantum tunnelling is the phenomenon where the 

electrons can transfer between nano flake structures, which has a gap in the order of magnitude 

1 nm. Contact resistance is due to the overlapping of MXene over each other, thus providing a 

continuous path for electrical conductivity. The applied deformation of the composite tends to 

increase the contact and tunnelling resistance of the MXene coating, thereby leading to sensing 

of the damage and deformation. 
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4. Conclusions 

The 3D woven composites T-profile were manufactured by resin transfer moulding process and 

MXene coating was sprayed at the junction region to monitor deformation and damage. The 

results show that the composites were able to sense the initial failure and deformation at the 

junction in real time under tensile loading. The graphs of change in resistance versus force-

displacement were plotted to study the electromechanical response of the MXene layer. The 

following conclusions can be derived from the study: 

• The concept of spraying MXene nanoparticles at the junction of complex shaped 

composite is feasible for real time deformation monitoring.  

• During tensile testing of the samples, the MXene layer was able to sense the total 

deformation till failure in response to the applied displacement.  

Acknowledgements  

This project has received funding from the European Union's Horizon 2020 research and 

innovation programme under the Marie Skłodowska-Curie grant agreement No 777810. 

5. References 

1. Jolly M, Prabhakar A, Sturzu B, Hollstein K, Singh R, Thomas S, et al. Review of Non-destructive 

Testing (NDT) Techniques and their Applicability to Thick-Walled Composites. Procedia CIRP. 

2015; 38:129–136.  

2. Gholizadeh S. A review of non-destructive testing methods of composite materials. In: 

Procedia Structural Integrity. 2016. p. 50–57.  

3. N.Rajic; M. Veidt; A. Mita; N. Takeda; W.K. Chiu, editor. In-Situ Strain Monitoring in Deltoid 

of Composite T-joints using Optical Fiber. In: Structural Health Monitoring: 8th Asia Pacific 

workshop on structural health monitoring. Queensland, Australia; 2021. p. 161–169. 

4. Nauman S, Cristian I, Koncar V. Intelligent carbon fibre composite based on 3D-interlock 

woven reinforcement. Textile Research Journal. 2012;82:931–944. 

5. Shimpi P, Omastova M, Aniskevich A, Zeleniakiene D. In Situ Deformation Monitoring of 3D 

Woven Composite T-Profile Using MXene Nanoparticles. Materials 2022, 15:2730. 

6. Shimpi P, Aniskevich A, Zeleniakiene D. Improved method of manufacturing carbon nanotube 

infused multifunctional 3D woven composites. Journal of Composite Materials. 2021 Nov 14. 

2022; 56:479-489. 

7. Tang LC, Wan YJ, Yan D, Pei YB, Zhao L, Li YB, et al. The effect of graphene dispersion on the 

mechanical properties of graphene/epoxy composites. Carbon N Y. 2013. 60:16-27 

8. Zhang J, Kong N, Uzun S, Levitt A, Seyedin S, Lynch PA, et al. Scalable Manufacturing of Free‐
Standing, Strong Ti3C2Tx MXene Films with Outstanding Conductivity. Advanced Materials. 

2020; 32:2001093. 

9. Zukiene K, Monastyreckis G, Kilikevicius S, Procházka M, Micusik M, Omastová M, et al. 

Wettability of MXene and its interfacial adhesion with epoxy resin. Materials Chemistry and 

Physics. 2021; 257:123820. 

10. Wang X, Lu J, Lu S, Li B, Zhang L, Ma C, et al. Health monitoring of repaired composite 

structure using MXene sensor. Composite Communications. 2021;27. 

520/1602 ©2022 Shimpi et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

11. Stickler PB, Ramulu M. Experimental study of composite T-joints under tensile and shear 

loading. Advanced Composite Materials. 2006; 15:193–210. 

12. Bai JB, Dong CH, Xiong JJ, Luo CY, Chen D. Progressive damage behaviour of RTM-made 

composite T-joint under tensile loading. Composite Part B Engineering. 2019;160:488–497. 

13. Bigaud J, Aboura Z, Martins AT, Verger S. Analysis of the mechanical behavior of composite 

T-joints reinforced by one side stitching. Composite Structures. 2018; 184:249–255. 

14. Yan S, Zeng X, Brown L, Long A. Geometric modeling of 3D woven preforms in composite T-

joints. Text. Res. J. 2018;88:1862–1875. 

15. Ooijevaar TH, Loendersloot R, Warnet LL, de Boer A, Akkerman R. Vibration based Structural 

Health Monitoring of a composite T-beam. Composite Structures. 2010; 92:2007–2015. 

16. Panda SK, Mishra PK, Panda SK. Damage Propagation Prediction of Adhesion Failure in 

Composite T-joint Structure and Improvement using PZT Patch. Scientia Iranica, 2021; 28: 

3232-3245 

17. Wan Y, Hu W, Yang B, Zhao X, Xian G, Yuan Y, et al. On-line tensile damage monitoring of 

WGF/epoxy T-joint by the embedded MWCNT@WGF sensor. Composite Communications. 

2021;23:100541. 

 

521/1602 ©2022 Shimpi et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

COMPARISON OF THE FIRE REACTION OF A CARBON-EPOXY COMPOSITE 

LAMINATES AT SMALL AND LARGE SCALE 
 

Clément VICTORa,b, Alexis COPPALLEb, Benoit VIEILLEc, Jennifer DUPUISa , Mathieu PREAUa , 

Thierry LE DOCTEa  

a: Safran Nacelles, 76700 Gonfreville l'Orcher  
b: Normandie Univ, UNIROUEN, INSA Rouen, CNRS, CORIA, 76000, Rouen, France 

c: Normandie Univ, UNIROUEN, INSA Rouen, CNRS, Groupe de Physique des Matériaux, 76000, 
Rouen, France 

 

Abstract: To study the fire-proofness of materials panels, assemblies or components, 

certification standards require significant 448x448mm² samples to withstand a kerosene flame 

for fifteen minutes tests. To better analyse thermo-physicals phenomena involved in a flame 

exposition of composite-based samples, a laboratory test bench composed of a small-scaled air-

kerosene burner has been developed. The current work presents the development of a 

representative Jet A-1 burner by finding the right settings for the flame parameters and by 

comparing the degradation process of several four-plies epoxy-composite samples. Two 

laboratory-scale articles are tested and compared to one large sample tested on a standardized 

fire test bench.  

Keywords: Fire reaction; Kerosene burner; Aeronautical composite materials; CFRP Epoxy 

panels; Fireproof 

1. Introduction  

To reduce airplane fuel consumption and improve efficiency, thinning and lightering of 

aeronautical structures were achieved using alternatives to conventional metallic materials. 

Nowadays, composite materials are widely used in the aircraft industry and represent more than 

50 per cent of the total materials in an aircraft (A350, B787). As safety requirements increase 

each year, the use of carbon-epoxy composite materials represents a major concern for 

companies in charge of structural design, especially in areas close to engines referenced as “fire 

zone”. For the development of a new aircraft, fire tests on materials, assemblies or components 

within a determined fire zone must be carried out as part of a certification process to comply 

with authority’s regulations. At the heart of concerns for aeronautical industrials, these 

standardized fire requirements have ensured the safety of aircraft’s operational life for many 

years by preventing major incidents to become major accidents.  

2. Specimen tested and experimental set-ups  

2.1 Specimen description 

As part of a certification campaign within a business jet program, a large painted composite 

(LPC) material of 448mmx448mm dimensions was tested on a certification test bench (cf. Figure 

8a). The laminate consists of a 4-plies epoxy matrix reinforced with a 5-harness satin weave of 

carbon fibres. There is on the unexposed side an additional ply improving its lightning protection 

composed of a bronze mesh with a secondary epoxy-based resin. Finally, the sample is fully 
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painted with a blue primary layer to close pores and an additional cosmetic white paint layer on 

the front side.  

To compare the thermal aggression of the two different scale benches, two similar test 

specimens with smaller 230mmx230mm dimensions were produced. The first one (SPC) was 

exactly equal to the certification specimen as it was covered with the same layers of paint (cf. 

Figure 8b) while the second one (SC) was not painted at all (cf. Figure 8c). 

 

Figure 1 – Raw state of (a) the large painted composite, (b) the small painted composite and (c) 
the small unpainted composite 

2.2 Standardised fire tests 

Demonstrating the fireproof capability of material panels is only one part of an aircraft's overall 

fire certification process. For this assignment, significant 448x448mm² samples are exposed to 

an air-kerosene flame of a standard Jet A-1 burner for a 15 minutes test [1-2]. Taking place within 

a dedicated facility, the purpose of these tests is to prove that structural parts are able to contain 

and isolate a fire that would come from an engine dysfunction, therefore acting as a fire barrier 

for a given duration. For ground testing conditions, the standardised test setup consists of a fuel 

burner to generate an air-kerosene flame, a frame with a mounting area to fasten the test 

sample, a few measurement tools to calibrate the flame parameters, a vibrating pot to recreate 

engine-like conditions and finally CCD cameras to record the test (cf. Figure2).  

 

Figure 2 – Painted epoxy-composite sample in front of an air-kerosene burner before the start 

of a fire test in a dedicated facility (LEFAE, Lyon, France) 
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As burner manufacturers may vary from one facility to another, standardisation of flame 

parameters is realised from a calibration phase before starting to fire the sample. Calibration of 

the air-kerosene flame is based on the compliance of two thermal characteristics. Firstly, a flame 

heat flux density of 116 +/- 10 kW/m² is measured with a water calorimeter (cf. Figure 3). The 

water calorimeter allows the calculation of heat flux across a heat transfer device section by 

considering Eq. (1). 𝑞𝑞 =
𝑞𝑞𝑣𝑣.𝜌𝜌.𝑐𝑐𝑝𝑝(𝑇𝑇2−𝑇𝑇1)𝐸𝐸            (1) 

Where q is the heat flux density, qv is the water flow, ρ is water density, Cp is the water heat 

capacity, T1 and T2 are water temperatures at the entry of and at the exit from the heat transfer 

tube respectively and A is the surface of exchange between the flame and the heat transfer 

device. Surface A is the product of the heat transfer device length impinged by the flame 

(380mm) and its external perimeter.  

Secondly, a flame temperature of 1100 +/- 80 °C is measured with a rake of seven K-type 

thermocouples of 1.6mm diameter spread across the horizontal axis of the burner, hence 

acquiring temperature data across the flame length (cf. Figure 4). Tests on the sample and 

calibration devices are all made at a fixed distance of 100mm from the burner edge to provide 

similar heat transfer conditions [3]. If the following conditions are met, the exposure of the test 

sample to the calibrated flame is performed. 

 

Figure 3 - Apparatus for measuring heat-flux density 

 

Figure 4 – Normalized burner output dimensions and thermocouple rake position for measuring 
the flame temperature 
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Failures occurring on the test sample before reaching the required 15 minutes test duration 

usually come out of two main reasons. Firstly, flame penetration occurs when the flame burns 

through the sample. It can either occur from a complete thermal breakdown of the material or, 

in the case of assemblies, if the flame can slip across lap joint gaps. Secondly, a backside ignition 

takes place when another flame appears on the unexposed side of the specimen. This is usually 

the case when samples outgas during flame exposure, producing highly flammable gaseous 

emissions that may generate a flame on the “cold side” [4]. If one of these events occurs during 

the test, the sample is therefore not fireproof and the test status is failed.  

2.3 Laboratory scale fire tests  

Within CORIA Laboratory, a small-scale version of the standardized air-kerosene burner used in 

fire certification tests has been developed with the purpose of testing and analysing small-scale 

samples compare to the standard one (cf. Figure 5). The small-scale burner has been designed 

to provide the same thermal aggression like the one used in dedicated standard facilities. For 

this purpose, the small-scale burner parameters have been adjusted and a comparison of the 

degradation process of four-plies graphite-epoxy-composite laminates tested on the two 

different benches was performed.  

 

Figure 5 – Painted epoxy composite performing a fire test against (a) a laboratory scale burner 
(CORIA), (b) a fire-certification burner (LEFAE) 

Some adaptations had to be made as part of the reduction in burner size to recreate a thermal 

stress equivalent to that of a large standardized burner. Therefore, the differences between 

the two benches must be considered before comparing the responses of samples to a thermal 

aggression. 

Firstly, the laboratory burner does not have a cone-shaped outlet but a converging cylindrical 

tube with a radius of 50 mm, which means that the burner shape and flame size are different. 

Secondly, a ventilation hood placed above the laboratory test bench allows gaseous emissions 

from the flame and the degradation of the sample to be extracted with a low flow rate to avoid 

any disturbances. Only thermal stresses were applied to samples and no vibrating pot has been 

installed on the laboratory bench.  

Then, on calibration measurement devices (cf. Figure 6); The flame temperature was measured 

by means of five K-type thermocouples of 1mm diameter, equally spaced along the 50mm 

horizontal axis of the burner output, meaning that three of them are positioned inside of the 

flame and the two others are at the burner edges. Regarding the two thermocouples in the 

edges, the flame exchanges heat with the surrounding air, which means that the measured 

(a) (b) 
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temperature is lower at this location. However, both sensors can be used to check if the flame 

is correctly oriented and does not have a side angle. 

The flame heat flux measurement is carried out using a Gardon sensor (Capthec, Captherm) due 

to the difficulties to obtain relevant measurements using a suitably sized water calorimeter. A 

Gardon sensor is a gradient flux meter with a differential thermocouple that measures the 

temperature difference between the centre and the circumference of a thin circular foil disk [5]. 

The 25mm disk, made of constantan (Ni-Cu alloy) is bonded to a circular opening in a cylindrical 

water-cooled heat sink made of stainless steel. These materials produce an electrical potential 

output, which is directly proportional to the heat flux absorbed by the sensitive surface. The 

exposed side of the sensor is coated with a high absorbance black coating to obtain a significant 

signal [6].  

 

Figure 6 - Calibration devices of the laboratory scale bench (a) and a Gardon sensor scheme (b) 

The major difference between the water calorimeter used in standard tests and the Gardon 

sensor is the measurement surface used to calculate the heat flux density. On one side, the 

water calorimeter provides a mean heat flux density over the length of the heat transfer device 

(380mm) which is much larger than the burner outlet plan (279mm) and thus the flame size, and 

is almost insensible to the radiation. On the other side, the Gardon sensor provides a more 

punctual total heat flux density measurement with a sensitive surface of 25mm, which can be 

completely covered within the 50mm laboratory scale burner outlet plane. Therefore, it makes 

sense that 116kW/m² measured with the water calorimeter on the large-scale bench is not 

similar to the 116kW/m² measured on the laboratory-scale bench with the Gardon sensor. 

To overcome this problem, measurements of the heat flux density with the Gardon sensor were 

performed over the central horizontal axis of a certification burner within a dedicated facility. 

By mounting the Gardon sensor on a translation system, it was possible to acquire the highest 

thermal stress data and its position within the flame. This setup made it possible to define the 

necessary heat flux density to be achieved with the laboratory burner to remain representative 

and conservative concerning the thermal stress encountered on a certification bench (cf. Figure 

7). A small offset due to a disturbance was applied to the recorded data and the heat flux density 

chosen for the laboratory tests was set to 143kW/m² with the use of the Gardon sensor as a 

calibration device. 
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Figure 7 - Heat flux density measurements of the Gardon sensor over a fire certification 
burner's horizontal axis 

Finally, additional non-destructive measurement tools have been added to acquire more 

information from laboratory samples. A balance (Mettler Toledo: XSR4002S) has been added to 

acquire the mass loss of samples during tests and two thermal imaging cameras were used. The 

first thermal camera (FLIR PM595 and then, later on, FLIR T540) views the backside of the test 

specimen to acquire its temperature field and to possibly measure its backside temperatures. 

The second thermal camera (FLIR A6750), views the front surface of specimens. At a constant 

wavelength of 3.9 µm, it allows the front surface condition of the test specimen to be monitored 

without being blinded by the flame luminous intensity within the visible spectrum (cf. Figure 7). 

 

Figure 8 – Front side camera set-up (a) and a snapshot 10 minutes and 37 seconds after the 
start of a laboratory fire test on a carbon-epoxy composite with (b) a NIKON D5300 video 

camera and (c) a FLIR A6750 infrared camera  
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3. Experimental results and discussion 

The reference in terms of thermal degradation is the Large Painted Composite (LPC). The main 

sources of information available for this test are: 

- The initial flame settings to ensure it was compliant with the standards. 

- The video recordings during the test to timestamp the appearance of multiple visible 

thermal degradation events.  

- Photographs of the sample after the 15-minute test to analyse the final degradation 

residue  

For the laboratory specimens, the same sources are available as well as additional 

measurements as mentioned in section 2.3. 

The flame parameters of the three tests are presented in Table 1. 

Table 1: Tests flame parameters 

Specimen Mean temperature [°C] Heat flux density [kW/m²] 

LPC 1103°C 118kW/m²  

SPC 1147°C 146kW/m²  

SC 1158°C 142kW/m² 

All the mean temperatures are in the [1020-1180] °C range of the standard requirements. 

However, temperature data shows a small increase of about 40-50°C between laboratory tests 

(SPC & SC) and certification tests (LPC). This is the result of the different sizes of 

thermocouples used.  

All heat flux density data meet their respective requirements of [106/126] kW/m² measured 

with the water calorimeter for the LPC and the proximity of the 143kW/m² required for the 

SPC and the SC.  

Timestamps of major thermal degradation events that occurred during fire tests of the three 

samples are presented in Table 2. 

Table 2: Major thermal degradation events of composites samples during tests  

Sample Face Degradation event 
Timestamps (min’sec) 

LPC SPC SC 

Front Flare-Up 00’10 - 01’23 00’10 - 00’53 00’08 - 00’45 

Back Outgassing 00’10 - 05’40 00’09 - 03’40 00’08 - 02’48 

Front Paint peeling 00’14 00’49 None 

Back Paint peeling 10’03 - 15’00 None None 

Front 1st composite ply opening  10’48 None 10’48 

Front  2nd composite ply opening  14’46 None 14’48 

528/1602 ©2022 Victor et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

Back 4th composite ply oxidation 13’20 – 15’00 None 05’01 – 07’38 

Both Breakthrough None None 14’58 

 

This non-exhaustive list is essential to compare samples’ degradation and therefore the 

influence of thermal stress from one case to another. The event called Flare-Up is the ignition of 

the front panel outgassing of matrix resin [7]. Outgassing on the front and backside of composite 

specimens happens virtually at the same time, early in the fire test. When front side gases make 

their way out of the sample, they will directly face the flame and its flow (cf. Figure 9, “zone 1”). 

Being pushed out towards the periphery by following the impingement flow [8], these gas will 

at some point mix with the oxygen present in the ambient air and ignite instantly due to the 

heat and propagation provided by the burner flame. This creates a second flame area located 

on the periphery of the sample (cf. Figure 9, zone 2). A small difference in the start of outgassing 

about two seconds can be noticed between painted and unpainted samples. The paint might be 

responsible for small additional protection that delayed the outgas starting time. Overall, the 

outgas lasts a little longer on the LPC than on the SPC and the SC, this might be due to a sample 

size effect and differences between flame shapes (circular for SPC or SC and oval for LPC). 

 

Figure 9 – (a) Flare-up and (b) no flare-up snapshot comparison during fire tests of SPC and SC 

Paint peeling appears on the front side of both painted composite samples (LPC and SPC) and 

only on the backside of the large painted composite after 10’03. The paint will firstly melt and 

its colour will change to black. It will then become white and very brittle with the appearance of 

cracks. The presence of a vibrating pot on the LPC test bench allows cracks to peel fast. All of 

the paint layers on the exposed side drop early in the fire test. After 20 seconds, there is no 

more paint on the front face of the LPC specimen at the flame location, leaving the first 

composite ply facing the flame for the rest of the test. Due to peeling using a vibrating pot on 

the LPC, the front side paint does not have a key role in fire protection.  

However, on the SPC, minor paint peeling appears later than on the LPC but, due to the lack of 

vibration pot on the laboratory test bench, some paint parts will stick to the front face and keep 

their adherence to the 1st ply using the flame flow pressure (can be seen on Figure 9 (b), SPC). 

This adhesive paint layer protects the first ply by acting as a barrier and prevents the next 

degradation events from happening such as delamination. Because of that, the SPC is not 

representative of the LPC degradation.  

 (SPC)  (SC) 

NO FLARE UP 

 (SPC) 

Zone 1 

Zone 2 

Zone 1 

 (SC) 

FLARE UP 

(a) (b) 
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1st ply delamination occurs on both LPC and SC at 10’48. Figure 10 shows the state of the front 

surface before and after the first ply delamination.   

 

Figure 10 - Snapshot of thermal imaging (a) before and (b) after the first ply delamination 

The same event appears on the second composite ply at 14’46 and 14’48 for the LPC and SC 

respectively. These close timings of front side degradation events indicate a similarity in terms 

of degradation reaction between the two samples tested on two different benches. This exposes 

the fact that the thermal stress applied to these samples is similar.  

Finally, a noticeable difference occurs on the backside of the LPC and the SC specimens, with the 

fourth ply fibres being oxidised earlier on the SC. The unpainted backside of the SC specimen, 

results in more contact of the last ply fibres with ambient air, therefore increasing the oxidation 

process of carbon fibres. This oxidation phenomenon decreases the strength of carbon fibre 

plies by turning them into a thin brittle layer. For the SC specimen, the same thing is probably 

happening on the third ply after that the fourth has become very brittle. This should explain why 

the SC specimen experienced a breakthrough right after the second ply opening at 14’58.  

 

Figure 11 - Backside snapshot (a) before fourth ply oxidation, (b) after fourth ply oxidation 
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4. Conclusion 

It has been demonstrated that the large painted composite quickly becomes unpainted on the 

exposed flame side due to the brittleness of the paint and peeling from vibrations. This allowed 

comparing the degradation timings of a large painted composite tested on a certification test 

bench to a small unpainted composite tested on a small scale laboratory test bench. The 

similarities in phenomena occurring on the front side of the samples confirm the similarity of 

the thermal stresses applied. However, the lack of paint on the backside of the small composite 

specimen result that the fourth and third ply of carbon fibre being oxidised earlier in the test 

compared to the large painted composite. This led to a breakthrough of the small unpainted 

composite shortly after the delamination of its second ply and two seconds before the end of 

the required 15 minutes. Although the test results differ due to paint effects, these composite 

specimens have highlighted that for a 116kW/m² heat flux density measured on the certification 

test bench with a water calorimeter, comparable results are achieved for tests done at 

143kW/m² measured with a Gardon sensor.  
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Abstract: The complex and hollow nature of 3D spacer fabrics require novel approaches to 

achieve efficient transfer of resin to the structure with a uniform fashion. In this work, a custom-

built spray system is designed and built to achive an effective wetting of 3D I-beam fabrics for a 

high-quality composite manufacturing of a spacer structure. The spray-wetted 3D I-beam 

composites were manufactured with a custom-designed 3D molding for 600 TEX glass fiber and 

epoxy resin. Since achieving high-quality composites is essential to accomplish the required 

mechanical characteristics, the 3D I-beam composites fabricated with vacuum infused process 

were also compared with spray-wetted and molded specimens. The quality of both specimens 

was evaluated by optical microscopy images for void content and the results clearly 

demonstrated a higher void content of 5,65 times more for spray wetted specimens compared 

to produced ones with vacuum infusion. The results of the three-point bending tests were in line 

with the calculated void content. 3-point bending results of vacuum infused 3D composites  were 

measured as 13,3 MPa where the spray-wetted 3D composites presented as 11,6 MPa. 

Keywords: 3D weaving; structural composite; woven preform; flexural strength; composite 

quality 

1. Introduction 

Laminated composite structures were studied expensively due to their high load-bearing ability 

and low weight. However, in 2D laminated structures the fiber breakage, matrix cracking and 

delamination are still important challenges where innovative approaches to conventional 

solutions are demanded (1). For solving the delamination problem, various novel studies have 

been carried out as z-pinning (2), braiding (3), and stitching (4) to increase the resistance of 

laminated composite structures against out-of-plane stresses. 

As an innovative approach, 3D weaving is an alternative route to develop delamination-free 

composite structures in various architectures.  Unlike 2D woven fabrics, 3D woven structures 

have fibers on the z-axis, which enhance the composite materials resistance to out-of-plane 

stress and hence provide delamination resistance (5). Chen et al. divided 3D composite materials 

into four groups according to their structures: Solid, Hollow (Spacer), Shell, and Nodal. Spacer 

fabrics such with hollow geometries brings many advantages to 2D laminated systems however 

532/1602 ©2022 Vural et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
mailto:vural20@itu.edu.tr
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 1

the composite manufacturing of systems are still under development (6). Conventional 

composite manufacturing systems such as the vacuum assisted resin transfer method (VARTM) 

or vacuum infusion processes can be employed to produce composites from 3D woven fabrics; 

however, non-homogenous wetting and operator-related problems were encountered (7). K. 

Großmann et al. developed a 3D woven composite fabrication method referred to as Hot 
Compression-Moulding Technique (HCMT) with a limited geometrical capability of 

manufacturing only 3D spacer composites with rectangular weaving (8). Hence, developing 

methods and tools for complex geometries and patterns of 3D woven fabrics is essential to 

investigate the potential of novel 3D woven composites when high-quality manufacturing can 

be performed. 

The aim of the research is to create an automated spraying system and a manufacturing 

procedure that will assure uniform resin impregnation of 3D I-beam fabrics while reducing 

operator-related issues. A modified loom machine was used to weave rectangular cross-section 

3D spacer fabrics with LB-II vertical wall design. Since the vertical wall is presented for load-

bearing capabilities, the design of it is very critical for an efficient load transfer. The details were 

explained in the experimental section in briefly. 3D I-beam fabrics were cut from the weaved 

fabrics, and 3D I-beam composites were produced from I-beam fabrics with two different resin 

wetting methods as i) spray-wetted resin and ii) resin infusion by vacuum. Both wetting 

processes were followed by composite manufacturing with custom-designed tool systems 

followed by vacuum processes. The mechanical characterizations of 3-point bending test and 

void content analysis were correlated to discuss the quality dependence of 3D composites 

manufactured with two distinct processes. The results confirmed that the spray-wetted samples 

test results were comparable to the vacuum infusion samples. 

2. Experimental 

2.1 Weaving of 3D I-beams with LB-II vertical wall design 

The 3D I-beam fabrics were weaved with a 600 TEX glass fiber. A woven pattern with a vertical 

wall design called LB-II was utilized to produce 3D I-beam fabrics. Since this vertical wall presents 

the load-bearing, the custom weaving pattern is established uniquely for 3D I-beam structures.  

A dobby-loom machine is used for the 3D fabric weaving and the new wall design is referred as 

LB-II vertical wall. The 3D I-beam fabrics produced have a warp density of 20𝑐𝑚−1 and a weft 

density of 4 𝑐𝑚−1. The modified dobby loom and theLB-II vertical wall design are shown in 

Figure.1. 

  

Figure 1. 3D I-beam fabric: a) modified dobby loom, b) vertical wall design. 
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2.2 Production of 3D I-beam composites 

For resin infusion as mentioned earlier, two different wetting processes are performed. The first 

one is referred as spray-wetted by a custom-built spraying system uniquely designed for these 

3D spacer fabrics. The second method is infusion of resin by vacuum as conventional methods, 

extensively studied in the literature (9, 10). The wetted specimens with both of the methods are 

molded with custom-tools under vacuum and manufactured as 3D I-beam composites. The 

effectiveness of spray wetting and vacuum resin infusion are compared within these studies.  

2.2.1 Vacuum infusion process (VIP) 

VIP was used to create 3D I-beam composites from 3D I-beam fabrics. Teflon-wrapped wooden 

molds were used to produce a near net shape from the produced I-beam fabrics. Diglycidyl Ether 

Bisphenol A epoxy resin (Resin: CE-A 1546 and Hardener: CE-B 10560) was employed at a mixing 

ratio of 4:1 in VIP. The 3D I-beam composites were vacuumed during 4 hours at 80 ℃ for curing. 

Production of 3D I-beam composite with VIP is shown in Figure.2. 

 

Figure 2. 3D I-beam composite fabrication with VIP. 

2.2.2  Custom-built spraying system 

A custom-built spray system was designed and built to wet the 3D I-beam fabrics or any kind of 

spacer fabrics. This system includes a spraying mechanism for wetting the 3D I-beam fabrics, as 

well as a dosing device for controlling the epoxy amount on the fabric coupled with a designed 

control system.  In Figure.3, the picture of custom-built system is presented with the dosing 

section. A 4:1 mixing ratio of Diglycidyl Ether Bisphenol A epoxy resin (Resin: CE-A 1546 and 

Hardener: CE-B 10560) was used. After the 3D I-beam fabrics are wetted with the spray system, 

Teflon coated wooden molds inserted to the hollow structures and the 3D I-beam fabric were 

vacuum bagged with the teflon molds.  The curing was applied upon the given technical data 

sheet by the manufacturer as at 80 ℃ for a period of 4 hours.  
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Figure 3. Custom-built spray system: a) spraying mechanism, b) dosing device. 

2.3 Characterization of 3D I-beam composites 

The air bubbles that remain afterwards the composite manufacturing are one critical aspects 

effecting the mechanical properties of composites. Similarly for 3D beam composites the 

manufacturing quality of the composites were evaluated through comparing the void content 

by the two different wetting processes studied in here. Since the custom-built spray system is 

the innovative approach for such spacer fabrics with hollow geometries, the optimization of this 

process will be one important step that needs to be further studied. Recently, preliminary work 

for comparing the wetting of 3D I-beam fabrics will be presented however more studies are still 

ongoing to finalize the coresponding results. To establish the relation in between the quality of 

composite manufacturing to mechanical properties.  

The optical microscope (OM) images are taken to investigate the amount of air bubbles through 

an image processing by Image J-tool software. The 3-point bending tests produced with VIP and 

custom-built spray system were perromed with SHIMADZU Universal Test Machine using a 50 

kN load cell. The ASTM D790 standard was employed throughout the testing, and the span to 

height ratio was set at 4:1 and the test speed was set to 1 mm/min. Five different samples with 

a length of 14 cm, a span of 8 cm and a height of 2 cm were tested for each composite 

manufacturing process and  results were discussed in details.  

3. Results and Discussion 

The 3D I-beam composite samples produced by the wetting through spray method and vacuum 

infusion were subjected to void content analysis and 3-point bending tests. 3D I-beam composite 

samples produced VIP as conventional composite manufacuturing process and spray wetting as 

an innovative approach for hollow 3D fabrics  are shown in Figure.4. 

  

Figure 4. 3D I-beam composites with different wetting mechanism as a) vacuum infusion of resin and b) spraying 

of resin followed by vacuum bagging method for composite manufacturing 

The void content analysis was performed on the load-bearing vertical walls of the 3D I-beam 

composites produced within these two distinct resin wetting processes, and the content of voids 
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formed on the vertical walls of the samples were compared.  The voids formed in the load-

bearing vertical walls were determined for five samples, and the average of the obtained void 

content values were compared with the voids formed in the vertical walls of the two 

manufacturing processes.  

According to the void content analysis through Image J tool, the voids at vertical wall of the 3D 

I-beam composites produced by VIP was 0.748%, while the vertical wall of the 3D I-beam 

composites produced with the spraying method was 4.23%. Although, the void content in 

spraying method for resin wetting is higher than the VIP, they are both below 5%. Since the 

optimization of the sprayin process will be performed for various viscosity of epoxies and sprayin 

speeds, the initial results with such a custom-built system was resulted as promising for further 

studies. Optical microscope images of the vertical wall of the 3D I-beam composites produced 

by VIP and Spraying Method are shown in Figure 5. 

 
 

Figure 5. Optical microscope images of vertical wall: a) VARTM, b) spraying method. 

The 3-point bending tests were performed to investigate the mechanical properties of 3D I-

beam composites. The flexural stresses of spray-wetted and resin infused 3D beam composites 

were as 11.6 MPa and 13.3 MPa, respectively. Figure 6 depicts the average results of 3-point 

bending tests of all 5 samples from each manufacturing processes.  The lower void content of 

the VIP samples also presented a higher flexural strain for the first ply failure as also presented 

through the kinks seen in Figure.6. Additionally, the increase in strength after the first ply failure 

has been continued with an increasing trend for VIP manufactured 3D I-beam composites. 

However, the spray-wetted composites did not present a similar trend which may be attributed 

to the higher void contents.  
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Figure 6. 3-point bending test results for spraying method and VIP for wetting of resin followed by vacuum 

bagged composite manufacturing. 

4. Conclusions 

A novel automated custom-built spray system and a 3D composite production method with a 

molded tools were developed in this study. It is intended that by using such a custom-built spray 

method, the challenges such as operator related manufacturing problems and ability to 

manufacture complex architecures can be overcome. To achieve high-quality of such 3D 

composites is essential to have mechanical properties required for load bearing applications. In 

here, 3D I-beam composites, as an important engineering geometry is investigated. The 3D 

weaving allows to achieve delamination-free structures. However, the challenges arisen from 

composite manufacturing quality lowers the potential of these 3D composites. So far, to the 

best of our knowledge none of the literature studies have explored the quality of 3D spacer 

composites where hollow geometries are considered that requires much attention. This study 

aimed to perform a comparative study for manufacturing of 3D I-beam composites when two 

different wetting processes of resins were considered. Spray-wetted 3D I-beam composites and 

resin infused 3D I-beam composites were investigated through comparing the void content of 

the overall composites. All void content analysis were performed at the vertical wall of I-beams. 

The initial results without further parametric studies revealed that the void content is 5.7 times 

more compared to conventional process as resin infusion. Although the spray-wetted system 

presented a higher void content, with such a novel method, the overall void content was lower 

than the 5%. 3-point bending tests were studied to investigate the mechanical properties of 3D 

I-beam composites and the flexural strength was found as 13% less in spray-wetted to resin 

infused composites structures. Further studies will be performed to improve the quality of 

spray-wetted 3D spacer fabric composites with the novel method as introduced in this study as 

custom-designed spray system. 
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Abstract: Two types of modified glass fiber reinforced plastic (GFRP) were studied: with epoxy 

matrix modified by multiwall carbon nanotubes (MWCNT); with built-in interleave based on 

conductive nanofillers such as MXene and MWCNT. Structural approach was approbated for 

electrical conductivity prediction of MWCNT modified GFRP plate. The numerical analysis on 

electrical conductivity for modified composite plates with various fiber orientation angles 

showed a good agreement with experimental results. The investigation of the damaged 

composite plate was carried out by measuring the distribution of electrical potential in the bulk 

of the material for both GFRP with MWCNT modified matrix and impregnated interleave with 

MXene coating. The voltage distribution measured throughout the laminate allowed detecting 

the damage in its volume. Implementation of the conductive interleave in GFRP showed good 

potential to determinate the location, quantification, and geometry of the damage in the lamina. 

Keywords: Glass fiber reinforced plastic; Carbon nanotubes; MXenes; Electrical conductivity; 

Damage diagnostic. 

1. Introduction 

Electrically conductive fillers, such as MWCNT, 2D carbides MXene, graphene nanoplatelets, 

etc., can be incorporated into polymer matrixes of fiber reinforced plastics to produce structural 

composites with enhanced mechanical performance and electrical conductivity [1, 2]. For 

successful application of such advanced composite with specific electrical conductivity, it needs 

to be evaluated prior manufacturing process. The infill amount of MWCNT in the modified 

matrix, reinforcement angle, and stacking sequence of the laminated plate are the most crucial 

factors influencing the electrical conductivity of the composite. Previously approbated [3] 

structural mechanic approach will be used for electrical conductivity prediction of MWCNT 

modified GFRP plate. Due to gained electrical conductivity, such composites possess the ability 

for strain and damage monitoring [1, 4, 5]. By applying the electrode network among the 

conductive volume of modified composite, it is possible to measure the voltage distribution 

throughout the laminate with followed damage detection in its volume [3].  

Damage diagnostic can be achieved as well with an implementation of conductive elements in 

the structure of GFRP. These methods give an opportunity for health diagnostic of complex 

composite structures during its service time. Considering very high interest in the 

implementation of damage sensing technology inside the composite structures, the reliability of 

such a technique still remains inconsistent. 
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The aim of this study was to analyze the possibilities of damage detection via electrical 

conductivity monitoring of the nanomodified composite with volumetric and local in-plane 

nanoparticles introduction and provide insight for future design of damage diagnostic of 

nanomodified GFRP. Firstly, the possibility of the electrical conductivity prediction of modified 

GFRP was checked. Secondly, electrical conductivity response of the modified composite plate 

to a generated damage was evaluated.  

2. Materials 

The GFRP composite under investigation was based on unidirectional (UD) glass fabric (GF) with 

a density of 500 g/m2 supplied by Havel Composites CZ Company Ltd. (Czech Republic), and two-

component epoxy resin system Biresin ® CR122 supplied by SIKA (Germany).  

MWCNT NC7000™ supplied by Nanocyl SA (Belgium) was utilized for epoxy modification. MXene 

for spray coating was produced and supplied by research group from Materials Research Center 

(MRC) in Kiev (Ukraine). Delaminated MXene was supplied as highly concentrated aqueous 

solution. All necessary electrical contacts were created using conductive silver paint ELECTRON 

40 AC. 

High shear mixer DISPERMAT® LC30 was used to disperse directly added MWCNT in the volume 

of epoxy resin. A disk blade of 40 mm width at the speed of 10000 rpm was used to initiate the 

de-agglomeration process. Solution was degassed at a pressure of -0.98 bar and low speed 

mixed with hardener at 400-500 rpm. The final 10 min degassing cycle was applied prior to 

specimen manufacturing. 

During MWCNT modified GFRP manufacturing GF layers were impregnated one by one with 

nanomodified epoxy resin and sealed in a vacuum bag. The vacuum of -0.98 bar was applied at 

the room temperature of 20 °C. In such conditions, the vacuum bag was left for 18 h straight. 

The post-curing procedure was done according to epoxy system manufacturer 

recommendations: heating at rate 0.2 °C/min until 110 °C; keeping steady at 110 °C for 10 h; 

cooling down at rate -0.5 °C/min to avoid unexpected structural distortions due to the thermal 

shock. The volume fraction of glass fiber in the composite specimens prepared during this work 

was kept at 68%. 

3. Electrical conductivity of nanomodified GRFP 

3.1 Structural approach 

To characterize the electrical conductivity of multi-layered composites, the conductivity of 

matrix, reinforcement angle, and stacking sequence of the laminated plate should be taken into 

account. Electrical conductivity of GFRP as a second rank tensor were calculated similarly as in 

micromechanics using the conductivity of the nanomodified matrix. For that reason, the 

structural approach that is widely used for the prediction of mechanical and thermal properties 

[6, 7] was adopted. According to such an approach, conductivity characterization of the multi-

layered composite plate could be considered on several structural levels: 

1. Micro-scale level of the composite. A fiber reinforced UD composite could be considered a set 

of long parallel glass fibers embedded in a polymer matrix at the micro-scale level. In that case 

tensor of electrical conductivity σij could be defined as follows: 
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As long as UD GF are lined to axis 1, σ22= σ33. This means that σ11 and σ22 fully define the material 

and may be found using the rule of the mixture and already known equations from thermal 

conductivity, diffusivity, etc. [7]: 
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where η is the volume fraction of glass fibers, σm  and σf =0  are conductivity for matrix and fibers, 

respectively. 

2. Monolayer with various angle of GF reinforcement. The specific case needs to be evaluated 

to calculate conductivity with GFRP orientation at a reinforcement angle θ rather than 0°. 

Calculation of each ply should be transformed in accordance to the angle θ at which fibers are 

rotated [1]: 
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3. Laminate. Stack of conductive layers oriented in different angles provides conductivity of a 

multi-layered GFRP laminate as presented schematically in Figure 1. 

 

Figure 1. Scheme of laminate with angles 0, 90, and ±θ° 

For the specific layup [±θ°]4 conductivity tensor components were defined by the Eq. (7) and (8)

[1]: 
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3.2 Verification 

To validate the prediction of electrical conductivity by the structural approach, calculated data 

were compared to the experimental ones on different structural levels. Nanomodified GFRP 

laminates were cut into smaller samples and separated to groups with reinforcing angles of 0, 

90, and 45°. Electrical conductivity evaluation of those specimens was done using 4-point probe 

method. Electrical conductivity data calculated by Eq. (7) and (8) were compared with 

experimentally acquired in Figure 2. 

 

Figure 2. Calculated and experimental conductivity of UD GFRP with 0.3 wt.% MWCNT modified 

epoxy matrix and its based composite bars with reinforcing angles 0, 90, and 45° 

Noticeable electrical anisotropy was observed for MWCNT modified UD GFRP specimens due to 

the orientation of non-conductive fibers. Electrical conductivity values for composite along the 

fibers were three times higher than those for transverse direction. Such behavior could be 

described with a higher number of obstacles for current to flow around created by transverse 

orientated fibers. Calculated and experimental electrical conductivity data for various fiber 

orientation angles were in good agreement. 

4. Voltage distribution in damaged nanomodified GFRP 

To evaluate electrical conductivity usage for composite plate’s damage diagnostic two types of 
modified glass fiber reinforced plastic (GFRP) were studied: with epoxy matrix modified by 

multiwall carbon nanotubes (MWCNT); with built-in conductive interleave based on MXene. 

4.1 GFRP with nanomodified epoxy resin 

According to the composite manufacturing process described in Sec. 2, MWCNT modified 

composite plate was prepared with reinforcement orientation of [0°, 90°]4 for an equal 

conductivity in the x and y directions. Considering the conductive matrix, characterization of 

voltage distribution throughout the laminate was performed by creating an electrode network 

of 8×8 contacts by applying conductive paint directly on the polished top surface of the 

composite plate. 

4.2 GFRP plate with conductive interleave 

With volumetric matrix nanomodification, only integral damage diagnostic can be provided in 

all specimen’s volume. Thus, the whole structural element is a single sensor, and in that case, 

damage localization is impossible. The situation changes with the embedding of thin conductive 
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sensor to the structural element. This was realized via the implementation of spray coated 

conductive layer inside the GFRP structure. Such conductive interleave was created using MXene 

conductive nanoparticles. MXene aqueous concentrate was diluted with deionized water and 

mixed using probe ultrasonicator at 140 W for 30 min with two 5 min pauses in-between. 

Woven GF with a density of 390 g/m2 was utilized to create 8-layered composite. Woven type 

was chosen to maintain the integrity of sprayed film during composite manufacturing process. 

In order to apply and receive electric signal from conductive inner layer, 64 metallic nails were 

implemented in the composite plate prior spraying. Nails were polished, sharpened, and their 

caps were dramatically thinned, so they can fit between 4th and 5th layers of the composite 

without affecting the whole structure (see Figure 3). 

 

Figure 3. Polyethylene vacuum film, breathable net, nylon ply and 4 layers of GF plies are 

pressed into polyurethane foam using 64 metal nails (left). Glued nails` heads to the 4th GF 

layer of the composite (right) 

To maintain the integrity of the conductive layer during composite production, nails` heads were 

glued to the 4th GF layer prior spraying using conductive paint (see Figure 3).  MXene aqueous 

solution was used to create single layered spray coated conductive film on top of the 4th GF ply 

together with glued contact heads. Spray coating procedure was carried out by spray-gun SAP-

CR 0.2 supplied by STAR®, with a nozzle size of 0.2 mm at the pressure of 0.1 MPa. The amount 

of MXene in mass per area was held at 3.0·106 g/mm2 during spray coating procedure. The rest 

of the composite was stacked on top of the sprayed layer. Stacked layers were impregnated with 

epoxy resin by vacuum infusion. The vacuum and post curing procedure were kept as described 

in Sec. 2. 

Health diagnostic of complex composite systems may require a large number of signal pins 

(output electrodes), which can adversely affect the mechanical properties of the monitored 

structure. In this case, it is necessary to reduce the number of signal outputs to a minimum with 

minimal loss in structural damage diagnostic accuracy. For that reason, one more type of GFRP 

laminate was prepared with decreased amount of electrodes (from 64 to 28) implemented into 

the composite as shown in Figure 4.  

 

Figure 4. Neat (left) and MXene spray coated (right) GF plies 
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Spray coating procedure was carried out using same spray-gun properties and MXene aqueous 

solution as for previous GFRP modified plate. Modernized GF ply was used in a place of a regular 

GF ply during composite manufacturing. This means that any layer in the composite structure 

can be upgraded in that way. Thus, allowing more local selection of the preferable damage 

detection zone within composite structure. 

4.3 Verification 

To evaluate electrical conductivity usage for composite plate’s damage diagnostic, MWCNT 
modified composite plate was utilized. The voltage of 20 V was applied between the diagonally 

opposite corners of the plate (upper left and lower right corners). The voltage distribution of 

initial composite plate was obtained by the voltage drop measuring on each contact. 

Three different cases of damage were consecutively created and examined: (1) a circular hole of 

diameter 9.8 mm in the middle; (2) a notch of 31 mm length and 1.8 mm width; (3) a notch of 

70 × 1.8 mm. Using the network of 64 contacts, the distribution of voltage in the GFRP plate was 

measured experimentally at each sequential damage state (U0 – initial state (case 0), U1 - first 

damaged state (case 1), U2 – second damaged state (case 2), U3 – third damaged state (case 3)). 

Voltage data was compared between adjacent states and presented in Figure 5. 

 

Figure 5. Experimentally obtained voltage distribution of initial plate (left). Voltage distribution 

difference between the cases (1) and (0) (right). Damaged areas are red line highlighted. 

Vertical and horizontal numbers from 1 to 8 define the coordinates of electrodes on the 

composite plate 

 

Figure 6. Experimentally obtained voltage distribution difference between the cases (2) and (1) 

(left), cases (3) and (2) (right) 
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As seen from Figure 5 and Figure 6, equipotential lines’ front in the nearest area of the damage 
mimicked the geometry of the aperture. Thus, voltage distribution maps for all damage cases 

showed the aperture’s proper position and geometry. 

The distribution of the electric field potential in a plate for all damage states was simulated using 

two-dimensional static electric analysis by finite element method (FEM) in Ansys. For evaluation 

of damage characterization capability by voltage distribution monitoring, experimental data 

were compared with the simulation model. Relative error δ between experimental and 

calculated data for different damage cases were found using Eq. (9) 
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FEM exp

1 exp

1
100%

64

i i

i

i

U U

U


=

−
=   (9) 

where i is a consecutive number of composite plate’s electrode. The average relative error of 
δ = 6.2 ± 0.2% for all states of the composite plate showed an excellent resemblance between 

calculated and experimental voltage data. 

5. Delamination crack monitoring in double-cantilever beams 

In composite structures, in addition to bulk damage, the process of delamination is no less 

important. That is why damage diagnostic for interlaminar defects is interesting topic and was 

approbated earlier for composite structures [1, 8, 9]. That was done by finding the relationship 

between resistance and interlaminar crack propagation for double-cantilever beam (DCB) 

specimens during Mode I (opening mode) interlaminar fracture toughness test. Electrical 

resistance response was used to characterize interlaminar fracture of DCB specimens: (1) with 

nanomodified conductive matrix. Electrical conductivity through all volume of a specimen was 

provided in this case, which means that whole specimen is a single sensor and only integral 

damage diagnostic can be achieved; (2) with MWCNT modified interleave that provided 

conductivity of the thin layer only in the middle of a specimen and allowed for more local 

damage detection. 

Results demonstrated that electrical resistance could be successfully used for the diagnostic of 

the crack propagation during interlaminar fracture of the MWCNT modified GFRP [1]. 

Conclusions 

The electrical conductivity of the GFRP composite was experimentally and theoretically 

considered on different structural levels. Calculated and experimental electrical conductivity of 

multi-layered GFRP with MWCNT modified epoxy matrix were in good agreement. 

It was proved that electrical conductivity monitoring could be successfully used for damage 

diagnostic of the GFRP lamina with the MWCNT-doped polymer matrix. Determining the 

location, quantification, and geometry of the damage in the MWCNT modified GFRP lamina can 

be performed by monitoring the voltage distribution throughout the composite plate. The shape 

of equipotential voltage lines near the defect in the plate was precisely mimicking the geometry 

of the defect. Furthermore, voltage distribution in damaged GFRP plate calculated by FEM 

showed an excellent resemblance with experimental data for all damage states. 
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Implementation technology of conductive interleave with output electrodes into GFRP structure 

was developed. Results demonstrated that introduction of thin conductive spray coated 

interleave in the GFRP can lead towards more local damage diagnostic of the structure. 
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Abstract: This study developed an extremely energy efficient out-of-oven (OoO) manufacturing 

method based on a graphene biopolymer nanocomposite film to fabricate natural fibre 

reinforced composites (NFRCs) with integrated multi-functionalities throughout their life cycles. 

The smart nanocomposite layer works as a self-regulating heating source to cure the NFRCs at 

the desired temperature. Extremely high energy efficiency has been achieved with a significantly 

reduced energy consumption (> 95 % compared with traditional oven curing), thanks to the 

conduction heating from the surface layer directly to the laminates. After the composite 

manufacturing, the nanocomposite film embedded on the surface of the laminate subsequently 

becomes an integrated multifunctional layer to the NFRCs, providing real-time deformation and 

damage sensing capabilities with enhanced water barrier properties to prolong the usage stage 

of the natural fibre composites.  

Keywords: Sustainable manufacturing; Out-of-oven curing; Natural fibre reinforced 

composites; Damage sensing; Barrier properties 

1. Introduction 

With the increasing concern for the environment and the necessity of sustainable development 

in composite sector, significant efforts have been made to develop eco-friendly and 

biodegradable materials. Natural fibre reinforcements and bio-based resins provide an 

opportunity to reduce the carbon footprint of structural composites while improving 

environmental sustainability [1]. However, traditional composite manufacturing methods such 

as autoclave or resin transfer moulding are capital and energy-intensive, also generate a large 

amount of greenhouse gases during conventional manufacturing stage [2]. Recently, some 

energy-efficient manufacturing methods have been developed to cure fibre-reinforced 

composites, such as microwave methods for conductive carbon fibre composites [3]. 

Nevertheless, a highly energy-efficient curing method for insulating NFRCs is still yet to be 

developed.  

Very recently, Liu et al. showed that an extremely high energy efficiency can be achieved during 

composite manufacturing with a significantly reduced energy consumption by using a 

conductive polymer composite films with a positive temperature coefficient (PTC) behaviour as 

a heating layer for laminate curing [4]. Due to the mismatch in thermal expansion between 

matrix and fillers, the electrical resistivity will increase drastically when the conductive polymer 

composites approach to their melting temperature, leading to a PTC effect with a sudden 

increase in electrical resistance [5, 6]. Based on the PTC effect of fabricated conductive polymer 
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composites, self-regulating heating can be achieved by applying the Joule heating effect onto 

the film and cure the fibre reinforced thermoset composites without an oven.  

In this study, a bio-degradable thermoplastic polycaprolactone (PCL) was chosen as the matrix 

of the functional surface film. PCL is an aliphatic polyester considered as an eco-friendly 

polymer, which is usually applied in biodegradable plastic products, including controlled drug 

releases, bone scaffolds, tissue engineering, packaging, etc [7]. The relative high coefficient of 

thermal expansion (CTE) of semicrystalline PCL (~ 130 10-6/°C) provides an opportunity to 

manufacture the conductive film with a PTC effect for self-regulating heating and out-of-oven 

composite manufacturing. Furthermore, it could also act as a water barrier layer to prolong 

NFRCs’ usage life [8].  

2. Materials and methods 

2.1 Materials 

Polycaprolactone pellets from Ingevity (PCL, Capa™ 6800, Mn = 6900 ± 3500, Mw = 112000 ± 

5500) and graphene nanoplatelets from XG Science (GNP, Grade M, thickness of 6-8 nm and 

lateral dimension of 25 µm according to the manufacturer) were used to fabricate the 

multifunctional surface nanocomposite film. The NFRCs consisted of flax fabrics (EcoTechnilin, 

FLAXTAPE 110) with an areal weight of 110 g/m2 and a bio-based epoxy (PRO-SET, M1049 & 

M2049) with a pre-curing stage at room temperature for 24 hrs and a post-curing stage of 50 °C 

for 16 hrs.  

2.2 Manufacturing methods 

The multifunctional PTC film was fabricated by a solution casting method. The PCL pellets were 

dissolved in chloroform with a concentration of 20 wt.%. Graphene nanoparticles were 

dispersed in another bottle of chloroform by an ultrasonic probe. A 10 mg/ml concentration was 

chosen to disperse graphene in chloroform solution. After mixing two chloroform solutions, the 

mixed solution was magnetically stirred and degassed in an ultrasonic bath. Finally, the degassed 

solution was poured onto a release film for solvent evaporation to obtain a 5.5 wt.% PCL/GNP 

film. 

The 5.5 wt.% PCL/GNP film was then compress moulded at elevated temperature to achieve a 

homogeneous thickness of 150 µm. Six parallel copper wires with an interval of 1.5 cm were also 

hot-pressed into the film to act as electrodes for Joule heating function. 

The NFRCs have dimensions of 10 × 10 cm2, consisting of eight layers of unidirectional flax fibre 

with a layer of multifunctional surface film on top. The panels were fabricated by vacuum-

assisted resin infusion (VARI) and cured by two different methods (conventional convection 

oven curing, and out-of-oven curing by Joule heating of surface nanocomposite film).  

2.3 Characterization  

Scanning electron microscopy (SEM, Inspect F) was applied to observe the morphology of the 

GNP embedded PCL films. Specimens were immersed in liquid nitrogen to create the cryo-

fractured surfaces on PCL films, while the film-cured NFRCs laminates were polished to reveal 

the cross-sectional views. Both specimens were gold-sputtered before imaging. 
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The PTC effect of PCL/GNP composites was measured in a small oven connected to a 

thermocouple recorder (Pico Technology, TC-08) attached to the specimen surface for 

temperature recording and two-probe electrodes embedded on both sides of specimens for 

resistance measuring. The voltage supply given to the PCL/GNP film was provided from an DC 

power supply (GE EPS 301). The power consumption of the convection oven and Joule heating 

film curing were recorded by a plug-in power monitor (2000MU-UK).  

Dynamic mechanical analysis (DMA, TA Instruments Q800) was used to observe the 

thermomechanical performance of the NFRP laminates fabricated by different curing methods. 

The PCL/GNP surface layer was removed before the tests. Three-point bending was performed 

with a temperature scan from 30 °C to 90 °C with a frequency of 1 Hz and a strain of 1 %. 

The real-time deformation and damage sensing performance of fabricated multifunctional 

composites were monitored based on an electrical signal measurement system consisting of a 

universal test machine (Instron 5566) and a multimeter (Agilent 34401A) connected with the 

LabView program. Cyclic loadings in the three-point bending test were applied to specimens 

with a maximum strain of 0.1 % and 0.2 % at a 1 %/min strain rate. Three-point bending (TPB) 

test was used to obtain the flexural properties of the laminates, with tests and calculation 

performed in accordance with ASTM D790-10.  

Water vapour transmission test was performed according to ASTM E96. Neat PCL film and 5.5 

wt.% PCL/GNP film with the same thickness of 150 µm were prepared by aforementioned 

compression moulding process. Two test dishes were filled with water and sealed with testing 

films, placed in a desiccator with a sustained relative humidity of 5 %. The dishes were taken 

from the desiccator to measure daily weight loss. Water absorption test was performed by 

recording the sample weight after removing the top water layer on the sample surface, with all 

surfaces except the top surface sealed by the hydrophobic polyisobutylene tape. 

3. Results and discussion 

3.1 PTC effect and self-regulating property 

The positive temperature coefficient effect describes the increase of electrical resistance when 

the specimen is subject to a rising temperature, which usually exists in the conductive polymer 

composites. During the thermal expansion of the polymer matrix, the conductive filler network 

will be rearranged and separated, providing an autonomous cut off during Joule heating and set 

a safety limit for heating. The thermal expansion coefficient reaches the highest value near the 

melting point in the semi-crystalline polymer. Therefore, the resistance of the conductive 

polymer composites will jump when the temperature approaches to the melting temperature 

of the matrix.  

Figure 1a shows the resistance changes of 5.5 wt.% PCL/GNP with an increasing temperature. 

The resistance increased slightly from room temperature upon heating, with a clear jump and a 

change in slope when temperature approached to the melting point of the PCL, followed by a 

negative temperature coefficient (NTC) effect when further heating was applied with 

temperature above the melting point. The NTC effect can be attributed to the GNP re-

agglomeration after the melting of the matrix with a significantly reduced viscosity. Figure 1b 

shows the surface temperature of the PCL/GNP film with a given voltage from 10 V to 150 V. 

With an increased voltage from 10 V to 120 V, an obvious temperature increase can be observed 
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due to the increasing amount of power input into the system. Once the temperature reached 

the self-regulating temperature (around 58 °C), a relatively stable temperature profile can be 

observed even at much higher voltage applied (up to 150 V). This can be attributed to the self-

regulating heating capability of the film due to the thermal expansion with the disconnecting 

motion of the conductive network.  

 

Figure 1 (a) The PTC and NTC effect of 5.5 wt.% PCL/GNP specimen. The resistance of PCL/GNP 

composite has a relatively sharp increase before the melting point of PCL, where the conductive 

network was separated by the matrix thermal expansion; (b) the temperature of PCL/GNP film 

during the self-regulating heating at various applied voltages. The temperature stabilised at 

self-regulating temperature, with an obviously reduced heating rate when increasing the 

voltage from 120 V to 150 V. 

3.2 Thermomechanical, flexural properties and morphologies of natural fibre laminates 

NFRC panels with UD flax fibre were cured by traditional oven method as well as developed 

surface nanocomposite film out-of-oven. Figure 2a-b display thermomechanical performance of 

the laminates measured by DMA tests. The glass transition temperature and the storage 

modulus of the film-cured specimens were slightly higher than the oven-cured laminate, 

resulting in from the slightly higher curing temperature of film-cured panel than the oven-cured 

one. From the three-point bending results in Figure 2c, the flexural modulus of the film-cured 

panel processed a similar value but slightly lower than the oven-cured panel. This difference in 

flexural modulus was resulted from the existence of PCL surface film on NFRC specimens, leading 

to a higher thickness (around 0.15 mm of PCL film without reinforcing fibres as shown in Figure 

3a-b) used for the modulus calculation. The PCL/GNP film was designed to stay attached to the 

NFRCs panel for the TPB sensing test, while the film was removed in the DMA test to obtain a 

more accurate value on NFRCs’ mechanical property. Nevertheless, the mechanical property of 

the two curing methods did not exhibit any significant difference, indicating the functional film 

possesses a proper heating ability to cure NFRCs.  
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Figure 2 Thermomechanical and flexural properties of natural fibre composites cured by 

traditional oven and out-of-oven film method: (a) The glass transition temperature and (b) the 

storage modulus value from DMA measurement, (c) The flexural modulus from the three-point 

bending test. Similar values were obtained from two curing methods, indicating the feasibility 

and effectiveness of using out-of-oven manufacturing for natural fibre composites. 

The good attachment between film and laminates surfaces can be observed in Figure 3a-b, 

which guaranteed the energy transferring from heating film to epoxy. It is also clear that the 

laminates cured by PCL/GNP functional film did not exhibit any obvious voids from both front-

view and side-view cross-section of specimens. Figure 3c displayed the unidirectional 

orientation of graphene nano sheets in PCL matrix, attributing to the hot-press process after 

solution casting.  

 

Figure 3 The SEM images: (a) the side-view and (b) the front-view of cross-section in polished 

NFRC laminate with PCL/GNP film after curing with PCL film well attached to the bio-epoxy. (c) 

PCL/GNP film's cryo-fractured surface after hot-pressing exhibited a laminated orientation of 

GNP nanoparticles in PCL polymer (see arrows). 

3.3 Energy consumption 

The real-time power-consumption and the final energy consumption of both curing methods are 

shown in Figure 4. The oven curing method consumed ~6.83 kWh, nearly twenty times the curing 

process's energy based on self-regulating heating film (~0.35 kWh). The main reason for such a 

vast difference is that the Joule heating film was directly attached to the NFRCs laminates as the 

heating source for curing, while in convection oven, the air was heated first then transferred the 

energy to the laminates. Due to the low thermal conductivity and the large heat capacity of the 

air, a large portion of energy was used to heat up the air. From an energy consumption and heat 

transfer viewpoints, it is clearly advantageous to have a heating film in direct contact with the 

laminates to promote conduction heating rather than traditional convection oven. Furthermore, 
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the self-regulating heating function of the PTC film could also prevent the overheating by the 

high voltage supply, making it safer than other Joule heating materials. 

 

Figure 4. (a) The real-time power consumption and (b) total energy consumption value of 

traditional oven curing and Joule heating film curing methods, showing a significantly 

enhanced energy efficiency from the Joule heating film curing method over traditional oven.  

3.4 Real-time deformation and damage sensing 

Although the natural fibre composites are electrically insulating, the introduction of PCL/GNP 

nanocomposite surface layer allows the electrical sensing methods to be used to detect 

deformation and damage. The in-situ deformation sensing of developed multifunctional 

composites was examined by a cyclic loading profile (Figure 5a). The relative resistance of the 

PCL/GNP film (ΔR/R0) was used as the sensing signals to detect the strains. It was observable 

that a GNP loading of 5.5 wt.% in the PCL matrix displayed a relatively distinguished signal under 

0.2 % strain deformation, while the sensing layer was less sensitive to 0.1 % strain.  

Damage sensing has also been demonstrated via the PCL/GNP sensing layer as shown in Figure 

5b. The conductive PCL/GNP nanocomposites was at the bottom surface (under tension) during 

the three-point bending tests, showing a clear increasing trend of the sensing signals with 

applied load from the beginning of the test. With the fracture of the specimen alongside clear 

load drops, the sensing signals shown a sudden jump with a very clear correlation with the 

damage of the laminates.  

 

Figure 5 (a) The real-time deformation sensing signal from PTC film attached NFRCs specimen 

under cyclic three-point bending mode. (b) The damage sensing of developed multifunctional 
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NFRC under three-point bending tests, showing a correlation between the electric signal from 

multifunctional film and the load response on NFRC laminates at different strain level. 

3.5 Water barrier properties 

Figure 6a-b presents the values of water mass loss from the sealed cavity of dishes to the outside 

environment, with illustrations of two dishes covered by the pure PCL film and the PCL film 

containing 5.5 wt.% GNP, respectively. It is noticeable that the water loss speed of PCL with 5.5 

wt.% GNP was slower than the pure PCL film. According to the calculation method in ASTM E96, 

the water permeability test results of pure PCL film and 5.5 wt.% PCL/GNP were 0.503 e-13 (kg 

m/s m2 Pa) and 0.216 e-13 (kg m/s m2 Pa), respectively, which confirmed that PCL with 5.5 wt.% 

GNP filler possessed a higher water molecular shielding property than the pure PCL film. The 

hot-press process produced a uniform orientation of graphene nanoparticles in the polymer 

(Figure 3c), turning the GNP network into tortuous paths thus prolonging the water molecular 

cross distance [9]. The water permeability of polymer films with graphene filler could possesses 

a maximum reduction level up to 93 % at a filler loading up to 0.1 wt.% [10]. In this study, the 

water permeability has a reduction of 57.1 %, which is a relatively good improvement for 

nanocomposites in water barrier properties.  

Water absorbing experiments were designed to identify the water protection ability between 

the NFRC laminates with or without the PCL/GNP smart surface film. The water-absorbing mass 

of the same volume and shape samples has shown in Figure 6c-d. It can be observed that the 

NFRC laminates covered by the PCL/GNP film have a reduced water update compared to the 

specimen without surface film, indicating the PCL/GNP film could be used as a shielding on the 

NFRCs, especially in humid environments.  

 

Figure 6 (a)-(b) The water vapour transmission curve of pure PCL film and 5.5 wt.% PCL/GNP 

film by water method testing. The water mass loss of pure PCL film was significantly higher and 

faster than the graphene embedded PCL film. (c)-(d) The water-absorbing mass of oven-cured 

and film-cured NFRCs. The weight of film cured NFRCs has a slight weight change compared to 

the NFRCs without the film layer.  
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4. Conclusions 

This study developed an energy-efficient curing method for NFRCs based on a PCL/GNP 

nanocomposite film with integrated multifunctionalities. The smart biopolymer layer has a self-

regulating heating function for desired curing temperature during Joule heating without the risk 

of overheating. The energy efficient out-of-oven cured NFRC laminates exhibited almost the 

same thermomechanical and mechanical properties in comparison with the conventional oven 

cured laminates. Besides, the PCL/GNP layer attached to NFRCs could also provide real-time 

deformation and damage sensing capabilities with water barrier property to prolong the usage 

stage of the natural fibre composites. 
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Abstract: Carbonaceous nanofillers, such as graphene, carbon nanotube (CNT) and carbon black 

(CB), have been proved to be excellent candidates for conductive polymer composites recently 

due to their low density, high electrical conductivity, and good mechanical. These three types of 

carbon nanofiller were used to fabrication polycarbonate composites to study the effect of filler 

morphology and orientation in the composites. Conductive AFM was applied to study the 

conductive network formed in the composites. It is found that the better dispersion of CNT and 

CB lead to more effective conductive network thus resulting in higher conductivity while 

agglomeration of GNP due to flake-flake interaction results in poor electrical connection among 

fillers. Moreover, orientation of CNT in injection moulding was found and result in reduction of 

filler connection thus decreasing the conductivity. 

Keywords: Polymer composites; nano carbon fillers; electrical performance; conductive atom 

force microscopy 

1. Introduction 

Compared with conventional conductive material like metal and intrinsic conductive polymer, 

conductive polymer composites (CPC) possess the advantages of tuneable conductivity by 

varying loading of conductive filler, anti-corrosion, ease of fabrication, low cost and flexibility. 

(1) Consequently, CPCs have been attracted enormous academic and industry interest and have 

a wide range of applications, such as antistatic material used in fuel tank, electromagnetic 

interference shielding, conductors and sensors. Carbonaceous nanofillers, such as graphene, 

carbon nanotube (CNT) and carbon black (CB), have been proved to be excellent candidates for 

CPC recently due to their low density, high electrical conductivity, and good mechanical 

properties combining with ease of recycling. Lots of reports in literature have shown that 

incorporation of graphene, CNT and CB improved electrical properties of polymer greatly. (2-5) 

However, the relationship between filler structure and electrical properties of composites has 

not been studied sufficiently yet. Conductive atom force microscopy, which can simultaneously 

measure the topography of sample and the electric current flow through the tip of conductive 

cantilever and sample surface, can visualize the conductive network formed in the composites 

thus can help to build the relationship among filler morphology – filler network – properties of 

composites.(6-9) 

In this work, CB, CNT and graphene reinforced polycarbonate composites were fabricated by 

melt mixing and were hot press for further study. The effect of filler morphology, status of filler 

dispersion on the formation of conductive network in composites have been studied with the 

hot press samples. On the other hand, CNT composites were also injection moulded to study the 
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effect of filler orientation on conductive network and electrical conductivity. Overall, this work 

aimed to build up the relationship of filler morphology / processing method – filler network – 

electrical properties of composites. 

2. Materials and methods 

2.1 Materials 

Polycarbonate were achieved from Sabic, grade 172, with melt volume flow rate of 26 

cm3/10min (300℃ / 1.2kg). The graphene nanoplatelets (GNP) were purchased from XG Sciences 

Inc. Lansing, Michigan, USA, and used as received. Carbon black were received from Nouryon, 

which was grade EC 600JD. Carbon nanotube were purchased from Nanocyl, which was grade 

7000. Detail comparison of these three types of fillers were showed in Table 1.  

Table 1. Comparison of dimensions of carbon nanofillers. 

 CB 600JD C750 GNP MWCNT Nanocyl 7000 

Size 

Average 

diameter(nm) 

Flake 

length(𝜇𝑚) 

Thickness 

(nm) 

Average 

diameter 

(nm) 

Average 

length 

(𝜇𝑚) 47 ± 6a 2 b <2b 9.5b 1.5b 

BET surface area 

(m2/g) 
1266a 120-150b 250-300b 

Density 

g/cm3 
2.25b 2.2b 1.7~1.9b 

a value obtained from experiment; b value from supplier. 

2.2 Composites Fabrication 

Melt mixing 

Masterbatch of C750 GNP / CB 600JD / CNT 7000 composites with polycarbonate were 

fabricated by melt mixing with co-twin extruder (HAKKE Rheomex PTW 16/25 OS). Loadings of 

filler were 15, 10, 8wt% respectively for GNP, CB and CNT which were limited by the extruder. 

The extrusion temperature was 280℃. Carbon nanofillers and polycarbonate matrix were fed 

into extruder by gravimetric and volumetric feeder respectively. The extruded strand went 

through water bath to solidify and was chopped into pellets by pelletizer. Actual filler contents 

in the masterbatch were confirmed by thermogravimetric analysis, which were 9.79±0.15wt%, 

14.96±0.57wt% and 7.58±0.64wt% for CB, GNP and CNT respectively. 

Composites with GNP, CB and CNT at different loadings were fabricated by diluting the 

masterbatch with pure polycarbonate. The same temperature and extruder used in fabrication 

of masterbatch were also used in the dilution procedure. Speed of screws were set to be 20 rpm. 

Loadings were set to be 0.5, 1, 2, 4, 5, 6, 8, 10, 12wt%. 

Compression moulding 
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The composites pellets were moulded into slabs of sizes of 10cm ×10cm×1mm by hot press at 

280℃. The slabs were then cut into pieces of sizes of 10mm × 10mm × 1mm for electrical 

properties characterization. 

2.3 Characterization 

The impedance of composites were tested on 10mm ×10mm x 1mm solid specimens. All 

impedances were tested using a PSM 1735 Frequency Response Analyzer from Newtons4th Ltd 

connected with Impedance Analysis Interface (IAI) at the range of frequencies from 1 to 106Hz. 

The specific conductivities (σ) of the materials were calculated from the measured impedances 
using: 𝜎(𝜔) = |𝑌∗(𝜔)| 𝑡𝐴 = 1𝑍∗ × 𝑡𝐴                                                                                                                     (1) 

where Y*(ω) is the complex admittance, Z* is the complex impedance, t and A are the thickness 

and cross section area of the sample, respectively. 

The specific surface area was determined by N2 adsorption at 77 K with BET (Brunauer, Emmett 

and Teller) method using Quadrasorb EVO surface area and pore size analyser.  

The morphology of composites were analysed using a transmission electron microscope (TEM) 

FEI Tecnai G2 20 (LaB6) operated at an acceleration voltage of 200 kV. For this, thin sections 

with a thickness of 80 nm were prepared using a diamond knife mounted on an ultramicrotome. 

The cuts were performed at room temperature in direction perpendicular to press direction in 

the middle of the samples. 

Atomic force microscopy (AFM) and conductive AFM were performed using a JPK NanoWizard 

4 XP NanoScience atomic microscope equipped with a conductive AFM module. The images 

were recorded using a Pt−Ir coated silicon probe (PPP-EFM, Nanosensor). 

3. Result and Discussion 

3.1 Effect of filler morphology on conductive network 

Three types of carbon nanofillers of different dimensionality were chosen to study the effects 

of filler morphology on electrical conductivity of composites. Carbon blacks were considered as 

0 dimension fillers; carbon nanotubes were considered as 1D fillers; graphene nanoplatelets 

(GNP) were considered as 2D fillers. The morphology of the as chosen fillers and their dispersion 

in composites were investigated by TEM as shown in Figure 1. GNP flakes are tend to form 

agglomerates in the composite which might result from the 𝜋 − 𝜋 interaction between flakes. 

Also the GNP agglomerates seem to isolate from each other which might reduce the connection 

among fillers. On the other hand, CBs and CNTs distribute more evenly in the composites than 

GNP with less large agglomerates can be found. CBs form chain-like network in the composites 

while CNT form web-like network.  
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Figure 1. TEM images of C750 GNP composites (a); CB composites (b); CNT composites  with 

different magnifications (c) and (d); all the composites at loading of 4wt%. 

Conductive AFM image can collect the topography and current image from sample surface 

simultaneously and thus the morphology of filler network and conductive network can be 

compared as shown in Figure 2. The topography images (Figure 2.(a, b, c)) of CB, CNT and GNP 

composites are consistent with the result from TEM image that CB and CNT disperse evenly in 

the composites while GNPs form agglomerates. As for the current mapping in Figure 2.(d, e, f), 

the conductive area (brighter area in the image) in CB and CNT composites is similar to the 

network observed in topography image and TEM which indicated n effective network formed in 

the composites. However, no conductive area can be found in the current mapping of GNP 

composite and the current flow through the sample surface are two orders of magnitude lower 

than that of CB and CNT which reveals that no effective conductive network forms in the 

composites due to the agglomeration of GNP fillers. 

 

Figure 2. Topography (top) and current (bottom) image of 4wt% CB composite (a, d); 4wt% CNT 

composite (b, e); 4wt% GNP composite (c, f) obtained from conductive AFM. 
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The bulk electrical conductivity of these three types of composites were measured and 

compared with various fillers loading. At filler loading of 4wt%, CNT composite shows the highest 

conductivity while the conductivity of CB composite is slightly lower that CNT composite. 

Moreover, the conductivity of GNP composites at 4wt% is much lower than the other two 

composite, which can be considered insulating. This result corresponds to the current mapping 

that better dispersion of CB and CNT results in effective filler network for electron conduction 

thus leading to higher conductivity while the agglomeration of GNPs results in poor connection 

among fillers and no conductive network can be formed. 

 

Figure 3. Semi-log plot of conductivity as a function of weight fraction for CB, CNT and GNP 

composites at frequency of 1Hz.  The solid line were fitting from percolation theory 

equation.(10) 

3.2 Effect of injection moulding on the micro and macro conductivity of composites 

Previous work in the Advance Nanomaterials Group in the University of Manchester has found 

that the shear force induced in injection moulding can lead to orientation of filler in the side 

region in injected samples while the fillers in the core region remain random orientation due to 

the low shear force in the core region (11). The extruded CNT composites were further injection 

moulded to study the effects of filler orientation on filler network formation and electrical 

conductivity. The TEM images (Figure 5. (b, e)) shows that in the side region where the high 

shear force was generated, CNTs tend to orientated to a certain direction while fillers in the core 

region show a more random orientation. The orientation distribution of filler can be obtained 

by analysis of TEM images. 
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Figure 5. Schematic of TEM sample cutting from the side (a) and core (d) region parallel to 

injection direction; TEM image of 4wt% CNT composites from the side (b) and core (e) region; 

orientation distribution of filler from TEM image analysis. 

Conductive AFM was applied to analysis the distribution of filler in the injection moulded 4wt% 

CNT composites. The conductive area in the side region is shaped like bundles  of “noodles” 
which represent the orientated CNTs form the conductive network in a particular direction. 

Moreover, in the core region, the conductive area is distributed randomly in the composite 

which consistent with the random orientation of filler in the core region. The calculation of 

ratio of conductive area as well as the resistance also reveal the effect of orientation with 

lower resistance and higher conductive area ratio in the core region. This indicates that the 

orientation of filler reduce the connection thus increasing resistance. 

 

Figure 6. Current image of 4wt% CNT composites from side region (a) and core (b) region; ratio 

of conductive area and resistance calculated from CAFM images verse various distance to the 

sample edge (c). 
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The electrical conductivity of bulk composites was measured in two directions which were 

perpendicular and parallel to the injection direction as shown in Figure 7.(a). Conductivity in 

perpendicular direction is lower than that in the parallel direction at all loadings. Electron 

conduction in perpendicular direction is dominated by the side region in the composites while 

the conduction in parallel direction is dominated by the core region, which causes the 

difference of conductivity in the two directions. 

 

Figure 7. (a) Schematic of direction of conductivity measurement; (b) Semi-log plot of 

conductivity as a function of weight fraction for injection moulded CNT composites at frequency 

of 1Hz. 

4. Conclusion  

Three types of fillers, CB, CNT and GNP were melt mixing with polycarbonate to fabricate 

conductive polymer composites in order to study effect of filler morphology on conductivity. For 

the hot press composites, good dispersion of CB and CNT were confirmed with TEM and 

topography image while large agglomerates of GNP can be found, which leads to more efficient 

conductive network in CB and CNT and can be confirmed by the CAFM current mapping. 

Consequently, conductivity of CB and CNT composites are higher than GNP composites. 

For the injection moulded CNT composite, orientation of filler can be found which also leads to 

orientation of conductive area. The orientation of filler reduces the connection of fillers thus 

resulting in lower conductivity in the composites. 
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Abstract: The mechanical properties of a discontinuous fiber composite depend on the 

properties of the individual components and the orientation of the fibers with respect to the 

loading direction. The smaller the misalignment angle between fiber and load orientation, the 

higher the strength and stiffness of the composite. In this paper, discontinuous steel fibers are 

dispersed in non-reactive polydimethylsiloxane (PDMS). The fiber alignment is performed by 

magnetic manipulation using static magnetic fields. Video and image analyses are carried out to 

calculate the fiber realignment. The influence of parameters like the matrix viscosity, the fiber 

volume fraction and the magnetic field strength are discussed. The average fiber orientation 

angle is calculated as a function of time, for different parameter sets. 

Keywords: Magnetics; Polydimethylsiloxane; Ferromagnetic Fibers; Optical Microscopy; Fiber 

Orientation 

1. Introduction 

In the last decades, discontinuous fiber-filled composites have been widely used to replace 

comparable products in steel or aluminum. Between 1960 and 2004, the United States' market 

for composites increased by a factor of 16, while steel consumption doubled during the same 

period [1]. Especially in high-demanding industries (e.g. the automotive and aerospace industry), 

composite components are more frequently used. The mechanical properties of a discontinuous 

fiber composite depend on several factors. Besides the properties of the individual components 

(matrix and dispersed phase), the fiber volume fraction, the fiber length distribution, the fiber-

matrix adhesive properties and the fiber orientation distribution play an important role [2]. Fu 

and Lauke [3,4] showed that the composite's elastic modulus strongly depends on the mean 

fiber orientation angle relative to the load direction. Any deviation in fiber orientation from this 

direction leads to a decrease in composite stiffness. For higher fiber volume fractions, it is also 

seen that the decline of the elastic modulus becomes more pronounced. 

When discontinuous fiber composites are processed with commonly known processing 

techniques (e.g. injection molding or extrusion), the formation of the fiber structure is primarily 

controlled by the processing parameters, rheological characteristics of the matrix-fiber blend 

and geometry of the part. It is often impossible to change the dispersed phase's morphology 

without affecting other predetermined part specifications. Many techniques have been tried to 

change the structures in a non-invasive way. The technique of fiber manipulation employing 
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magnetic field interaction has been a popular choice in many fields of study over the last 

decades. The advantages of magnetic manipulations have introduced this method to many 

domains. For instance, in injection molding, the integration of permanent magnets [5,6] and 

electromagnets [7,8] inside the mold improved structural and magnetic properties for the 

injected composite. This technique applies the magnetic field during the injection phase, when 

the polymer viscosity is low at high temperatures and high shear forces. This low viscosity allows 

the dispersed phase to realign before the solidification of the matrix occurs. Further studies 

[9,10] on the magnetic alignment of filler materials in shear flow and in the presence of a 

perpendicular applied external field discuss the dynamics of the realignment process. During the 

process, a magnetic fiber torque, which is a function of the applied magnetic field intensity and 

fiber properties, is countered by a viscous torque caused by the fluid viscosity. The alignment 

rate is influenced by the applied magnetic field, material parameters of the fibrous phase, and 

the fluid viscosity. 

This paper discusses the results from experiments with steel fibers dispersed in a 

polydimethylsiloxane (PDMS). In Section 2, the different materials and setup are explained. 

Section 3 reports the test methodology and results with varying parameters of process. The 

conclusions end the paper in Section 4. 

2. Experiments 

2.1 Materials 

Ferromagnetic fibers (FeCrAl alloy) were obtained in continuous bundles from Bekaert NV in 

Belgium. These bundles were manually cut into discontinuous fibers with a length of 1 mm. Non-

curable polydimethylsiloxanes (also referred to as silicone oils) from Wacker were used as the 

matrix material. These materials are transparent and retain their liquid properties in ambient 

conditions, making them excellent for optical microscopy. Two different viscosities were chosen 

for the tests: 10 Pa∙s and 100 Pa∙s. The fibers were manually dispersed in the fluid and stirred to 

obtain a random orientation at the start of the experiment. The samples were degassed in a low 

vacuum (± 200 – 300 mbar) to avoid air bubbles from interfering with the fibers during the 

alignment process. 

2.2 Setup 

The experiments were conducted on a lab-scale setup. This setup consists of an aluminum block 

with a small cavity. The cavity holds additively manufactured plastic cups for the fluid mixtures. 

Two handmade electromagnets are used to create a unidirectional static magnetic field. The 

coils consist of an iron core and are mounted on a soft iron block. The magnetic field strength 

varies with the applied current, which is provided by a Keysight E36313A power supply. The 

magnetic field strength was also verified with a Phywe digital Teslameter. Videos of the process 

were made with a Motic Moticam 3.0 USB camera mounted on an optical microscope. Videos 

and images were analyzed using open-source Kinovea software (version 0.8.15) and the Image 

Processing Toolbox in MathWorks MATLAB (version R2019b). Figure 1 (left) shows an image of 

the setup, with the electromagnets installed and a 3D-printed cup for the mixtures. Figure 1 

(right) shows a schematic representation of a fiber in a static magnetic field �⃗⃗� 0. A fiber that is 

oriented perpendicular to the magnetic field direction, is indicated by an orientation angle of 0°. 
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After switching on the magnetic field, the fiber aligns parallel with the magnetic field, which is 

indicated by a 90° orientation angle. 

 

Figure 1. Lab scale setup with two electromagnets installed and a 3D-printed cup in the center 

(left). The chosen convention of orientation by magnetic realignment (right): a fiber 

perpendicular to the magnetic field direction (parallel to the x-axis) equals a 0° orientation. 

Fibers aligned with the magnetic field direction (parallel to the y-axis) equal a 90° orientation. 

3. Results 

An automated MATLAB script was developed to process the images from the experimental tests. 

At every time step, an average of 140 different fibers were evaluated. Figure 2 shows an example 

of a test using a silicone oil of 100 Pa∙s. The magnetic field strength was 47.7 x 10³ A/m. The fiber 

length was 1 mm and the fiber thickness 35 µm. The fiber volume fraction was 0.14 % (or 1 % of 

fibers by mass). This is low compared to conventional discontinuous fiber filled composite 

structures, which can have a maximum fiber volume fraction in the range of 40 – 45 % (to 

guarantee the practical processing with general equipment [2]). Keeping the fiber volume 

fraction low during the tests, facilitates the fiber response and clustering of fibers. The mean in-

plane fiber orientation angle at the start was 38.1° (standard deviation: ± 25.6°), which equals a 

random orientation (see Figure 2 – A). After five seconds, the mean orientation angle was 86.8° 

(standard deviation: ± 3.1°) (see Figure 2 – B), with most fibers oriented parallel to the magnetic 

field direction. From Figure 2 – A, it is observed that some of the fibers in the mixture tend to 

cluster (indicated with yellow arrows). 

 

Figure 2. Example of the magnetic alignment of ferromagnetic fibers in a silicone fluid of 100 

Pa∙s. The magnetic field strength was 47.7 x 10³ A/m. The fiber length was 1 mm and the fiber 

thickness 35 µm. The fiber volume fraction was 0.14 %. Fiber clusters are indicated with yellow 

arrows. Blue arrows indicate misalignment caused by fiber network formation and clustering. 
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This is caused by remanent magnetism inside the ferromagnetic material. Additional friction due 

to the rough fiber surfaces may increase the amount of initial fiber contact. After initiation of 

the magnetic field, the clusters of closely positioned fibers are aligned parallel to the magnetic 

field direction. The close contact remains after the magnetization, despite the rapid motion and 

the new in-plane orientation of every fiber.  

The mean fiber orientation angle was calculated in MATLAB. Overlapping fibers were detected 

and every image was checked for double-counted fibers. The experimental results from the tests 

are displayed in Figure 3. The mean fiber orientation angle as a function of time is plotted, 

together with the error bars indicating the standard deviation. 

 

Figure 3. Experimental results showing the mean fiber orientation angle (with standard 

deviation error bars) as a function of time. The test conditions are shown above each graph. 

Figure 3(A) shows the results with the same parameters as explained in Figure 2. Parameters 

highlighted in yellow have been changed from the test conditions in Figure 3(A). In Figure 3(B), 

the matrix viscosity was changed to 10 Pa∙s. In Figure 3(C), the magnetic field strength was 

decreased to 23.9 x 10³ A/m. In Figure 3(D), the fiber volume fraction was doubled to 0.28 %. 

Figure 3 – A shows the results from the test as explained in Figure 2. From the video analysis, it 

is shown that the angular reorientation is the predominant motion at the start of the 
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experiment. This realignment is initiated by the misalignment angle between the primary axis of 

the fiber and the magnetic field direction. In this phase, mutual fiber interaction occurs as well 

as network formation between adjacent magnetized fibers. When the fibers are aligned parallel 

to the magnetic field direction, a translational fiber motion is observed. This is due to the 

position of each fiber relative to the solenoids and the magnetic attraction towards them. The 

translational movement initiates more network formation as a function of time. 

In Figure 3 – A, the mean orientation angle after 5 seconds is 86.8°. A lot of fibers were able to 

move freely, resulting in a high mean orientation angle for the sample, with a low standard 

deviation. Additional realignment was hindered due to fiber clustering. This is indicated in Figure 

2 – B with blue arrows. In Figure 3 – B, the matrix viscosity was lowered to 10 Pa∙s. This implies 

that the viscous torque on the fiber is lower, resulting in a faster alignment response. A mean 

orientation angle of 84.4° (± 8°) was achieved in 1.92 seconds. The standard deviation is higher 

compared to the test results in Figure 3 – A. This is due to the higher amount of clustering caused 

by the lower viscous torque which also causes increased translational fiber movement. The 

result of the test is displayed in Figure 4 – B. 

 

Figure 4. Magnetic alignment of fibers in a silicone fluid with a viscosity of 10 Pa∙s (A). The 
magnetic field strength was 47.7 x 10³ A/m. The fiber length was 1 mm and the fiber thickness 

35 µm. The fiber volume fraction was 0.14 %. Clustering of fibers due to the low viscosity after 

1.92 s (B).  

In Figure 3 – C, the magnetic field strength was decreased by a factor of 2. Although the matrix 

viscosity was constant compared to the test in Figure 3 – A, the lower magnetic torque causes 

the fibers to rotate slower. A mean orientation angle of 83.8° (± 7.5°) was noted in 7.08 seconds. 

The slower rate of fiber alignment also gives the fibers the opportunity to attract adjacent 

magnetized fibers, resulting in a higher amount of fiber interaction and overall higher standard 

deviation. Finally in Figure 3 – D, the amount of fibers was doubled, leading to a faster response 

compared to the results in Figure 3 – C. Due to the higher fiber volume fraction, the number of 

evaluated fibers was also higher. On average 280 fibers were taken into account during the 

orientation angle assessment. An overall mean orientation angle of 81.8° (± 9.4°) was found in 

5.04 seconds. 
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4. Conclusion 

The magnetic fiber reorientation process for discontinuous ferromagnetic fibers dispersed in 

silicone oils was studied. Different parameters in the process were varied to asses the fiber 

alignment response. Every test started with a random fiber orientation. The results showed that 

for every test, an overall mean orientation angle of > 80° was achieved. This corresponds to a 

structure in which the majority of the fibers are aligned according to the magnetic field direction. 

By decreasing the matrix viscosity, the viscous torque on the fiber's solid body also decreases, 

resulting in a higher rate of fiber alignment. Besides the viscous forces, the magnetic torque, 

induced by the magnetic field strength, influences the process. The limiting factor in achieving a 

perfect alignment relative to the magnetic field direction, was the amount of fiber-fiber 

interaction. The attraction between adjacent magnetized fibers leads to fiber clustering which 

hinders the structure from further alignment.  
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Abstract: A novel method for graphene deposition on carbon-fiber-reinforced composites 

(CFRPs) via an industrially relevant process was established. The process consists of forming a 

graphene oxide (GO) layer onto the CF prepreg surface by spraying GO aqueous-dispersion, 

followed by laser-assisted GO reduction directly on prepreg to form conductive graphene at 

ambient conditions. Two composite plates, namely neat-reference and graphene-enabled, are 

manufactured to investigate their multifunctionality. The graphene film morphology and the 

quality of produced graphene are assessed with SEM and Raman spectroscopy. The electrical, 

thermal, and mechanical properties of the composites were also studied. The GO was successfully 

reduced with an energy flow 4J/m2. The graphene film results in optimization of the CFRP 

properties yielding a 63%, 8% and 42% increase in flexural stress, thermal conductivity, and 

electrical conductivity, respectively. However, the mechanical interaction along the interlaminar 

region is influenced by the graphene presence and consequently the interlaminar properties are 

decreased. 

Keywords: Laser induced graphene; Smart materials; Carbon fiber reinforced composites; 

Multifunctional composites  

1. Introduction 

Graphene-enabled carbon fiber reinforced composites (CFRPs) have attracted significant 

interest from both industries and researchers due to their attractive attributes, such as 

enhanced engineering properties (mechanical, electronic, optical, thermal, and magnetic 

properties) [1-3]. A variety of methods have been employed for the synthesis and large volume 

production of graphene with relatively high crystalline quality. These methods include 

mechanical exfoliation, chemical exfoliation, epitaxial growth, pyrolysis, and chemical vapor 

deposition [4]. A frequently used approach adopts graphene oxide (GO) as the precursor to be 

reduced to graphene-like sheets by removing the oxygen-containing groups with the recovery 

of a conjugated structure by thermal, chemical, or electrical treatments. Laser irradiation is 

considered a very promising technique for the in-situ conversion of GO to reduced graphene 

oxide (rGO). This method eliminates the use of highly corrosive and toxic chemicals and avoids 

the requirement for high temperatures [5, 6]. 

In this work, water-based graphene oxide (GO) dispersion is sprayed on the surface of carbon 

fiber pre-impregnated fabric (prepreg). Laser-assisted reduction of GO takes place towards the 
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formation of conductive graphene directly on the surface of prepreg at ambient conditions [6]. 

The rGO film morphology and the quality of the produced graphene are assessed with scanning 

electron microscopy (SEM) and Raman spectroscopy. The purpose of this study is to 

simultaneously improve the properties of the composite and introduce multifunctionality. 

Therefore, two composite plates, namely neat-reference and treated, are manufactured to 

investigate comparatively their electrical, thermal, and mechanical properties. The results show 

that the graphene film results in optimization of the thermomechanical properties and provides 

thermal and electrical conductivity to carbon reinforced composites.  

2. Experimental 

2.1 Manufacturing of laser-assisted graphene carbon fiber reinforced composites  

Commercial graphene oxide aqueous dispersion (Graphenea S.A., Spain) with a concentration 

of 4 mg/mL is used. GO is sprayed onto woven carbon fiber pre-impregnated fabric-prepreg (SHD 

Composites, UK) utilizing a roll-to-roll (R2R) spraying pilot line equipped with air atomizing 

nozzles (Spraying Systems Co.). The spraying process was performed with a spraying air pressure 

of 2.1 bar and a spraying liquid pressure of 1.5 bar, and the GO coating was dried at 60 oC for 10 

min in the pilot line heating zone. The thickness of the GO layers was estimated to be within 500 

and 700 nm, measured with a stylus profilometer (Ambios XP-1). For the reduction of GO, the 

R2R laser pilot line equipped with a laser StarPulse 150 System (COHERENT, laser power 40 W, 

wavelength 1064 nm) is employed. The laser beam is directed and focused onto the substrate 

with the aid of a galvo mirror system. The laser-assisted GO reduction was performed with single 

pulse irradiation, using a wide focusing spot (~8 mm), fluence in the range 4-6 J/cm2 and pulse 

length duration 1-2 ms. The whole process took place at ambient conditions. Due to the 

Gaussian beam profile, overlapping steps comparable to the radius of the focused spot were 

used to ensure homogeneous irradiation. 

To produce CFRP laminates (neat-reference and graphene-enabled), sheets were cut from the 

neat prepreg and graphene-enabled prepreg, respectively. A total of 6 laminates (200 x 200 

mm2) consisting of 6 plies prepreg sheets were manufactured for mechanical, thermal, and 

electrical tests. Additionally, 2 laminates (260 x 150 mm2) consisting of 10 plies prepreg sheets 

and a polytetrafluoroethylene (PTFE) film were manufactured for Mode-I tests. The PTFE was 

placed in the middle plane of each laminate to generate the initial delaminated region according 

to the test standard. Following the lamination process, the plates were closed in a vacuum bag 

and then cured in an autoclave at 120 °C for 45 min under 6 bar of gauge pressure. 

 

Figure 1. Manufacturing process for neat-reference and graphene-enabled CFRP laminates. 

2.2 Characterization methods  

A high-resolution field-emission scanning electron microscope (FE-SEM) instrument (Zeiss, 

SUPRA 35VP) operating at 15 kV was employed to record micrographs of the graphene-coated 
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substrates. Electron microscopy images were recorded from graphene-enabled prepreg, neat 

CFRP and graphene-enabled CFRP. Raman spectra was obtained with a Kimon He-Cd Laser 

apparatus at a laser excitation wavelength of 441.6 nm to investigate the graphene oxide 

reduction and CFRPs. The scattered light is analyzed by a LabRam HR800 (Jobin Yvon) micro-

Raman spectrometer at a spectral resolution of about 2.0 cm−1. A microscope objective with 50× 
magnification is used to focus the light onto a spot of about 3 μm in diameter.  

Five specimens were cut according to the test standards from the manufactured plates for each 

testing. Τhe glass transition temperature Tg and the storage modulus of the two CFRPs (neat and 

graphene-enabled) were specified by Dynamic Mechanical Analysis (DMA) measurements (DMA 

50 Metravib). The measurements were conducted at 1 Hz from ambient room temperature to 

250oC at a heating rate of 2oC/min. Three-point bending (3 PB) and Interlaminar Shear Strength 

(ILSS) tests were performed using an Instron 8872 servo-hydraulic testing machine in accordance 

with EN ISO 14125:1998 and ASTM D2344, respectively. The test speed of 3PB and ILSS tests was 

1 mm/min. Double cantilever beam (DCB) tests were carried out to measure the opening Mode-

I interlaminar fracture toughness energy (GIC) according to the AITM 1.0005 standard. The DCB 

tests were performed in a servo-hydraulic test machine (Instron 8872) and the crosshead speed 

was set at 10 mm/min. The applied loading and the opening displacement of each specimen 

were recorded to measure the GIC, while the location of the crack tip was tracked down in regular 

intervals and was recorded along with the load and the displacement at each measured crack 

extension. GIC was calculated according to the following equation: 𝐺𝐼𝐶 = 𝐴𝑎+𝑤 ∗ 106         (1) 

where A = energy to achieve the total propagated crack length, α = propagated crack length, and 
w = specimen width. 

Electrical measurements were performed using digital multimeter (Keysight) through four-wire 

resistance at room temperature. The electrical conductivity was calculated according to the 

following equation: 𝜎 = 𝑙𝑅∗𝐴          (2) 

where l = length of the specimen, R = electrical resistance of a uniform specimen of the material, 

and A = cross-sectional area of the specimen. 

Measurements of thermal conductivity of the developed materials were performed by using a 

thermal conductivity analyzer (TCi Mathis). TCi Mathis Analyzer measures directly and rapidly 

the through thickness thermal conductivity of sample at room temperature, providing a detailed 

overview of its thermal characteristics. All measurements reported are the average of at least 

five specimens. 

3. Results and discussions 

3.1 Graphene oxide reduction 

Based on the electron microscopy images (Figure 2), it is observed that the reduction of 

graphene was carried out evenly over the entire surface of the prepreg. 
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Figure 2. Scanning electron microscopy images, at different magnifications, of laser-assisted 

reduced GO on pre-impregnated carbon fiber fabric for energy flow 4 J/cm2. 

Raman spectroscopy was used to characterize the developed graphene layer produced and the 

extent of reduction of the GO. Various band parameters such as the relative intensity ratio of D, 

G and 2D bands (i.e. ID / IG, I2D / IG), the amplitude of the G band, the spectral shape of the 2D 

band and so on, are frequently employed as reliable indicators of the graphene quality, structure 

and sp3 to sp2 relative fraction. Figure 3 shows the Raman spectra of laser-assisted reduced GO 

on pre-impregnated carbon fiber fabric for energy flow of 4 J/cm2 and 6 J/cm2. For the irradiation 

conditions used the spectrum displays significant reduction of the GO. It is evident that laser 

irradiation results in several spectral changes. These include, appreciable decrease of the ID/IG 

ratio, narrowing of the D and G bands, and increase of the I2D/IG ratio. 

   

Figure 3. Typical Raman spectra of laser-assisted reduced GO on CF prepreg at ambient 

conditions for two different fluences.  

3.2 Laser-assisted graphene carbon fiber reinforced composites 

SEM observation was conducted to determine the surface morphology changes of CFRP 

produced with laser-assisted reduced GO prepregs. Figure 4 shows the SEM images for both 

neat and graphene-enabled composites. These images reveal the morphology of the cross 

section of the specimens. Specifically, Figures 4 (a) and (b) depict images of the neat CFPR, where 

the layering of the fibers with a different (vertical) orientation between them is observed at low 

magnification. At higher magnification the morphological characteristics of the fibers and parts 

of the resin which surrounds the fibers are observed. Figures 4 (c) and (d) present the graphene-

enabled CFRP, where the interface between the prepreg layers contains rGO produced by laser 

irradiation. These images reveal that the presence of the laser-reduced GO, and possible laser 

transformation of the resin, modify the material volume at the interface, thus making the 

observation of the discrete carbon fibers less obvious than in the previous case (neat), as shown 

by the larger magnification image in Figure 4 (c). At higher magnifications the formation of a 

phase is observed whose morphological characteristics differ from the corresponding interface, 

without the presence of reduced graphene oxide. This morphology may be due to the mixing of 
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reduced graphene particles with the resin, which has also decomposed to some extent due to 

irradiation. 

    
(a) (b) (c) (d) 

Figure 4. Representative SEM images taken from interface of multi-functional composite 

material specimens (a), (b) neat-reference, (c) and (d) graphene-enabled. 

Raman spectra were obtained from the specimen interface. For the neat specimen, the 

spectrum that corresponds to the resin region (away from carbon fibers area) is shown in Figure 

5 (a). In the range 1800-2700 cm-1, a wide and strong peak is observed, which is attributed to 

fluorescence signal emerging from the resin. In this spectrum, the carbon D and G bands are 

observed at ~1355 cm-1 and ~1585 cm-1, respectively. The remaining bands (~ 1307 cm-1, ~ 1461 

cm-1, ~ 1554 cm-1, ~ 1610 cm-1) are assigned to the polymer of the composite material. A 

representative Raman spectrum obtained from the region where the carbon fibers are located 

in the neat specimen is illustrated in Figure 5 (b). The spectrum is characteristic of 

nanocrystalline carbon or carbon material with a high sp3/sp2 hybridization content. The main 

vibration bands, D and G are located at ~ 1366 cm-1 and ~ 1599 cm-1, respectively, being quite 

wide. A deconvolution of these broad bands to individual components, typically reveal 

additional peaks at ~ 1503 cm-1 and ~ 1568 cm-1. A broad background is also evident in the 

spectral area 2100-2700 cm-1, which is attributed to fluorescence. Representative Raman 

spectra recorded from the graphene-enabled specimen are shown in Figure 5 (c). Raman spectra 

were obtained in the intermediate region between the locations where the carbon fibers are 

located. This spectrum exhibits several peaks assigned to the polymer, as well as, weak D and G 

bands of the reduced graphene oxide, which are narrower compared to the corresponding peaks 

of the carbon fibers, while their degree of overlap is much smaller. 

   
(a) (b) (c) 

Figure 5. Raman spectra of multi-functional CFRP in (a) resin region of neat specimen, (b) 

carbon fibers region of neat specimen and (c) carbon fibers region of treated specimen. 

The influence of reduced graphene produced by laser irradiation on storage modulus and glass 

transition temperature was studied by conducting dynamic mechanical thermal analysis (DMA). 

The presence of graphene had active properties as there was an increase in E’ from 37 GPa (±2.7 
GPa) to 42.8 GPa (±1.2 GPa), which corresponds to a 16% increase (Figure 6 (a)). Respectively, 
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for the glass transition temperature (Tg) an increase of about 3 oC was observed from 125.3 °C 

(±3.2°C) to 128.6 °C (±6.4°C), as shown in Figure 6 (b). 

  
(a)  (b)  

Figure 6. Dynamic Mechanical Analysis of multi-functional CFRP in neat and modified 

specimens (a) Storage Modulus (E’) and (b) Glass Transition Temperature (Tg). 

Comparative three-point bending (3PB) test was carried out between the reference CFRP and 

the graphene-enabled CFRP. Figure 7 depicts the force and flexural stress of 3PB test. The 

increase of the maximum bending load from 331.9N (± 80.5N) to 501.2N (±52.6N) is obvious, 

which based on the dimensional characteristics of each test corresponds to an increase of the 

maximum stress from the 580.9 MPa (± 120.1MPa) to 942.7MPa (± 40.1MPa). The above results 
correspond to a relative increase of about 63%.  

  
(a) (b) 

Figure 7. Three-point bending of multi-functional CFRP in neat and modified specimens (a) 

Force and (b) Flexural stress. 

The effect of the presence of reduced graphene was also studied by the interlaminar shear 

strength test (ILSS).  A reduction of the maximum load was observed from 68.51 MPa (±1.58 
MPa) to 22 MPa (±1.46 MPa) corresponding to a relative reduction of about 68%, as shown in 

Figure 8. ILSS is dominated by the properties of the fiber-matrix interface, thus, the degradation 

of interface with the presence of graphene produced by laser irradiation is responsible for its 

decrease. 

 

Figure 8. Interlaminar shear strength of multi-functional CFRP in neat and modified specimens. 
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To measure the opening Mode-I interlaminar fracture toughness energy (GIC), DCB tests were 

carried out. Figure 9 depicts the influence of reduced graphene produced by laser irradiation on 

the force and GIC. A decrease in the maximum load was observed from 107.89N (± 8.95 N) to 
53.87N (± 10.79N) due to the presence of graphene on the outside side of prepreg (graphene-

enabled CFRP) causing an overall degradation of the corresponding properties. Thus, for 

example, the corresponding interlaminar fracture toughness energy shows a significant 

reduction of 70% from 641.69 ± 10.71 J/m2 to 190.27 ± 52.05 J/m2. 

  
(a) (b) 

Figure 9. Double cantilever beam (DCB) tests of multi-functional CFRP in neat and modified 

specimens (a) Force and (b) GIC. 

Thermal conductivity measurements were performed through the thickness on both sides of the 

specimens. The total of tests performed on both the top and bottom side of the specimens to 

eliminate any external variation in surface quality that significantly affects its respective 

measurements, is presented in Figure 10 (a). An increase in thermal conductivity was observed 

from 0.55 W/mK (± 0.05 W/mK) to 0.59 W / mK (± 0.05 W/mK), which corresponds to an increase 

of about 8% and is enhanced by the presence of the graphene. The electrical conductivity study 

showed an increase in the modified specimens from 6.54 S/m (±3.18 S/m) to 9.30 S/m (±3.9 
S/m) due to the presence of graphene, which corresponds to an increase of about 42%, as shown 

in Figure 10 (b). 

  

(a) (b) 

Figure 10. Performed measurements through the thickness of (a) thermal conductivity and (b) 

electrical conductivity. 

4. Conclusions 

Laser-assisted reduction of graphene oxide (GO) was successfully carried out onto woven carbon 

fiber pre-impregnated fabric (prepreg). The whole process was conducted utilizing an R2R 

spraying pilot line, where GO is deposited onto the prepreg surface and an industrial type laser 
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coupled to the R2R pilot was used to irradiate and reduce the GO layer. Two CFRP plates (neat-

reference and graphene-enabled) were manufactured to examine the influence of graphene 

presence in composite material. Specifically, electron microscopy images were recorded from 

graphene-enabled prepreg, neat CFRP and graphene-enabled CFRP and Raman spectra was 

obtained to investigate the graphene oxide reduction and CFRPs. Dynamic Mechanical Analysis, 

Three-point bending, Interlaminar Shear Strength (ILSS) and Double cantilever beam tests were 

performed to study the mechanical properties of CFRPs. In addition, thermal conductivity and 

electrical conductivity measurements were carried out to investigate the thermal and electrical 

properties, respectively. Electron microscopy analysis revealed that the laser-assisted reduced 

graphene oxide was successfully formed onto prepreg substrate. The Raman spectra showed 

that the laser-induced reduction of GO produces high quality graphene-like structures. 

Additionally, the graphene film enhances the properties of CFRP yielding a 63%, 8% and 42% 

increase in flexural stress, thermal conductivity, and electrical conductivity, respectively. Finally, 

the interlaminar properties are decreased since the mechanical interaction along the 

interlaminar region is influenced by the graphene presence.  

Overall, the direct graphene deposition on the surface of carbon fiber reinforced composites has 

been successfully demonstrated using a R2R laser-assisted method. The graphene formed in this 

way, can act as nanoscale structural element in these composites to provide fast and cost-

effective mechanical performance improvements and multifunctionality for structural 

applications. 
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Abstract: One of the main properties to be satisfied in hydrogen applications is low gas 

permeability. In composite materials, this property depends on the processing parameters and 

in particular on the residual porosity, but also on the quality of the fiber/matrix interface. This is 

particularly the case in composites involving a thermoplastic matrix with carbon fibers as the 

lack of reactive group on the fiber surface can limit the level of interfacial interaction between 

the reinforcement and the matrix. In this study, the role of the interface is therefore analyzed 

through the investigation of the hydrogen permeability of CF/PVDF and CF/PPS composites 

manufactured with different grades of polymers and reinforcements.  The hydrogen permeability 

of the composites was determined, and a correlation with the crystallization behavior of the 

matrix on the fiber surface could be identified. Hydrogen permeation decreases when the fiber 

favors matrix nucleation. 

Keywords: Composite ; Thermoplastic ; Permeability ; Fiber/matrix interface ; Hydrogen.  

1. Introduction 

The energy transition is seeing the development of numerous applications based on hydrogen, 

which has been identified as a necessity for reducing greenhouse gas emissions. Many 

technologies have been developed or are still being developed in this way, whether for the 

production, storage or use of hydrogen. In particular, new designs of hydrogen storage tanks are 

explored with the aim at obtaining durable lightweight solutions for transport applications.  

Composite materials are suitable candidates for tank application as they combine lightness, 

corrosion and mechanical resistance adapted to high pressure hydrogen storage. However, the 

permeability of composite materials to gases [1] and in particular to hydrogen which is a light 

gas with a small molecular size [2] still needs to be better understood. Indeed, although the 

literature reports that gas permeability properties are retained for thermoset matrix composites 

[3], indicating good control of the fiber/matrix interface, very little data on thermoplastic matrix 

composites is available. 

Thermoplastics (TP) have intrinsically good gas impermeability properties, of the order of 

10- 10 mol.m-1.s-1.MPa-1, close to thermosets [3,4]. On the other hand, carbon and glass 

reinforcements also exhibit low permeability [5]. Studying hydrogen permeation in 

thermoplastic composites therefore consists in investigating the role of the interface on this 

property. 

Interface issues are well known in composites. Reinforcements are generally sized before 

forming to improve mechanical strength but also to ensure good adhesion with the resin. 

Regarding hydrogen permeability, adhesion is however not necessarily the key criteria and this 

study therefore proposes an in-depth analysis of the interfacial interactions in thermoplastic 

composites and its influence on hydrogen permeability. 

577/1602 ©2022 Allusse et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
mailto:gautier.allusse@mines-albi.fr
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

To do so, the behavior of carbon fiber reinforced composites manufactured with matrices of 

different nature was investigated.  Poly(Vinylidene Fluoride) (PVDF) was first chosen for its  good 

intrinsic gas permeability [5]. PVDF is a fluorinated semi-crystalline polymer known for its 

excellent chemical resistance, dielectric properties, excellent UV and moisture resistance, low 

coefficient of friction and very good thermal stability between -40°C and 150°C [6]. PVDF is 

therefore particularly suitable for use in fluid storage and transport applications (piping), in 

membranes for the medical field or in piezoelectric applications [7]. However, because of the 

high electronegativity of the fluorine element, this polymer exhibits poor chemical interaction 

with its environment which limits bond formation with carbon fibers in composite applications. 

For comparison purpose, Poly(Phenylene Sulfide) (PPS)  was selected as this thermostable 

thermoplastic has a hydrogen permeability of the same order of magnitude as PVDF [4]. This 

semi-crystalline thermoplastic polymer is widely used in composites for its high mechanical 

performance, high temperature stability, fire resistance and high chemical resistance [8] and has 

a better compatibility with carbon fibers.  

PVDF and PPS polymers and their respective CF composites are studied and compared. After 

checking the impregnation quality, the hydrogen permeability properties are measured to 

highlight the influence of the fiber/matrix interface, through different fiber/matrix pairs. 

Morphological and crystallization analysis at the interface were then used so as to identify the 

main factors that control the hydrogen permeability. 

2. Experimental 

2.1 Materials 

In order to compare the influence of the fiber/matrix interface on the gas permeability 

properties, two grades of PVDF were characterized and used for the manufacture of composite. 

The polymers used were in the form of 100 µm thick films. The first grade is a homopolymer 

PVDF (PVDF-H) while the second grade is a grafted PVDF (PVDF-G) which grafted function 

improves the chemical affinity of PVDF. Studies on similar grafted-PVDF show a decrease in the 

contact angle of PVDF on carbon fibers, leading to an improvement in wettability as well as an 

improvement in interlaminar shear strength, indicating an improvement in the quality of the 

CF/PVDF interface [9,10]. The gas permeability behavior of PVDF was compared to that of PPS, 

used as a 50 µm film.  

Composite plates were manufactured with the different thermoplastic polymers, in combination 

with two different carbon reinforcements in the form of a mat with a weight of 465 g/m². The 

reinforcement (CF-A) is an unsized reinforcement while the reinforcement (CF-B) has been 

treated to modify the surface of the carbon fiber. The surface activation treatment modified the 

chemistry of the surface and therefore induced a different interfacial interaction with the semi-

crystalline polymers. 

2.2 Composite manufacturing 

The panels were manufactured by thermocompression molding using the film stacking method. 

The film stacking method consists of heating and compressing a stack of alternating layers of 

polymer film and dry reinforcement. The conventional thermo-compression processing cycle 

first consisted in a low-load heat-up phase. The reinforcement/matrix system was then loaded 
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when the matrix temperature was beyond its melting point in order to promote polymer flow 

within the fiber reinforcement. The composite was finally cooled under pressure to set the 

structure of the impregnated composite and demolded when the temperature decreased below 

50°C. 

2.3 Characterization 

Void content 

The impregnation quality of composite panels was characterized by the presence or absence of 

porosity within the manufactured material. Samples taken from the plates in identical locations 

were polished with silicon carbide abrasive paper and then observed under an optical 

microscope. The image analysis technique was then used to determine the size and distribution 

of the porosities in the volume of the samples and the residual void content. 

Hydrogen permeability 

The hydrogen permeability properties of the plates were measured by the pressure differential 

method using a homemade equipment. A hydrogen overpressure 𝑝𝐻2of 1 bar was applied on 

one side of the composite panel. The amount of hydrogen 𝑄 in ppm that had passed through 

the panel of area 𝐴 and thickness 𝑒 during time 𝑡 was measured on the other side. The 

permeability 𝑃𝑒 coefficient [mol.m-1.s-1.MPa-1]  was then calculated under standard temperature 

and pressure conditions, from equation 1: 𝑃𝑒 = 𝑄 𝑒𝑡 𝐴 𝑝𝐻2 (1) 

Cryo-fractured samples 

Cryo-fractures were performed on the composite samples for analyzing the fiber-matrix 

adhesion. The samples were immersed in liquid nitrogen for 3 min and broken with tweezers. 

The low temperature of the sample allowed preventing plastic deformation during fracture. The 

fibre/matrix interface of the samples was then platinum coated and observed under a scanning 

electron microscope (SEM) in secondary electrons mode. 

Differential Scanning Calorimetry 

DSC measurements were carried out with a Perkin Elmer 8500 DSC equipment to determine the 

melting temperatures and enthalpies of fusion of the polymers and composite matrices. Sealed 

aluminum sample pans were prepared with 15 to 20 mg of polymer and composite. The samples 

were then heated from 50°C to 220°C in the case of PVDF and from 50°C to 330°C in the case of 

PPS, at 10°C/min. The melting temperature was recorded at the maximum of the heat flow peak, 

and the degrees of crystallinity of the polymers and composites were calculated from 

equation 2: 𝑋𝑐 = ( ∆𝐻𝑚𝜒𝑚×∆𝐻𝑚0 ) × 100 (2) 

In equation 2, 𝜒𝑚 and ∆𝐻𝑚 are the mass fractions (equal to 100% in the case of pure polymer) 

and the enthalpy of fusion of the polymer, respectively. ∆𝐻𝑚0  is the enthalpy of fusion of a pure 

polymer crystal, which is 104.6 J/g for PVDF [11] and 76.5 J/g for PPS [12]. 
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Polarized Optical Microscopy (POM) 

Isothermal crystallization from the molten state was finally studied using Polarized Optical 

Microscopy (POM) by means of a Linkam THMS-600P hot stage. Thin samples containing single 

carbon filaments were first prepared by thermocompression molding with two polymer films 

(PVDF and PPS) and carbon fibers taken from the reinforcements. The material systems were 

heated to 200°C and 295°C for PVDF and PPS respectively over short times to avoid degradation, 

and pressed to obtain samples with a thickness of between 40 and 50 µm. 

The crystallization study under hot stage was achieved from the molten state by first heating 

the polymers to temperatures of 220°C and 320°C for PVDF and PPS respectively. The samples 

were held at this temperature for 3 min to remove the thermal history. The samples were then 

cooled at a rate of 50°C/min to the set crystallization temperature (160°C for PVDF and 260°C 

for PPS). The direct observation of spherulitic growth during polymer crystallization under 

polarized optical microscope allowed identifying the bulk nucleation density and fiber-induced 

nucleation density. 

3. Results and discussion 

3.1 Impregnation quality 

The plates manufactured by thermocompression using the film stacking method exhibited a low 

residual porosity rate (figure 1.a), and of the same order for all materials. Microscopic 

observations (figure 1.b) confirmed the good impregnation quality of the composite panels with 

no visible porosity. The differences in the hydrogen permeability behavior of the composite 

panels can not therefore be explained by the impregnation step as such and the presence of a 

different porosity level. 

     

Figure 1. a) Residual porosity level in the composites and b) Microscopic observation of the    

CF-A/PPS composite. 

3.2 Gas permeability 

Figure 2 presents the hydrogen permeability measurements of the pure polymers (PVDF-H, 

PVDF-G and PPS) and their respective composites with the two carbon fiber references CF-A and 

CF-B. The pure polymers have a low hydrogen permeability in accordance with data from 

literature. The results also show that PVDF has a slightly lower permeability than PPS which 

confirms the renewed interest in PVDF for hydrogen applications. 

a) b) 
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After coupling the polymers with the carbon reinforcement, the composites show a strong 

increase in hydrogen permeability of several orders of magnitude. As shown previously, this 

result can not be attributed to an effect of the void content since all composite panels were 

showing a high impregnation quality. The differences in gas permeability behavior are therefore 

related to the quality of the fiber/matrix interface. 

It should be noted that the CF-A/PVDF-G composite has a slightly lower hydrogen permeability 

than the CF-A/PVDF-H composite. The addition of the grafted functions improved the quality of 

the fiber/matrix interface [10]. 

 

Figure 2. Hydrogen permeability of polymers (PVDF-H, PVDF-MAH and PPS) and their 

composites with CF-A and CF-B reinforcements, respectively. 

These observations are confirmed by the hydrogen permeability measurements performed on 

the CF-B/PVDF-H, CF-B/PVDF-MAH and CF-B/PPS composites (figure 2). These composites, 

involving the activated reinforcement, show a lower hydrogen permeability than in the case of 

CF-A reinforcement. The functions created on the surface of the fibers during the treatment 

improved the quality of the fiber/matrix interface [10], leading to improved gas permeability 

properties of the composites. However, figure 2 shows a different behavior according to the 

fiber/matrix pairs. The coupled effect of the grafted functions in PVDF with the activated 

reinforcement improves the gas permeability properties of the CF/PVDF composites. However, 

the hydrogen permeability measurements remain lower than those of the CF-B/PPS composite, 

highlighting the influence of the fiber/matrix interface on the hydrogen permeability. 

3.3 Fiber/matrix adhesion 

As shown in figure 3, the SEM observations of the fractured surfaces all show poor quality 

interfaces. First, the presence of numerous cavities indicates that many fibers were pulled out 

of the matrix during the fracture. Then, little or no polymer residue can be observed on the fiber 

surface, indicating poor adhesion of the polymer to the carbon fibers. 

The surface observation of the fiber/matrix interfaces does not allow clearly differentiating the 

samples. Therefore, differences in hydrogen permeability can not be correlated to different 

fiber-matrix adhesion levels in the composites. Nevertheless, the very high cooling rate 

associated with the liquid nitrogen treatment can have damaged the fiber/matrix interface. 

Indeed, because of the different thermal expansion coefficients of the matrix and 

reinforcement, the stress induced to the fiber-matrix interface upon cooling may have damaged 
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the interface before cryo-fracture leading to cryo-fractures that are not representative of the 

actual interface. Observations of fractured surfaces generated at very high speed (Charpy test) 

could better reveal the actual adhesion at the interface. 

 

Figure 3. SEM observation of cryo-fractures of composites a) CF-A/PVDF-H and b) CF-B/PPS. 

3.4 Influence of fibers on crystallization 

The good adhesion of the matrix with the fiber is a source of improvement of the gas 

permeability as it may limit the gas paths in the interphase between the fiber and the matrix. 

However, this condition is necessary but not sufficient. Indeed, Monson et al. [13] showed in 

their study that a higher proportion of crystalline phase led to an improvement in gas 

permeability properties. As in the case of fillers, crystalline phases increase the effective path 

length of gases through the composites. 

During the manufacturing process, the composite panels were cooled at a cooling rate of about 

10°C/min. Such cooling rates have little effect on the crystallization of PVDF-H, PVDF-G, PPS and 

their respective composites. As shown in figure 4, the degrees of crystallinity of the polymers 

and the corresponding composites are of the same order of magnitude. The differences in 

crystallinity in the volume do not explain the differences in permeability behavior. 

 

Figure 4. Degree of crystallinity of polymers and composites from DSC measurements. 
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In order to highlight the effect of fibers on crystallization, numerous images were taken during 

the spherulite growth process and the surface of the image covered with spherulites was 

monitored by using image analysis method. The influence of fibers was assessed by measuring 

the percentage of the image covered by spherulites in an area close to the fiber. In the present 

case, a distance of 25 µm around the fiber was considered (figure 5.a) for defining this area. The 

same percentage was calculated in the rest of the image, i.e. in an area far from the fiber, 

therefore representing the bulk crystallization process. The ratio between the two percentages 

was then used as an indicator of the influence of the fiber, a value close to unity demonstrating 

an absence of fiber influence on the crystallization process. 

 

Figure 5. Influence of the fiber zone on the crystallized surface for different combinations of 

reinforcements and matrices. (a) Observation of growing spherulites by optical microscopy; (b) 

Ratio between the surface of the micrographs covered by spherulites in the fiber area and in 

the bulk area. 

According to figure 5.b, the CF-A reinforcement has a low influence on the crystallization of PVDF 

and even a negative effect of the fiber, as shown by ratios lower than unity. On the other hand, 

the presence of the fibers impacts the crystallization of PPS, possibly through a greater 

nucleation effect on the fiber surface. This results in a stronger loss of permeability properties 

in the case of PVDF composite than for PPS composite.  

By adding CF-B, the activated surface of the carbon fiber increases the ratio, indicating a higher 

influence of the carbon surface on crystallinity that can be correlated with the improvement of 

the hydrogen impermeability of the composites. The higher ratio can be due to a higher 

nucleating effect of the activated carbon fiber that may induce a densification of the interface 

[13] therefore locally reducing the hydrogen permeability. 

The benefit of using a grafted PVDF appears to be very low on crystallization, although it 

significantly improves the permeability property of the composite when combined with CF-B 

(one order of magnitude difference). This suggests that other phenomena also influence the 

permeability property at the fiber/matrix interface, adhesion being one of the parameters to be 

considered.  

  

a) b) 
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4. Conclusion  

This study demonstrates the influence of fiber/matrix interface in carbon fiber reinforced 

thermoplastic composites on the hydrogen permeability properties.  In particular, the nucleating 

effect of the fiber surface appears as a key factor for improving the permeability property, most 

likely because of an interphase densification at the fiber-matrix interface. The combination of a 

grafted polymer with an activated reinforcement allows to significantly decrease the hydrogen 

permeability. This improvement is attributed to the better affinity of the polymer with the 

reinforcement. The same observation was made with PPS, which exhibit a higher affinity with 

the activated carbon fiber leading to a permeability property similar to that of the neat polymer. 
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Abstract: Wear rate and coefficient of friction for neat high-density polyethylene (HDPE) and 

reinforced with wood flour (WF) and/or graphene nanoplatelets (GNPs) are studied. The pin-on-

disc tribotest configuration on samples with different moisture contents are performed. The 

effect of the different scales of reinforcement (micro- and nano-) on these properties is discussed. 

The morphological/microstructural changes at the materials´ surface induced by the motion in 

contact and/or moisture content in the bulk are investigated by differential scanning calorimetry 

and scanning electron microscopy. Results show that reinforcing the polymer with WF or GNPs 

reduces the wear rate significantly, compared to neat HDPE. The hybrid multi-scale 

reinforcement contributes to maximum improvement in wear resistance (>98%) and in the 

reduction of coefficient of friction (>11%). The improvement in the tribological behavior of bio-

based polymer composites has a significant impact on sustainable development through the 

improved design, durability, and environmental impact.   

Keywords: Tribology; Wood Polymer Composite; graphene; multi-functional composites; 

multiscale reinforcement  

1. Introduction 

One of the ways to reduce carbon footprint is to use more eco-friendly materials and industrial 

processes. Wood polymer composite (WPC) is used in applications as alternative to natural 

wood that can still preserve the wooden appearance but with cheaper prices, less required 

maintenance and better chances to utilize recycled materials [1]. Moreover, WPC offers a good 

lightweight, low cost, chemical resistant alternative to metals that is also easily processed and 

recycled. On the other hand, due to the hydrophilic nature of wood fibers, WPC have its 

limitations in durability against moisture that needs to be addressed.  

For load-bearing applications where materials are in contact, coefficient of friction (COF) and 

wear rate (WR) are used to assess the material’s serviceability and service life. Those parameters 

are not intrinsic for the specific material but are very much affected by the surrounding 

environment, the mating material and surface properties and the tribological system conditions. 

However, it is very important for the design and selection of any material to understand the 

influence of different factors on its behavior. Research has been carried out to study the physico-

mechanical properties of WPC in quasi-static conditions [2], but little research has been devoted 

to study their tribological properties [3]. It has been shown that solid self-lubricants such as 

graphitic derivatives can improve the tribological performance of polymers by improving the 

transfer film formation on the surface [4]. The improvement in the tribological behavior of 
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systems is tightly connected to energy conservation and conversion. Moreover, the use of bio-

based materials has a significant impact on sustainable development through the improved 

design, durability, and environmental impact [3].  

A previous study by the authors [5] showed that mechanical performance of HDPE reinforced 

with WF and/or GNPs was improved significantly, and a new thermal conducting functionality 

was introduced. Synergistic effect of combining hybrid, multi-scale reinforcement has shown to 

surpass the positive impact of the individual reinforcement. In the current work, the tribological 

performance (e.g., WR and COF) of neat HDPE and HDPE-based wood composite with different 

moisture contents is evaluated by means of a pin-on-disc (PoD) tribotest configuration. Changes 

of materials’ structure and response to various parameters are also investigated.  

2. Experimental  

2.1 Materials  

High-density polyethylene (HDPE, MG9647S, Borealis AG) in pellet form with a density of 0.964 

g/cm3 is used as the base polymer. A master batch of graphene in HDPE (heXo HDPE1-V20/35, 

NanoXPLOre) with 35 wt% GNPs is used to incorporate the nanoparticles into the composites. 

According to the manufacturer’s technical data sheet, the platelets in the masterbatch have an 
average of 40 layers graphene sheets with a thickness of 20 nm and a lateral dimension of 50 

µm. The platelets are functionalized at the edges by the supplier to enhance compatibility with 

the polymer. Wood flour (WF, Scandinavian Wood Fiber AB) is a sawdust of spruce and pine 

wood with 75% of its particles in the size range of 200–400 µm.  Maleic anhydride-grafted 

polyethylene (MAPE, E265, DuPont), is used as a compatibilizer for the wood composites. Table 

1 shows the composition of the studied materials with their designation names.  

Table 1. Sample designation and composition of constituents 

Sample code HDPE (wt%) GNP (wt%) WF (wt%) MAPE (wt%) 

HDPE 100 - - - 

HDPE15 85 15 - - 

40WPC 58.5 - 40 1.5 

40WPC15 43.5 15 40 1.5 

 

2.2 Methods 

Composites were manufactured by melt compounding the dry constituents in a co-rotating twin 

screw extruder followed by compression molding under 100 bars. Samples for tribological test 

were machined from composite sheets to nominal dimensions of 4mm × 4mm × 4mm cubes. 

Edges were carefully cleaned with razor blades to remove the excess polymer lint that might 

disturb the test. Tests were performed on the faces in contact with the compression mold plates 

which were preserved without polishing.  Sample conditioning environments were prepared by 

using saturation salts in sealed glass containers (MgCl2 for 33% RH and NaCl for 78% RH ± 5%) 

at room temperature. Samples were dried in the oven at 50 °C for several days and initial weight 

was registered. The moisture saturation in the samples was monitored by weighing the mass 

increase on predefined time intervals, until the difference between three successive 
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measurements is less than 0.1% (the duration varies depending on the type of sample and 

ranges from 3 weeks for neat polymer and 6-7 weeks for the highly loaded wood samples).   

Friction and wear measurements were obtained using a TE67 pin-on-disc tribometer 

measurements. The linear volumetric wear was calculated using a linear variable differential 

transformer. Stainless steel disc (EN 1.4307 alloy - 18% chromium and 8% nickel) having a 

finished surface roughness of 0.3 µm was used as a counter surface (CS) rotating with a 

rotational velocity equivalent to a linear speed of 0.13 m/s. The two surfaces were brought into 

contact and a dead-weight of 80 kg (resulting in a contact pressure of ≈5 MPa) was applied. Test 

was running for a sliding distance of 4000 m.  

Morphological changes of materials due to friction have been investigated by differential 

scanning calorimetry (DSC) utilizing Mettler Toledo DSC281 equipment. The thermal history of 

the samples was not removed by an initial heating run as it also contain the thermal information 

from the test. Therefore, the change induced by the test conditions was evaluated by comparing 

the two ends of each sample, assuming that they have gone through the same thermal history, 

except for the additional effect at the friction end in contact with the CS. A single heating run 

was implemented with a heating rate of 10 K/min in an inert atmosphere (Argon, 80 ml/min) in 

the temperature range 25 °C – 250 °C. Crystallinity was evaluated using heats of fusions obtained 

from the DSC data. For reinforced materials, the fraction of reinforcement is taken into account 

according to Eq. (1) and only melting enthalpy of the polymer crystals is considered. In this 

equation, %𝜒𝑐 is the crystallinity of the polymeric phase, ∆𝐻𝑓 is the measured melting enthalpy 

of the sample, ∆𝐻𝑓0 is the theoretical melting enthalpy of 100% crystalline PE (293 J/g) and 𝑊𝑓 

is the weight fraction of the reinforcement.  %𝜒𝑐 = ∆𝐻𝑓∆𝐻𝑓0 × 11−𝑊𝑓 × 100     (1) 

Microscopic observations were performed using scanning electron microscope (SEM, Jeol JCM-

6000) and stereo microscope (Nikon SMZ1270) on the CS as well as the pin samples after the 

test to analyze the wear mechanisms. 

3. Results and Discussions  

3.1 Moisture Uptake 

As different materials reach different saturation levels based on the affinity to moisture and the 

available free volume for water molecules, Table 2 shows the final moisture content at 

saturation for the conditioned samples at the different relative humidity levels.  

Table 2. Moisture content of the samples after saturation in controlled environment 

Moisture content (%) 

 HDPE HDPE15 40WPC 40WPC15 

RH 33% <0.01-0.05 <0.01 0.18-0.42 0.04-0.14 

RH 79% <0.01-0.08 0.01-0.1 1.33-1.42 1.27-1.39 
 

The hydrophobic polymer and its nanocomposites do not show significant changes in mass as 

they do not absorb moisture. On the contrary, the addition of the hydrophilic wood immediately 

impacts the moisture uptake of the composites and cause it to increase. Further addition of the 
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GNPs causes the moisture uptake of WPC to reduce, especially at 33% RH. The difference in mass 

evolution during conditioning between the WPCs and the WPC with GNP are not as obvious as 

expected for the environment containing relative humidity of 79%. As graphene is a hydrophobic 

material, the addition of graphene should have decreased the moisture absorption compared 

to the WPC. These results can be the consequences of inhomogeneity of the samples with the 

presence of wood-clusters and voids among them that increases the available free volume for 

moisture uptake [6]. This is possible at high content of reinforcement in the composite. In a 

complementary study, the impact of graphene in composites reinforced with 25% wood fiber 

appears to be visible both in the 33% RH or 79% RH environment (unpublished results). A 

decrease in water absorption was clearly visible between samples containing 25% wood and 

samples containing 25% WF and 10% GNPs. Correlation between the homogeneity of samples 

and their moisture uptake has been reported previously [6][7].  

3.2 Tribology 

The results obtained for the COF of the samples with different moisture contents, shown in 

Figure 1, reveal an increase in this coefficient for the WPC compared to neat polymer and the 

other formulations at all conditions. It is highest at 33% RH for the 40WPC and no clear trend for 

the effect of moisture content on the COF can be observed. Conflicted results are available in 

literature on the effect of addition of WF on the COF of thermoplastic matrix as both decrease 

[8] and increase [9] in COF have been reported. It is possible that the very little moisture content 

is being evaporated at the point of contact due to the heat development at interface, before 

being able to lubricate the surface, this, however, needs to be validated. The impact of adding 

GNPs on the WPC is noticeable as the coefficient of friction of 40WPC15 is significantly lower 

than that of 40WPC but also slightly lower than those of the neat polymer and the 

nanocomposite. These improvements for the 40WPC15 are probably due to the improved 

distribution of the GNPs over the scaffold-like structure provided by wood fibers that can elevate 

the lubricating nature of GNPs.  

 

Figure 1. COF for the neat polymer and the composites at different moisture saturation level 

On the other hand, the linear volumetric wear rate decreases significantly for all composites, 

regardless of the type of reinforcement, compared to the neat polymer, see Figure 2. Both types 

of reinforcement reduced the wear rate by about 80% compared to the neat HDPE at the dry 

conditions. However, with these testing conditions, almost no wear was noticeable for the 

40WPC15 as the wear rate for this formulation was less than 1% of that in HDPE.  Statistical 
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analysis of variance (ANOVA) revealed no statistical significance effect of moisture on the 

samples containing nanoparticles (i.e., HDPE15 and 40WPC15). The wear rate has though been 

affected by moisture for the neat polymer and the wood containing samples compared to the 

wear rate of their dry counterparts. It is expected that the moisture present in the sample results 

in plasticization of the polymer that it becomes softer, easier to deform but less prone to wear 

and detach from the surface (i.e., more ductile). On the other hand, once the surface layer of 

polymer has been transferred to the counter surface and fibers are exposed, the fibers act as 

protection for the polymer surface against wear reducing the wear rate significantly and 

resulting in the increase of the friction coefficient as was noticed earlier. It is worth noting that 

the wear rate presented in Figure 2 is calculated from the linear part of the volume loss curve 

over distance and the complete curve varies in the nonlinearity between the different materials 

under study. Other authors [10] have reported significant increase in the specific wear rate of 

natural fiber reinforced composites after water immersion due to fiber degradation despite the 

use of reinforcement in a woven form that is highly resistant to wear. Even though randomly 

oriented fibers are more prone to debond and detach from the polymer due to friction forces, 

the deterioration by the effect of moisture sorption could be less significant compared to water 

immersion. Extended exposure to water promotes the formation of type II bond water where 

water molecules are bonded chemically by multiple hydrogen bonds to the polymer chains 

rather than single bond or freely filling the nano-pores [11]. This highlights the difference in 

durability and serviceability of the material based on the intended application.  

 

Figure 2. Wear rate of materials at different moisture saturation levels.  

The effect of addition of the GNP on the wear mechanism is shown in Figure 3. It can be seen 

that the presence of GNPs resulted in the formation of discontinuous transfer film on the CS, 

which was helping smearing the polymer debris on the surface, rather than removing them 

away. This is also visible on the surface of the pins (micrographs to the right) as it appears 

smoother (with well embedded patches of debris) than that of the neat polymer pin (with 

polymer particles barely attached to the surface). However, the presence of discontinuous 

transfer film means that there would be repeatable polymer-polymer adhesion at the contact 

points with the film that does not reduce the global COF after the tested sliding distance.  

The effect of the moisture content on the wear mechanism is examined in Figure 4 for the 

40WPC at different moisture saturation levels. This sample was selected for comparison as it 
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showed a significant dependence of wear rate on the moisture content. With the increase in 

moisture content, the polymer gets softer and more ductile that it is easier to spread over the 

counter surface creating more continuous transfer film.  

  

  

Figure 3. SEM images of CS (left) and pins (right) for the HDPE (top) and HDPE15 (bottom) at a 

moisture saturation level of 33% RH 

  

  

HDPE 

HDPE15 

Dry 

33% RH 
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Figure 4. SEM images for CS (left) and WPC pins (right) with different moisture content 

examined after the wear test on a PoD configuration  

3.3 Morphology 

Crystallinity of the materials calculated by Eq. (1) is presented in Figure 5. For most of the 

materials the crystallinity does not change significantly between the Friction-side and the 

Opposite-side, so the correlation between these two parameters is not relevant under the 

tested conditions. It could also be possible that the sliding time is insignificant to cause the 

expected variation. Contact layer for the material of large wear rate is being removed 

continuously before the friction and contact pressure could induce changes to the 

microstructure. On the other hand, it could be speculated that during the sliding deformation, 

the surface layer of the polymer (especially the reinforced samples which does not wear much) 

undergoes time-dependent deformation where compaction of the amorphous part rather than 

crystallization occur which is then being relaxed until the time of DSC test. Repeating the tests 

for longer sliding distances could confirm the results. Earlier studies on UHMWPE samples 

revealed noticeable changes in the crystallinity of the polymer at similar sliding distances by the 

effect of reorientation of the polymer chains at the surface of contact [12]. Nonetheless, 

crystallinity has been changed by the effect of the moisture content, for the materials that 

showed significant moisture uptake (WPC and WPC with GNP). The crystallinity has increased 

almost linearly with the increase in moisture content. That could be explained by the possible 

swelling of the fibers that could cause increased local mechanical stresses on the polymer chains 

leading to the change in crystallinity. 

 

Figure 5. DSC results on the crystallinity change due to test parameters 

 

79% RH 
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4. Conclusions  

The current study has shown that significant improvement in the tribological performance of 

WPC based on HDPE could be achieved by reinforcing the polymer with wood fibers (micro-

sized) and graphene nanoplatelets (nano-sized). Up to 99% reduction in the wear rate and 11% 

in the COF was registered for samples reinforced with 40 wt% wood fibers and 15 wt% GNPs. 

Moisture content in the samples did not have a significant impact on the COF when GNPs are 

present. However, it contributed to the change in the wear mechanisms of the WPC and the 

degree of crystallinity of the materials undergone noticeable mass change due to moisture 

uptake. Challenges in obtaining homogeneous samples have been reflected in the large scatter 

of the results, especially because of the small size of the samples used for the characterization. 

Better distribution and more homogeneous samples could be achieved if lower concentrations 

of the reinforcements are considered.  
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Abstract: Due to the increased demand for fibre-reinforced composites in various fields, i.e., 

transportation and energy fields, the necessity of repairing damaged structures efficiently and 

with low cost was increased. For this reason, self-healing strategies were developed, including a 

novel vitrimer resin, 3R resin. In this research, the adhesion properties of the 3R resin were 

investigated on a T-joint geometry. Specimens with conventional resin were also manufactured 

in order to compare their properties. Additionally, Electrical Resistance Change Method (ERCM) 

was selected as an NDE technique and applied to T-joint geometries to monitor their behaviour 

during mechanical testing until the failure of the specimens.  

Keywords: NDE; SHM; CFRP; t-joint; vitrimer 

1. Introduction 

Fibre-reinforced composites nowadays possess a leading position in the aeronautics industry for 

primary aircraft components (e.g., Boeing 787, Airbus A350). Composite materials are mainly 

manufactured by thermoset resins. Although the thermosets have the advantage of the high 

strength to weight ratio, their repair is complicated and expensive. Due to these reasons, several 

self-healing approaches have been developed, including the micro-capsules containing the 

healing agent, vascular networks, or intrinsic polymers approaches [1–3]. This work presents a 

novel Re-processable, Repairable and Recyclable (3R) thermoset resin. The 3R properties are 

due to the reversible crosslinking in the cured thermoset resin. This resin can reduce costs and 

the time of repair [4]. 

Structural Health Monitoring (SHM) can provide vital information about the integrity of the 

component in real-time. Several Non-Destructive Techniques (NDT) are utilised for the SHM. 

Furthermore, some techniques exploit the inherent properties of the materials to identify their 

changes, such as electric-based methods. In this case, the materials used as reinforcing phases 

in composite, i.e., the electrical conductivity of the carbon nanotubes or the carbon fibres, also 

act as sensors. Impedance spectroscopy was utilised successfully on laminate to identify and 

locate delaminations after impact damage [5,6]. The laminate was manufactured by nano-
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reinforced epoxy matrix and glass fibres, while a tailor-made layout of carbon fibres, which acted 

as electrodes, was introduced between specific layers [7]. 

In this research, Electrical Resistance Change Method (ERCM) was applied to T-joint geometries 

to monitor their behaviour during mechanical testing. The T-joints were manufactured using the 

novel 3R resin. Additionally, conventional T-joint specimens were subjected to the same tests to 

compare their differences. 

2. Experimental 

2.1 3R-T-joint manufacturing 

For pull-off tests, T-joints were manufactured. Firstly, T-profiles were manufactured by prepreg 

hand lay-up and curing in the autoclave. A three-part mould was used in order to achieve the T-

profile shape. The used material, lay-up, manufacturing setup and geometries are shown in 

Figure 1.  

 

Figure 1: Manufacturing of T-profile in autoclave. 

After manufacturing, the T-profile has to be joined to a flat laminate with a functional AIR-RES-

7 coating, manufactured in an SQRTM process. For bonding preparation, the joining zone of the 

T-profile and the corresponding joining zone of the SQRTM flat laminate were sanded (grit 400) 

and degreased by using isopropanol. A 3R adhesive film (AIR-ADH-16F2-3) was placed between 

the sanded surfaces in order to achieve better bonding. The experimental setup and 

temperature profile used for joining the T-profile to the SQRTM laminate are shown in Figure 2. 
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Figure 2: Joining of T-profile to SQRTM laminate by using a hot press. 

A preheated hot-press was used to apply the necessary pressure to join the T-profile to the 

SQRTM-laminate by using the L-shaped-molds from the T-profile manufacturing as force 

introduction elements. In order to achieve a homogeneous pressure distribution of 2 MPa in the 

joining zone, silicone layers were placed below the SQRTM-laminate and on top of the T-profile 

flanges.  

The same process was repeated for the manufacturing of reference T-joint specimens. A 

conventional 8552 layer of resin was used on the joining zone of the T-profile and the SQRTM 

flat laminate instead of the 3R film. 

2.2 Mechanical characterisation 

Mechanical testing was performed on a Universal Testing Machine WDW-100 by Jinan S.A. 

equipped with a 100kN loadcell. A special experimental setup for t-joint debonding (Figure 3) 

was used, and the displacement rate was set to 1 mm/min. 

 

Figure 3. Special experimental setup for t-joint debonding. 

595/1602 ©2022 Foteinidis et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

2.3 Electrical resistance change method 

A two-probe multimeter (Agilent 34401A) was utilised for the electrical resistance 

measurements. Copper electrodes were attached to the red marked areas of T-joint specimens 

with conductive silver resin, as depicted in Figure 4. The ERCM measurements were applied to 

the T-joint specimens simultaneously with the mechanical testing (online monitoring). 

 

 

 

Figure 4: Schematic representation of T-joint geometry and the marked red areas where the electrodes were attached. 

3. Results and discussion 

3.1 Mechanical results 

The results of the mechanical testing are presented in Figure 5. It can be observed that the 

specimens with the 3R resin film had a two-step failure, while the conventional one-step failure. 

This was attributed to the different failure modes of the 3R and conventional T-joint specimens. 

In the case of 3R specimens, the failure was cohesive, and the first step indicated the initiation 

of the adhesive layer failure in the centre (Figure 6-right) [8]. When the failure of the layer 

extended from the centre to the edges, a sudden second failure occurred. However, the 

conventional specimens revealed a single step that stated an adhesive failure (Figure 6-left). The 

mean max load of the conventional and the 3R specimens was 1.55 ± 0.14 kN and 1.12 ± 0.09 

kN, respectively (Table 1). 
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Figure 5: Representative mechanical results of T-joint specimens. 

 

Table 1: Mechanical results of T-joint specimens. 

Type of specimen  Max Load (kN) 

Conventional  1.55 ± 0.14 

3R  1.12 ± 0.09 

 

 

Figure 6: Pictures of the debonding area between the T-profile and the flat laminate of conventional (left) and 3R 

(right) T-joint specimens. 

3.2 ERCM results 
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ERCM was applied to monitor the electrical resistance changes during mechanical testing. Figure 

6 illustrates the Load (black curve) and the electrical resistance change (blue curve) versus Time 

results. The conventional specimen presented a strain sensitive area before the specimen 

failure, where the resistance was decreased. This decrease occurred due to bending flexural 

stress at the flat laminate before the failure of the specimen [9]. During the bending, the 

adjacent carbon fabrics were compressed in the through-thickness direction. 

Additionally, the alignment of the fabrics was improved due to tensile forces on the opposite 

side of the flat panel. These two effects were responsible for the decrease of the resistance 

before failure. The debonding was designated by a sharp resistance increase, as the conductive 

path was corrupted.  

On the other hand, the 3R laminate exhibited a less sensitive strain area. This occurred due to 

their increased stiffness and lower strength compared to the conventional specimens. The two-

step failure was successfully observed, as the first debonding caused a slight increase in the 

resistance, while the second step led to the destruction of the conductive path.  

 

Figure 7: Representative ERCM results of conventional (left) and 3R (right) T-joint specimens. 

4. Conclusions  

In this research, a novel 3R resin was tested as an adhesion film between the T-profile and the 

flat laminate of T-joint geometry. Conventional specimens were also manifested in order to 

compare the mechanical properties. The Max Load of 3R specimens was decreased by 27.7% 

compared to conventional specimens. Furthermore, the failure mode was different, an adhesive 

failure was observed for the conventional specimens and a cohesive for the 3R. Regarding the 

ERCM, the 3R exhibited less sensitivity to the strain area than the conventional specimen. All 

debonings were recorded successfully in both types of specimens 
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Abstract. Currently, there is a need in developing sustainable materials with an emphasis on 

reusing and recycling, to meet the sustainable development goals outlined by the United Nations 

for 2030. This work aimed to use recycled materials, such as recycled jeans and recycled rubber 

to replace the additive used in commercial wood polymer composites (WPCs) (reference 

material) to make it more sustainable without affecting its technical performance. The feeding 

of the post-used jeans fabric directly into the extruder was accomplished successfully with an 

increase in strength, modulus, and impact properties when compared with the reference 

material. The fracture surfaces showed that the fiber pullout contributed to the enhancement in 

fracture toughness with the addition of recycled jeans, further the addition of recycled rubber 

led to the matrix modification keeping the toughness at the same level as the reference material.  

Keywords: recycled materials; biocomposites; sustainability; mechanical properties 

1. Introduction 

Wood-polymer composites (WPCs) have been used as an excellent alternative to replace 

petroleum-based materials with the motivation to reduce environmental impact and make 

better use of natural resources, in addition to their specific properties such as low density, and 

high stiffness [1]. Due to environmental and sustainability requirements, the global WPC market 

is expected to reach $ 9 billion by 2027 compared with $ 4.7 billion in 2019 [2]. Several studies 

have focused on WPCs as a green material for applications such as construction, automotive, 

and furniture; however, the low impact strength is one of the major disadvantages of the WPCs 

[3].    

The toughness of WPCs can be enhanced by modifying the matrix polymer and/or by the 

addition of long and tough fibers [4,5]. Elastomers such as EPDM (ethylene propylene diene 

monomer), and SEBS (styrene-ethylene butylene styrene) with and without maleic anhydride 

(MA) have been used as impact modifiers in WPCs [5–7]. For example, an addition of 10 wt.% of 

EPDM-rubber in PP-wood flour increased the notched Izod impact strength from 26 J/m to 38 

J/m and 10 wt.% EPDM-MA increased it furthermore to 48 J/m [5]. Long and tough fibers such 

as sisal and man-made viscose fibers can also be used to increase the impact strength. In a 

previous study, long viscose fibers (10 wt.%) were used as an impact modifier in PP-jute 

composites resulting in excellent improved impact strength and toughness [4,8].    
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In 2015, the 17 Sustainable Development Goals (SDGs) were adopted by the members of the 

United Nations to move toward health and well-being worldwide, generating pressure in 

developing materials with reuse-recycling solutions [9].  For example, more than 27 million tons 

of cotton are produced every year globally. The cotton industry is one of the dirtiest industries 

in the world, responsible for considerable carbon dioxide emissions, and is very water-

demanding, taking more than 10 tons of water to produce a single pair of jeans [10].  Because 

of the impacts, it is necessary to rethink alternatives reuses of post-consumer clothes. Few 

studies have been reported about the use of waste cotton in composites. In terms of raw 

materials, most of them use waste cotton fabrics or fibers from the leftover in the production 

line [11–15], and a few used post-consumer textile fabrics [16,17]. However, chemical pre-

treatments [12,15,17] as well as energy-demanding processes to separate the cotton fibers from 

the textile [12,13,17] prior to their use in composites. In terms of composite manufacturing, the 

majority of the studies are about resin impregnation and compression molding [11,14,18–20] to 

create laminated composites, and only a few use melt processing [13,15,17]. According to our 

knowledge, our processing technique, to feed the textile into the extruder and separate it into 

cotton fibers in the compounding step is novel.  

This study aims to investigate the effect on mechanical properties, focusing on the toughness of 

using post-consumer textile fabric with no pre-treatment, and recycled rubber in substitution of 

the existing commercial elastomer in WPC and contribute to the SDGs.  

2. Materials and Method 

2.1 Materials 

• Commercial wood polymer composites consisting of 60 wt.% polypropylene copolymer 

(PP), 30 wt.% thermomechanical pulp (TMP), 10 wt.% elastomeric additive, and a minor 

amount of maleic anhydride polypropylene (MAPP) coupling agent – referee here as 

WPC30/10A, was kindly supplied by Stora Enso (Hylte Mill, Hylte, Sweden). 

• Commercial wood polymer composite consisting of 60 wt.% PP, 40 wt.% TMP, and a 

minor amount of MAPP coupling agent, were kindly supplied by Stora Enso (Hylte Mill, 

Hylte, Sweden), referred to here as WPC40. 

• Polypropylene copolymer was kindly supplied by Stora Enso (Hylte Mill, Hylte, Sweden). 

• MAPP was kindly supplied by Stora Enso (Hylte Mill, Hylte, Sweden). 

• Recycled rubber (TPRR 450) containing a 60 wt.% mixture of recycled polypropylene and 

high-density polyethylene (HDPE) and 40 wt.% recycled elastomer additives with an MFI 

of 7 g/min (230 °C/2.16 kg) was kindly supplied by Ecorub AB (Lövånger, Sweden). 

• Lubricant (LUB) Struktol TPW113 was purchased from Struktol Company of America 

(Stow, OH, USA). 

• Post-used textile fabric from a pair of jeans (called here recycled jeans). The recycled 

jeans fabric was cut into a 10 mm wide strip, no pre-treatment was performed before 

the compounding. All the materials were oven-dried overnight at 60 °C. 

2.2 Method 

2.2.1 Biocomposite processing  

A masterbatch of the PP and textile fabric was first produced, having a targeted fiber content of 

40 wt.%, PP content of 57.5 wt.%, 2 wt.% MAPP and 0.5 wt.% LUB. The compounding was made 
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using a co-rotating twin-screw extruder (Coperion W&P ZSK-18 MEGALab, Stuttgart, Germany). 

PP, MAPP, and LUB were premixed and fed using K-Tron gravimetric feeder (Niederlenz, 

Switzerland) to the main inlet in the extruder. The recycled jeans were fed using LFT (long-fiber-

thermoplastic) process, in which the textile strip was fed into the side extruder, as shown in 

Figure 1a. The fiber content was controlled with screw speed and it was calculated using 

targeted fiber content, the weight of the textile strip per meter, length of screw revolution, and 

time [21]. The total throughput was 4 kg/h, the feeding rate of the polymer mixture was 2.4 

kg/h, and the feeding rate textile strip was 1.6 kg/h. The side screw speed was 122 rpm. The 

extruder speed was 200 rpm and the profile temperature for the 7 zones was: 180, 185, 190, 

190, 190 195, and 195 °C, respectively. The material was cooled using a water bath and 

pelletized. The pellets were dried in an oven.  

The material formulations are shown in Table 1. The masterbatch was mixed with WPC40 before 

extrusion to produce WPC30/10J. The recycled rubber (TPRR 450) was also premixed before the 

extruder to produce WPC30/10R. For both compounding processes, the extruder screw speed 

was 300 rpm with a 3 kg/h throughput rate. The temperature setup was: 180, 185, 190, 195, 

195, 200, and 200 °C. The material was cooled using a water bath and pelletized. The pellets 

were dried in an oven.  

Table 1: Materials formulation. 

Materials  PP (wt.%) Fibers (wt.%) IM (wt.%)¹ MAPP (wt.%) LUB (wt.%) 

Masterbatch 57.5 40 - 2 0.5 

WPC30/10J 58 30 10 2 - 

WPC30/10R 58 30 10 2 - 

¹ IM stands for impact modifier. 

The WPC30/10A, WPC30/10J, and WPC30/10R (Figure 1b) were injection molded using Haake II 

MiniJet Pro Piston Injection Molding System (Thermo Fisher Scientific International, Karlsruhe, 

Germany). The pellets were manually fed into the cylinder (200 °C), the injection pressure was 

400 bar for 40 s, and the mold temperature was set to 75 °C, the cooling pos-pressure was set 

to 150 bar for 30 s. The dog-bone shape specimens are following ASTM D638 (specimen type IV) 

[22]. Those specimens were used for tensile testing. 

For the fracture toughness and impact test, the produced biocomposites were compressed 

molded using LabEcon 300 Fontijine Grotness press (Vlaardigen, The Netherlands). The pellets 

were placed into a mold between Millard-covered steel plates, pre-heated for 360 s at 200 °C, 

and pressed at a pressure of 5.9 MPa for 60 s, followed by cooling to room temperature (for 240 

s). The desired specimen size was cut using a laser cutter machine (CMA0604-B-A, GD Han’s 
Yueming Laser Group Co. Ltd., Guangdong, China).   

2.2.2 Characterizations 

The mechanical properties were tested according to ASTM D638 [22], using a Shimadzu 

Autograph AGX universal testing machine (Kyoto, Japan) with a 5 kN load cell, a gauge length of 

25 mm, and a strain rate of 2.5 mm/min, connected to a non-contact video extensometer (DVE-

201, Shimadzu, Kyoto, Japan). At least five samples were tested, and the average was presented. 

602/1602 ©2022 Völtz et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

The fracture surfaces were analyzed using a scanning electron microscope JEOL (JSM-IT300, 

Tokyo, Japan) with 10 kV acceleration voltage. The fracture surfaces were sputter-coated with 

platinum (10 nm). 

 

Figure 1. (a) Melt extrusion processing showing how the recycled jeans were fed into the 

extruder, and (b) the biocomposites from left to right (WPC30/10A, WPC30/10J, and 

WPC30/10R). 

Fracture toughness tests were carried out in a universal test system Instron 4411 (Instron, 

Norwood, MA, USA) using a three-point bending test, following ASTM D5045 [23], with a load 

cell of 500 N and a test speed of 10 mm/min. The specimen’s size was 28x6x3 mm³. The notch 

was produced by a saw cutting (0.5 mm width) with an average depth of 2 mm. The pre-cracking 

was produced by slowly pressing a fresh blade in the notch, attaching the blade to the upper 

grip of the universal testing machine, and compressing to the specimen at a constant speed of 

0.1 mm/min until reaches a maximum extension of -1.2 mm. At least three samples were tested, 

and the average was presented. After breakage, measurements of crack propagation were done 

using a Nikon Stereomicroscope (SMZ1270, Tokyo, Japan).  

The load-displacement impact curves of the samples were investigated using an Instron Dynatup 

mini-tower drop weight tester (Instron, Norwood, MA, USA). The compression-molded samples 

size was 100x100x1.4 mm³ and was fully clamped on the sample holder. The clamped samples 

were impacted with a velocity of 1.6 m/s, and 3.6 kg drop mass, resulting in 4.9 J of impact 

energy.  

The one-way analysis of variance (ANOVA) and Tukey’s HSD (Honestly Significantly Different) 
tests, with a 5% significance level, were applied for tensile results, with the calculations 

performed by Past 4.0 software. The specimens were conditioned for 40 hours at 25 °C and 50% 

relative humidity before the test for all characterizations mentioned above. 

3. Results and Discussions 
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Figure 2 shows the tensile testing results, it shows that the addition of recycled jeans increases 

the modulus and strength when compared with other materials. The modulus increased from 

2.4 (±0.1) GPa to 3.7 (±0.4) GPa with the addition of 10 wt.% recycled jeans. The modulus for 

WPC30/10R was around 2.3 (±0.1) GPa. The recycled jeans had an increment of 17% in strength 

to around 46 (±1) MPa, while the strength of WPC30/10R was around 30 (±1) MPa. The addition 

of recycled rubber contributes to a slightly better elongation at break, around 4.1 (±0.6) %. The 

toughness (absorbed energy) calculated from the area under the curve is shown in Table 2, 

where it can be noted that all materials presented similar values for the toughness.  

 

Figure 2. Representative tensile testing curves. 

Table 2: Toughness calculated by the area under tensile curves. 

Biocomposites Toughness (MJ/m³) 

WPC30/10A 1.0 (±0.1) A 

WPC30/10J 1.1 (±0.1) A 

WPC30/10R 1.1 (±0.2) A 

A/B Marked with the same letter within the same column is not significantly different at a 5% significant level based on ANOVA and 

Tukey’s tests.  

The SEM images from the fracture surface of tensile samples are shown in Figure 3. The presence 

of fiber pullouts is visible, indicated with white arrows, which are expected to correspond to the 

cotton fibers separated from the jeans (Figure 3a). In addition, the wood fibers (indicated by 

black arrows) are characterized more by fiber breakage or fiber tearing. Regarding the addition 

of the recycled rubber (Figure 3b), small round rubber particles, indicated by the red arrow, are 

visible in the PP matrix, it is more difficult to see the fibers in these composites which indicate a 

good interface and adhesion between the matrix and the fibers.  

The load-displacement curves of the fracture toughness are shown in Figure 4a and the load-

time curves from the impact test are shown in Figure 4b. It can be noted that the failure load for 

the fracture toughness specimens presents the highest value with the addition of the recycled 

jeans, around 26 N, failure load is around 21 N for the WPC30/10A and 19 N for WPC30/10R.  
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The load-time curves for the falling weight impact test show similar behavior compared with the 

fracture toughness, the impact load for WPC30/10J around 115N and the values around 104 N 

for WPC30/10A and WPC30/10R. The fracture toughness and impact test results together with 

the SEM images indicate that the recycled jeans can contribute to a higher energy absorbance 

because of the long fiber pull-out mechanism.  

 

Figure 3. SEM micrographs of (a) WPC30/10J and (b) WPC30/10R.  

Figure 4. (a) Load-displacement curve from fracture toughness and (b) Load-time curve from 

impact test. 

This study has demonstrated that giving a second chance of a pair of jeans and used as an 

additive without any pre-treatments and direct feeding using an extrusion process show 

improved mechanical properties of the WPC in substitution of 10 wt.% elastomeric additive.  The 
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addition of recycled rubber showed that besides a slight decrement in tensile properties still 

recycled EPDM can be used in substitution of the elastomeric additive since the impact 

properties were similar compared with the reference WPC. The substitution of the elastomeric 

additive for recycled materials can contribute to a more sustainable future without 

compromising the properties of the material. To improve our knowledge in this study digital 

image correlation and x-ray diffraction microtomography are being performed.  
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FULLY BIO-BASED EPOXY-AMINE RESINS FROM CIRCULAR ECONOMY: 

CONCEPTION, MULTISCALE STRUCTURAL AND MECHANICAL BEHAVIOUR 

CHARACTERIZATION TOWARD LOW CARBON-FOOTPRINT COMPOSITES  
 

Nour MATTAR, Valérie LANGLOIS, Estelle RENARD, Agustin RIOS DE ANDA 

Institut de Chimie et des Matériaux Paris-Est (CNRS) – agustin.rios-de-anda@u-pec.fr 

Abstract: In this study, fully bio-based epoxy-amine thermoset resins were synthetized and 

formulated. Formulations based on resorcinol diglycidyl ether (RE) were cured with an aliphatic 

(hexaméthylènediamine – HMDA), a cycloaliphatic (diamine-limonene – DA-LIM), or an aromatic 

(diamine-allyl eugenol – DA-AE) structure. Diglycidyl ether of bisphenol A (DGEBA) cured with 

HMDA served as a petrosourced benchmark. By considering a multiscale experimental approach 

combining thermal analyses (DSC and DMA), mechanical testing (bending, fracture toughness, 

creep and fatigue crack propagation), and Time-Domain NMR, it was found that the resins 

depend on the network structure characterized by the chemical and physical crosslink density. 

It was demonstrated that the three considered fully bio-based matrices showed better 

mechanical behavior compared to DGEBA/HMDA. These formulations were then reinforced with 

recycled carbon fibers. The obtained fully-biobased composites exhibited better mechanical 

properties than the petrosourced benchmark, which was explained by a better fiber-matrix 

interface wetting and interactions. This work shows that the studied fully bio-based can be 

considered as potential candidates for functional applications. Finally, the proposed multiscale 

approach combining macroscopic mechanical studies with molecular time-domain NMR allowed 

us to soundly deepen the understanding of the structure−property relationship for such 
functional materials.  

Keywords: biosourced thermosets; renewable composites; multiscale analysis; mechanical 

behavior  

1. Introduction 

For the past several years, increasing interest on bio-based thermoset materials as functional 

matrices for technical applications has been experienced [1−4]. Indeed, the aim and challenge 

of such studies are to obtain similar thermal and mechanical properties compared to existing 

materials obtained from fossil resources, while contributing to a greener chemistry and 

materials science approach. Moreover, a means to reinforce such matrices through a carbon 

footprint reduction is to consider recycled carbon fibers versus natural or synthetic fibers [5,6]. 

In that regard, in our group, neat epoxy-amine-based thermosets and recycled carbon 

reinforced composites with these same matrices have been successfully synthesized, 

formulated, and studied [7-9]. The epoxy monomer was resorcinol diglycidyl ether (RE), which 

is commonly obtained from glucose or from waste from the paper industry [10] Two amines 

synthesized from (R)-(+)-limonene (citrics) and eugenol (wood industry), potentially obtainable 

through circular economy, were used as in-house hardeners in such studies. A third amine, 

hexamethylenediamane (HMDA), was also used. HMDA is usually obtained from petrochemistry 

processes but can be produced nowadays from bio-based sources [11]. Thus, HMDA can also be 

considered as a biosourced hardener in the forthcoming future. The aim of this abstract is to 

briefly summarize the synthesis of the aforementioned two novel amine hardeners (i.e. derived 
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from limonene and eugenol), their formulation with RE to obtain thermoset epoxy-amine resins, 

their mechanical characterization both for instantaneous (DMA, bending, fracture toughness) 

[7,8] and aging tests (creep, fatigue crack propagation) [7,12], and their potential as matrices for 

recycled carbon fiber composites [7,9]. Such an investigation is carried out through a multiscale 

approach relating the thermosets’ inner chemical and network structure characterized by 1H 

Time Domain Double Quantum (TD-DQ) NMR to their macroscopic mechanical behaviors 

[12,13]. This approach allowed us to fully understand the applicative potential of these novel 

resins compared to standard petrosourced materials.  

2. Results and discussion 

The synthesis of limonene- and eugenol-based biosourced amines (DA-LIM and DA-AE 

respectively) as well as the formulation of the fully biosourced and benchmark petrosourced 

resins with either RE or DGEBA has been detailed in [7,8]. Figure 1 shows the chemical structures 

of each monomer and the obtained resins after optimized curing.  

 

 

Figure 1. Chemical structures of DGEBA, RE, HMDA, DA-AE, and DA-LIM, and optimized cured 

resins obtained in this work. 

Details on experimental measurements are detailed in [7-9,12,13]. Once the resins where 

obtained, their mechanical properties were studied. The flexural modulus EF, strength σF, and 

strain εF were determined by three-point bending tests. The obtained values are listed in Table 

1, where it can be seen that the flexural properties of all the resins are reasonably comparable. 

Table 1: Bending and fracture toughness data for the studied resins. 

Resin 
Bending Fracture toughness 

EF (GPa) σF (MPa) εF (%) KIC (MPa·m1/2) GIC (J/m2) 

DGEBA/HMDA 2.5 ± 0.4 89 ± 15 6 ± 2 0.63 ± 0.05 ± 

RE/HMDA 3.0 ± 0.8 93 ± 16 7 ± 2 0.63 ± 0.03 ± 

RE/DA-AE 2.2 ± 0.5 85 ± 11 15 ± 2 0.81 ± 0.10 ± 

RE/DA-LIM 2.7 ± 0.7 99 ± 16 8 ± 3 0.93 ± 0.05 ± 
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Indeed, all resins have flexural strengths σF close or greater than 80 MPa while the flexural 

moduli EF vary between 2 and 3 GPa. Such values are similar to those reported for petroleum-

based thermosets. To deepen the understanding regarding the influence of the chemical 

structure on the mechanical properties of the studied resins, the flexural moduli EF were plotted 

as a function of the number of atoms per theoretical repeating unit. Figure 2a shows an example 

of a theoretical unit for RE/HMDA while Figure 2b shows this plot. 

 

Figure 2. (a) Schematic representation of the number of atoms per repeating unit for RE/HMDA 

and (b) evolution of the flexural modulus EF with the number of atoms per repeating unit for 

the studied resins. The dashed line is a linear fit and serves as a guide for the eyes. 

Figure 2b shows that when the number of atoms per theoretical repeating unit increases, EF 

decreases and interestingly, that it follows a linear relationship, leading to conclude that for the 

studied resins, when the number of atoms per repeating unit increases, EF decreases.  

Concerning the fracture toughness properties, it is clearly noticed in Table 1 that RE/DA-LIM and 

RE/DA-AE matrices have greater KIC and GIC values than those obtained for DGEBA/HMDA and 

RE/HMDA. This means that RE/DA-LIM and RE/DA-AE are tougher and resist better to the 

propagation of cracks. The difference of fracture toughness behavior can be also linked to the 

choice of the hardener, since both DGEBA and RE epoxy monomers possess aromatic rings in 

their structure. Indeed DA-AE and DA-LIM seem to yield networks with more mobile chains 

between two crosslink points, leading to tougher resins [7,8]. From a benchmark approach, the 

fully bio-based resins cured with the amine hardeners synthesized in this work possess higher 

fracture toughness values not only to our petrosourced internal reference (i.e. DGEBA/HMDA). 

This means that to reach the same toughening behavior, these biosourced resins can avoid the 

use of external common toughening agents such as nano-particles (i.e. montmorillonite, nano-

CNT's, nano-silica, and nano-rubbers) to improve their fracture toughness. 

Afterwards, the creep behavior of these resins was evaluated. Figure 3 shows that all of the 

studied samples exhibit a similar creep lifetime span within the temporal limits of the SSM 

accelerated method. Furthermore, when comparing a given flexural load, Figures 3a (i.e. 20% of 

max. load), 3b (i.e. 40% of max. load), and 3c (i.e. 60% of max. load) show that the fully biobased 

RE/HMDA, RE/DA-LIM, and RE/DA-AE resins can sustain, in this order, a higher strain 

deformation for a similar lifetime span resistance when compared to the petro-sourced 
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DGEBA/HMDA formulation. This is somehow surprising as from a visco-elastic perspective a 

ductile material (i.e. for which its plastic behavior is larger than that of a stiffer material) under 

creep loads will tend to deform easily, leading to an early failure under prolonged loads [14,15]. 

The fact that the three fully bio-based formulations are able to stand larger strain or 

deformations without failing within the same lifetime span when compared to a stiffer petro-

sourced formulation lead to deduce that such materials possess a good compromise between 

toughness and creep resistance. 

 

Figure 3. Estimated long term creep properties measured at 23°C for all samples at (a) 20%, (b) 

40%, and (c) 60% of their maximum flexural load. 

To deepen this study, lifetime aging prediction tests under dynamic loading were considered. 

Fatigue Crack Propagation (FCP) measurements were carried out on all formulations at 23°C. 

Figure 4 shows the obtained crack propagation rate da/dN as a function of the stress intensity 

factor ΔK for all samples.  

 

Figure 4. Fatigue crack propagation behavior at 23 °C for all studied samples. 

Figure 4 shows that the fully bio-based resins, i.e. RE/HMDA, RE/DA-LIM, and RE/DA-AE possess 

better FCP properties when compared to DGEBA/HMDA, indeed the propagation of cracks in 

these materials happens for larger stress intensity factor ΔK values. This can be translated as the 

need to apply a higher amount of energy to propagate the crack, leading to tougher, more 

resistant materials. Moreover, the trends observed by creep and FCP measurements do not 

follow the same trend observed for the flexural and fracture toughness instantaneous static 

properties presented before. The only sample for which its static and aging behaviors seem to 

be directly correlated is for the DGEBA/HMDA which possesses a high flexural modulus EF and a 

low fracture toughness resistance KIC, while exhibiting the lesser creep and FCP resistance. For 

the rest of the formulations, such a direct correlation is not observed. For instance RE/HMDA 
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had a higher flexural modulus EF and a lower fracture toughness resistance KIC when compared 

to RE/DA-LIM. This would mean that as regards static measurements RE/HMDA has a more 

brittle behavior than RE/DA-LIM, which is not observed concerning creep and FCP 

measurements. To clarify this, the inner network structure was obtained by 1H TD-DQ NMR. 

Specifically, the dipolar residual constant Dres, which is analogous to the crosslink density was 

calculated from such measurements. Figure 5 shows the obtained Dres values as a function of the 

crosslink density νC calculated by DMA for the studied resins. 

 

Figure 5. Fatigue crack propagation behavior at 23 °C for all studied samples. 

Figure 5 shows that DGEBA/HMDA, RE/DA-LIM, and RE/DA-AE follow the same linear trend 

linking Dres and νC. However RE/HMDA does not follow this trend. This could be due to the fact 

that RE/HMDA has a faster curing kinetics compared to the other three resins [7,12]. It can be 

thus expected that RE/HMDA is a readily reactive resin and the network gelates quickly at the 

beginning of curing. As the system is tightly crosslinked in this phase, reactive ends still available 

would not be able to find each other through simple diffusion as part of the matrix is already 

thermoset. This would eventually lead to these reactive ends to not wholly react and form a 

partially crosslinked matrix and would be observed experimentally as a material with lower a 

chemical crosslink density than expected. Nevertheless, RE/HMDA exhibits a Dres value 

significantly higher than that for RE/DA-LIM and RE/DA-AE and somehow comparable to that of 

DGEBA/HMDA. Indeed, this is due to the capacity of 1H TD-DQ NMR to be able to probe and 

quantify physical entanglements and chemical crosslinks, whereas DMA can only quantify 

chemical crosslinks [12,13]. This means that RE/HMDA possesses more physical entanglements, 

thus, the difference between instantaneous and aging mechanical behaviors for this resin can 

be then attributed to a synergetic compensatory effect between a low chemical crosslink density 

with a large concentration of physical entanglements. These physical entanglements would act 

as semi-hard mechanical reinforcements, increasing the instantaneous mechanical behavior of 

the matrix. Yet, since these entanglements are not solidly bonded to the network, their influence 

would be less important than that of chemical nodes over long periods of time (i.e. aging) as the 

former tend to relax faster than the latter. This would lead RE/HMDA to have an improved 

ductile behavior, exhibiting a better resistance to creep and FCP when compared to more brittle 

matrices such as DGEBA/HMDA. 

Finally, these matrices were reinforced with PAN-based recycled carbon fibers via Vacuum 

Assisted Resin Infusion (VARI) process. We investigated the mechanical properties of these 
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composites while proposing an alternate low carbon-footprint approach to obtain low carbon-

footprint functional polymers for structural applications. Figure 6 shows the tensile, 

compression and flexural properties of the obtained composites. 

 

Figure 6. Tensile, compression and flexural mechanical properties of all composites. 

Figure 6 shows that fully bio-based composites exhibit overall comparable to better mechanical 

properties when compared to DGEBA/HMDA. This amelioration was attributed to better matrix-

fiber interactions for RE/DA-AE and RE/DA-LIM evidenced by SEM images shown in Figure 7.  

 

Figure 7. SEM images of the fracture surfaces of bending samples for all composites. 
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For DGEBA/HMDA and RE/HMDA, debonding of the fiber-matrix interface was observed 

whereas for RE/DA-AE and RE/DA-LIM, the mechanical failure occurred in the matrix, leading to 

conclude that the interface effectively complied with its role to transfer mechanical loads from 

the matrix to the fibers. 

3. Conclusion 

This work summarizes the synthesis of two novel amine hardeners from biobased molecules. 

These hardeners were then used to cure a biobased epoxy to obtain fully-biobased thermoset 

resins. The instantaneous and aging mechanical properties of these resins were investigated. 

These measurements demonstrated that the three fully bio-based matrices (i.e. RE/HMDA, 

RE/DA-LIM, and RE/DA-AE) possessed a better compromise between flexural, fracture 

toughness, creep and fatigue crack propagation (FCP) behaviors when compared to to the 

petrosourced benchmark material (i.e. DGEBA/HMDA). Furthermore, a multiscale experimental 

approach combining the aforementioned experiments with 1H Time-Domain DQ NMR allowed 

us to discern the evolution of the resins mechanical behavior with its network structure. It was 

observed for DGEBA/HMDA, RE/DA-LIM, and RE/DA-AE that the mechanical properties depend 

directly on the resin’s network morphology, characterized by their chemical and physical 

crosslink densities. In the case of RE/HMDA, the physical entanglements probed by 1H TD-DQ 

NMR seem to behave as semi-hard mechanical reinforcements acting as stress relaxation points 

against creep and FCP. These entanglements would allow the material to possess instantaneous 

thermomechanical properties (i.e. flexural and fracture toughness) closer to those of brittle 

materials while conferring a ductile behavior over long periods of time. This synergetic 

phenomenon would lead to an improvement of its FCP properties, as observed in this work. 

Moreover, although not mentioned in this abstract, previous investigations showed that these 

same materials possessed interesting glass-transition temperature Tg, mechanical properties 

and good composite processability and mechanical behavior compared to other biosourced and 

similar petrosourced resins [7-9,12,13]. A signature of this is that the fully bio-based resins 

reinforced with recycled carbon fibers exhibited the best mechanical properties in tensile, 

compression and flexural modes when compared to a petrosourced benchmark material. The 

improvement of such a behavior was attributed to a better fiber-matrix interface interaction for 

these bio-based resins. By combining these results, it can be established that these bio-based 

epoxy-amine resins possess outstanding functional mechanical properties and could be 

candidates for potential resin and fiber-reinforced composite structural applications. Finally, the 

original proposed multiscale approach presented in this work, i.e., combining macroscopic 

mechanical characterizations with molecular 1H Time-Domain DQ NMR measurements, had not 

yet been considered so far for such thermoset resins. This approach presents itself as a sound 

and robust tool to deepen the understanding on the structure−property relationship for 

functional materials. 

Acknowledgements 

This project was funded by the I-SITE Future (Ph.D. thesis funding for Nour Mattar) and the 

International Mobility Grant from the Université Paris Est (Uiversité Paris Est Créteil-ICMPE & 
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Université Paris Est Créteil, France, 2021.  

8. Mattar N, Rios de Anda A, Vahabi H, Renard E, Langlois V. Resorcinol-Based Epoxy Resins 

Hardened with Limonene and Eugenol Derivatives: From the Synthesis of Renewable 

Diamines to the Mechanical Properties of Biobased Thermosets. ACS Sustainable Chem. Eng. 

2020; 8: 13064-13075. 

9. Mattar N, Langlois V, Renard E, Rademacker T, Hübner F, Demleitner M, Altstädt V, 
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Abstract: Exploitation of finite resources and climate change are critical consequences of 

industrialization and lead to the urgent demand for new approaches concerning sustainable 

materials, especially in the building industry, which is defined by huge resource consumption. 

Cellulose-based biocomposites are a promising material class, since they are sustainable and 

have physical and mechanical similarities to wood as construction material. In this study, 

Cottonid as a traditional cellulose-based technical biopolymer is characterized concerning its 

structural performance. Quasi-static tests are performed on two different material variants in 

varying hygrothermal test conditions using mechanical testing systems in combination with 

integrable climate chambers. Accompanying microstructural in situ experiments in analytical 

devices enable an understanding of effective material-specific damage mechanisms. The results 

are used as an experimental basis for optimization of the manufacturing process as well as 

mathematical description of the humidity- and temperature-dependent deformation behavior, 

which can directly be used for dimensioning of Cottonid elements for reliable structural 

applications. 

Keywords: Sustainable construction; technical biopolymers; Cottonid; thermoelasticity; 

temperature and humidity dependency 

1. Introduction 

Todays’ constitution of earth’s climate system and its reserves of resources is alarming, so the 

need for direct action is urgent if we want to preserve our natural habitat. Since industrial 

processes and products, especially in the building industry, are heavily resource and energy 

consuming, sustainable approaches in this field can make a considerable contribution to 

increase sustainability in engineering. Further, the possibility of ecological recirculation of the 

used resources during production as well as at the end of the product lifetime is an important 

topic to reduce pollution due to non-degradable and environmentally harmful materials. [1] 

Cellulose-based biocomposites are an attractive alternative to building materials based on finite 

resources, like crude oil and minerals, since cellulose is the main molecular component of plant 

material and therefore very accessible. Wood as traditional construction material is a so-called 

naturally grown biocomposite and constitutes of cellulose, hemicelluloses and lignin as main 

molecular components, which give wood its outstanding mechanical property spectrum. Since 

sustainable construction gets more and more popular due to the environmental awareness of 

the society, the demand on wood and wood products has increased considerably in the last 

decades, which is a good development in terms of sustainable and environmentally friendly 

materials, but, on the other hand, leads to an increasing destruction of existing forests, since 

wood is a slowly growing resource, and hence to poorer air quality. Therefore, the technical 
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qualification of cellulose-based biocomposites with comparable properties to wood has to be 

focused to introduce new approaches in the field of sustainable construction. [2, 3] 

Cottonid is a fully cellulose-based biocomposite, which was already patented before 

industrialization as the first modified natural material, with a mechanical strength comparable 

to some technical plastics and wood and a pronounced deformation capacity. These attributes 

underline the technological potential of Cottonid and qualify the material for the 

aforementioned challenge to act as a new option to contribute to resource efficiency and 

preserve existing forests. [4]  

Within this study, the humidity- and temperature-dependent strength-deformation behavior of 

industrially available as well as structurally optimized Cottonid variants are determined and 

correlated with their process-related microstructure. Quasi-static investigations in application-

oriented surrounding atmospheres and instrumented with thermometry to detect material’s 

reactions during loading are performed. For the implementation as building material, especially 

the transition between elastic and plastic deformation is of interest, since yielding of the 

material within the application, which would lead to damage and therefore failure of the 

construction, has to be avoided. The mechanical values at the end of the elastic region can 

therefore be defined as maximum load capacities and be used for the dimensioning of Cottonid 

elements for construction-related applications. To identify material-specific damage and failure 

mechanisms, mechanical in situ experiments within a computed tomography system are 

performed to visualize the inner structures of the material during loading and derive essential 

findings.  

2. Experimental procedure 

2.1 Biocomposite Cottonid 

 

Figure 1. Scheme of specimen location parallel to manufacturing direction αproc = X  
in a plate of structural Cottonid (hmat > 1 mm) for mechanical tests; according to [5]. 

The manufacturing principle of Cottonid is called parchmentizing. Unsized paper layers with a 

high content of α-cellulose are treated with a chemical catalyst to produce new hydrogen bonds 

between the cellulose short fibers. This results in a homogenization of the microstructure within 

one paper layer and enhances its material properties, i.e. mechanical strength and ductility. This 

procedure can also be used to combine several paper layers with each other to produce a 

homogeneous structural material with varying thickness based on the amount of paper layers 

used in this process step. [4] Due to the directed paper making process, the cellulose short fibers 

contained in the layers have a preferred orientation in manufacturing direction, which is still 

visible after the parchmentizing procedure. For Cottonid, this results in direction-dependent 

properties, e.g. increased strength parallel to manufacturing direction and an increased 
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deformability perpendicular to it. Therefore, within a mechanical assessment, the location and 

orientation of the specimen is highly relevant. Figure 1 shows a schematic sketch of a Cottonid 

plate, in which a dogbone shaped specimen geometry is indicated. The orientation of the 

specimen according to manufacturing direction is termed αproc. [5] 

For the investigations, industrially available Cottonid material (Hornex, Ernst Krueger) and the 

structurally optimized variant M60Z50 is used, which was developed in cooperation with the 

Technical University of Munich. For structural optimization, decisive manufacturing parameters, 

like cellulose source CS, reaction time treact in catalyst bath, chemical catalyst Cat and process 

temperature TCat have been adjusted in a laboratory-scale test setup and Cottonid variants with 

varying process-related microstructures have been produced. Pretests revealed increased 

mechanical properties for the parameter combination M60Z50, see Table 1, so a mechanical 

benchmark study for this variant is presented in comparison to the industrial standard. [6] 

Specimens were prepared out of Cottonid plates parallel (αproc = X) to manufacturing direction 

with a thickness of hmat = 2.5 mm. 

Table 1. Manufacturing parameters of structurally optimized Cottonid variant M60Z50. 

Cellulose source                

CS                             

Reaction time                      

treact [sec] 

Chemical catalyst      

Cat 

Process temperature         

TCat [°C] 

Cotton linters                    

M 60 

Zinc dichloride 

solution                Z 50 

 

2.2 Test setup and procedure 

 

Figure 2. Mechanical testing: a) Specimen geometry, according to [7],  
[b) mounted specimen instrumented with thermocouple. 

For the determination of tensile properties of Cottonid, a customized specimen geometry was 

chosen, see Figure 2 a), to be able to correlate the results with accompanying in situ 

investigations in a micro computed tomograph (µCT). Tests were carried out using a 

servohydraulic testing system (Fmax = 30 kN, Shimadzu) with a strain rate of 𝜀𝜀̇ = 2x10-3 s-1 

according to the corresponding standard [8] for the determination of tensile properties of 

plastics. To monitor material’s reactions during loading, specimens were instrumented with a 

thermocouple, see Figure 2 b), to interpret damage initiation and evolution before final failure.  

For the superimposition of application-oriented test conditions, an integrable climate chamber 

(THC, Shimadzu) was used. The respective combinations of ambient temperature Tamb and 
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relative humidity ϕamb were chosen by orienting on earth’s climate zones [9] and are summarized 

in Table 2.  

Table 2. Hygrothermal test conditions. 

Test condition 
Ambient temperature Tamb [°C] 

MT HT 

R
el

at
iv

e 

h
u

m
id

it
y 

[%
] LH 23°C, 10% 60°C, 10% 

MH 23°C, 50% 60°C, 50% 

HH 23°C, 95% 60°C, 95% 

 

2.3 In situ experiments 

For the in situ identification of material-specific defects and damage mechanisms and the 

investigation of damage initiation and evolution in Cottonid due to a quasi-static mechanical 

load, a micro tensile/compression testing module (Fmax = 5 kN, 5000CTGCT-RT, Deben UK) was 

integrated into a µCT (max. beam voltage UB,max = 160 kV, X TH 160, Nikon Metrology). Tensile 

tests with a crosshead speed of v = 0.5 mm/min were interrupted at respective stress steps until 

final failure of the specimen, and three-dimensional volumes of the gauge length were 

reconstructed out of 1583 projections per scan (UB,scan = 125 kV) with an effective pixel size of 

7 µm with industrial CT software (VGStudio Max V.2.2, Volume Graphics) via threshold defect 

analysis. [7] 

3. Results and discussion 

3.1 Tensile tests 

In Figure 3, tensile stress σT is plotted over nominal total strain εt for industrial (Ind.) and 

structurally optimized (M60Z50) Cottonid material for αproc = X and MT-MH test conditions (see 

Figure 1 and Table 2). Also shown is the thermal response ΔT of the material variants onto the 

mechanical loading.  

 

Figure 3. Stress-strain curves of Cottonid (industrial, M60Z50) at MT-MH test conditions  
with monitoring of temperature profile during loading, according to [10]. 
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Cottonid is characterized by an elastic-plastic deformation behavior with a continuous transition 

between the two regions. In the plastic region, the industrial material shows a strengthening 

effect until final failure, whereas for M60Z50 this effect is not visible and it rather behaves nearly 

linear elastic-plastic. In general, the adjustment of the manufacturing parameters results in 

enhanced structural behavior, since with a tensile stress at yield of σT,y,M60 = 95.59 MPa (nominal 

yield strain εty,M60 = 2.48∙10-2) the yield strength of M60Z50 is ~50% higher compared to the 

industrial material with σT,y,Ind. = 65.26 MPa (εty,Ind. = 1.53∙10-2). This finding will be correlated 

with the respective microstructure and discussed further in chapter 3.2. [10] 

With regard to the thermal response of the two material variants, Cottonid is characterized by 

thermoelastic material behavior typical for polymeric materials [11], which is defined by a 

decrease of ΔT until reaching the yield strength. When passing σT,y and εty, respectively, a nearly 

linear increase of ΔT can be detected, which is interrupted by a sudden leap in ΔT occuring right 
before final failure of the specimens at σm. Elastic deformation of Cottonid therefore obviously 

results in a temperature decrease, which can be attributed to decreasing entropy of the system. 

Since Cottonid is based on cellulose short fibers, a rearrangement of the fibers in loading 

direction, i.e. a higher structural order due to elastic deformation of the system, is expected, 

resulting in the described entropy-based thermoelastic effect. [12] Because of this behavior, the 

thermal response of Cottonid during loading enables a precise determination of the onset of 

yielding, which is difficult for materials with a continuous transition between the elastic and the 

plastic region, like Cottonid. Mechanical values at failure are comparable for both material 

variants with σm,M60 = 108.82 MPa (εtb,M60 = 12.92∙10-2) and σm,Ind. = 97.43 MPa (εtb,Ind. = 12.79∙ 

10-2). Since in technical applications plastic deformation of components is critical, σT,y and the 

relation between σT,y and σm are important values for component design and can obviously be 

improved during manufacturing. [10] 

Following this procedure, quasi-static tests were performed on industrial Cottonid material for 

all hygrothermal test conditions summarized in Table 2. The results for tensile properties at 

yield, i.e. σT,y and εty, are depicted in Figure 4.  

 

Figure 4. Humidity- and temperature-dependent tensile properties (σT,y, εty) of  
industrial (Ind.) and structurally optimized (M60Z60) Cottonid material, according to [10]. 

Compared to MT–MH test conditions, low values of ϕamb result into a slightly increased yield 

strength of σT,y,MT–LH = 72.50 MPa (+9%), whereas it decreases to σT,y,MT–HH = 23.75 MPa (-64%) 

corresponding to high values of ϕamb. Since Cottonid is a hygroscopic material, it takes up water 

molecules from the atmosphere at high values of ϕamb and releases them again, when ϕamb is 
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low, which influences its strength and deformability. It is noticeable, that for MT in LH and MH 

test conditions, tensile properties at yield stay relatively constant, whereby for HH test 

conditions (ϕamb = 95%), a significant drop in yield strength is visible. With regard to research on 

wood, this can be correlated with hydrogen bonds contained in the material, which form 

crystalline regions at low values of ϕamb, which means, that the material has a higher resistance 

against yielding. [13] Also depicted are the results for M60Z50 in MT–MH test conditions to 

demonstrate the possibility of performance enhancement through microstructural tuning. [6, 

10] To describe the interdependencies between the onset of yielding of industrial Cottonid 

material and environmental parameters for modeling of the material behavior and lifetime 

prediction, polynomial functions were used, which fit the obtained data points with R2 ≥ 0.9. The 

resulting mathematical description for σT,y as a function of ϕamb at MT test conditions is given in 

Eq. (1). [10] 𝜎𝜎𝑇𝑇,𝑃𝑃,𝑰𝑰𝑰𝑰𝑰𝑰.,𝟐𝟐𝟐𝟐  = 72.6 +  
𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎2  −  

(𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎)2100  [MPa]               (1) 

Table 3. Humidity- and temperature-dependent tensile properties of Cottonid               
(industrial, M60Z50; hmat = 2.5 mm, αproc = X ), according to [10]. 

Test 

condition 
Tensile properties 

Tamb ϕamb σT,y [MPa] εty [%] σm [MPa] εtb [%] 

MT 
LH 

71.26 ± 1.08 1.84 ± 0.10 88.44 ± 0.43 9.30 ± 0.50 

HT 69.72 ± 8.09 1.74 ± 0.09 81.84 ± 2.45 4.40 ± 0.21 

MT 
MH 

66.23 ± 0.73 1.67 ± 0.19 93.81 ± 3.41 12.31 ± 0.42 

88.62 ± 5.77 

(M60Z50) 

2.5 ± 0.18 

(M60Z50) 

108.71 ± 3.57 

(M60Z50) 

13.28 ± 1.66 

(M60Z50) 

HT 39.18 ± 2.03 1.44 ± 0.10 70.46 ± 2.45 12.08 ± 0.71 

MT 
HH 

24.18 ± 0.31 1.40 ± 0.08 78.17 ± 0.59 23.01 ± 0.46 

HT 0.44 ± 0.07 0.90 ± 0.18 26.76 ± 1.04 25.28 ± 2.06 

 

Tests were repeated at elevated temperature Tamb = 60°C (HT) to investigate temperature 

influences. For HT–MH and HT–HH test conditions a pronounced decrease of strength-related 

values, i.e. σT and σT,y, can be detected. It is assumed, that higher values for Tamb result in a drying 

effect, which reduces the deformability of Cottonid and affects its strength. In HT–HH test 

conditions, Cottonid shows an enormous deformability, like in MT–HH test conditions, but 

nearly no mechanical strength is left, so these surrounding conditions are unsuitable for 

structural applications of Cottonid elements. [10] 

In sum, variations in ϕamb have an influence on the deformability of Cottonid but its mechanical 

strength seems not to affected heavily at medium values of Tamb. With standard deviations 

between 5 – 6%, see Table 3, Cottonid’s strength properties are very reliable for MT test 

conditions, therefore, Eq. (1) for mathematical description of the humidity-dependent yield 
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strength of industrially available Cottonid material are an appropriate approach for the 

humidity-dependent design of Cottonid elements for structural applications. Also, the results of 

the test series with M60Z50 show a high reproducibility, which verificates the enhancement of 

the structural behavior of Cottonid due to adjustment of manufacturing parameters.  

3.2 In situ investigations 

Detected void volume percentages for industrial and M60Z50 Cottonid material in relation to 

the initial condition are plotted over applied σT in Figure 5. It is remarkable, that the structurally 

optimized variant inherits a much smaller amount of initial defects, i.e. pores and microcracks, 

in comparison to the industrial standard, which can be correlated with the enhanced tensile 

properties at yield (see Figure 3 and Figure 4). Further, for the industrial standard, the overall 

void volume increases significantly until final failure of the specimen, whereas for M60Z50 it 

nearly stays the same. [7] The adjustment of manufacturing parameters to produce M60Z50 

therefore obviously leads to less defects in initial condition, i.e. a higher structural integrity, and 

enables the production Cottonid elements with customized properties. 

 

Figure 5. Percentage development of void volume for Cottonid                                                     
(industrial, M60Z50; hmat = 2.5 mm, αproc = X ), according to [7].  

4. Summary and outlook 

To implement sustainability into construction-related applications, especially within the building 

industry, Cottonid can serve as an alternative to conventional building materials based on 

mineral resources and can reduce the critical demand on wood and wood products. This work 

provides basic design guidelines for Cottonid elements with respect to microstructural and 

environmental factors. Based on this research it is now possible to estimate the structural 

performance of Cottonid in different service conditions and to optimize manufacturing 

parameters to reach a higher structural integrity resulting in enhanced mechanical properties. 

The implementation of structurally optimized Cottonid variants with customized strength-

deformation behavior for construction-related applications can help to counteract to critical 

earth trends described above.  

In future investigations, physical sensors will be implemented in Cottonid material, e.g. optical 

fibers, to realize a structural health monitoring, like it is state of the art for long-term monitoring 

of engineering structures in service.  
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Abstract: Novel solutions using renewable materials are needed to tackle sustainability issues 

in industry. Totally cellulose-based composites, suitable for thermoplastic processing are 

introduced in this paper. The polymer matrix was a thermoplastic cellulose ester, Thermocell. 

Composites reinforcing fibres consisted of microcellulose, bleached softwood kraft pulp fibres, or 

long regenerated viscose fibres. The latest allowed to improve composites mechanical 

performance, especially at 20 wt-% loading. In the extrusion process, fibres oriented along 

processing direction, giving hopes for a future use in extrusion type additive manufacturing (AM). 

However, further developments of the AM system are required to print this material. With 20 wt-

% microcellulose, the composite could be 3D printed using a fused granular fabrication process. 

Improved microcellulose dispersion was achieved with 2 wt-% tall-oil fatty acid lignin ester or 

cellulose ester ether additives. Wood-based additives also helped to decrease the internal 

porosity, leading to better mechanical performance of 3D printed materials.  

Keywords: Cellulose; Composites; Injection-molding; 3D printing; Microtomography 

1. Introduction 

The industry using thermoplastic materials is in transition towards novel sustainable 

solutions, either using recycled or renewable materials. Cellulosic raw materials are abundant 

and from renewable origin, therefore they are key to answer today’s needs for safer and more 
eco-friendly materials. However, high cellulosic content materials applied for thermoplastic 

processing are poorly available. This paper presents developments of all-cellulose composites 

suitable for injection-molding, extrusion and extrusion additive manufacturing (AM), based on 

a novel thermoplastic cellulose material, Thermocell (1). Its synthesis was performed in a 

homogeneous system, using molar mass-controlled cellulose from softwood further esterified 

with bio-based fatty acid with side chain length of C16. In many composite materials, issues 

often arise to achieve proper polymer-fibre adhesion, causing a reduction of their mechanical 

performance. To exceed the properties over polymer matrix, coupling agents should therefore 

be employed (2). In this paper where both Thermocell matrix and fillers were from same 

cellulosic origin, such challenge was minimised. 

As the market for thermoplastic 3D printing materials is growing (21%CAGR for 2021-2026) 

(3), bio-based solutions should also be available in this area. Lamm et al. (2020) reviewed the 

wood-based fillers used in materials extrusion AM processing (4). The composite materials for 

extrusion AM that contain cellulose fibres typically have a PLA or ABS main polymer matrix and 

compatibility challenges may occur (4,5). Also, we see the cellulose content limited by the 

amount of fibrous/filling material. Thus, cellulose esters have been found promising for AM 

(6,7). 
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Fused deposition modeling (FDM) of rigid cellulose acetate (CA) and flexible cellulose acetate 

propionate (CAP) has been reported on different fabrics (8). Then, solvent evaporation methods 

are mostly reported for AM of CA by dissolving first the polymer in acetone (5,9). Fused filament 

fabrication (FFF) of commercial CA polymer was presented by Böhler et. al, where CA contained 

29 wt-% of plasticizer (10). Unlike literature examples, the Thermocell matrix was processed 

without plasticizer or solvent evaporation method. The concept of using Thermocell in AM was 

previously introduced by some of the authors (6,7). In the following results presented in this 

paper, Thermocell was combined with microcellulose (MC) and wood-based additives for AM 

purposes or regenerated cellulose fibres for improved mechanical performance. A fused 

granular fabrication (FGF) process allowed to skip the step related to filament making. 

Mechanical properties (Charpy impact strength, tensile strength, and Young modulus) of 

injection-molded and 3D printed samples are presented. By X-ray microtomography, we 

evaluated fibres size and orientation after processing, the quality of fibre-matrix interface, 

microcellulose dispersion in matrix, and porosities of the printed samples. 

2. Materials and Methods 

2.1 Materials 

Thermoplastic cellulose matrix (Thermocell) was produced from commercial softwood 

dissolving grade pulp (Domsjö Fabriker AB, Sweden), esterified with vegetable bio-based fatty 

acids with side chain C16 (11,12). Composites reinforcing fibres consisted of microcellulose (MC) 

Arbocel UFC-100 (JRS Pharma GmbH, Weissenborn, Germany), bleached softwood kraft pulp 

fibres (SWP) (Metsä, Äänekoski, Finland), or regenerated viscose fibres (RF) Danufill 1,7 dTex 

with 3 mm or 5 mm length (Kelheim Fibres GmbH, Kelheim, Germany). The first additive, TOFA 

(tall-oil fatty acid) lignin ester, was obtained using Lignoboost lignin (UPM) and TOFA (Forchem, 

Rauma, Finland) containing 3.5% saturated and 86.3% unsaturated fatty acids respectively (13). 

The second additive, cellulose ester ether (hexanoate of hydroxypropyl cellulose, HPC-C6) was 

synthetized from commercial softwood dissolving grade pulp (Domsjö Fabriker AB, Sweden) as 

starting material. The third additive, rosin ester Sylvalite® 9100 from pine crude tall-oil 

feedstock, with 93% biobased content, was provided by Kraton, Sweden. Analytical grade 

reagents chloroform, and triethyl dichlomethane were purchased from Rathburn Chemicals. 

Other commercial reagents were purchased from Sigma-Aldrich in the highest purity grade. 

2.2 Methods 

In material chemical synthesis, Thermocell with DS of 1 was prepared using the homogeneous 

method presented by Willberg-Keyriläinen et al. (1,14) with ozone pretreated pulp. Synthesis 

and characterization of TOFA lignin ester have been performed as described by Hult et al (13). 

HPC-C6 was prepared using two-step synthesis. First, hydroxypropylation of cellulose was 

carried out in aqueous alkaline conditions. The cellulose was mixed with water, t-butanol and 

aqueous NaOH. Then, propylene oxide was added. The reaction was allowed to proceed at 30°C 

for 24 hours. After the reaction, the product was ultrafiltrated and dried using spray dryer. In a 

second phase, esterification of hydroxypropylated cellulose (HPC) was conducted. The dry HPC 

was dissolved in DMAc and pyridine was added to the homogeneous mixture. After that 

hexanoic anhydride was added, the mixture was stirred 24 hours at 35°C. The product was then 

precipitated and washed using water. 
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Processing of composite materials was performed by first drying materials at 50°C overnight 

prior to compounding. Compounding of Thermocell and fibres (20 wt-% MC, 20 wt-% SWP, 

10 wt-% RF-3mm, 20 wt-% RF-3mm, or 20 wt-% RF-5mm) was performed with corotating twin-

screw extruder (Berstorff ZE 25x33 D, Berstorff GmbH, Hanover, Germany) with temperatures 

ranging from 160°C to 175°C, screw speed of 100 rpm and output of 3 kg/h. The pure Thermocell 

was identically extruded to give the same thermal history as for the other compounds. In the 

case of MC composites with additives (2 wt-% lignin ester, HPC-C6, or rosin ester) a pre-mixing 

was performed with blade blender (Kenwood Chef XL Elite). Granules from compounding were 

further processed by injection-molding (Engel ES 200/50 HL, Engel Maschinenbau Geschellschaft 

m.b.H, Schwefberg, Austria) to test specimens according to the ISO 527. The processing 

temperatures were from 160 to 170 °C in the screw, 175 °C at nozzle, and a 60 °C mold 

temperature. Other test specimens for tensile and impact strength testing were prepared using 

fused granular fabrication (FGF) AM system delivered by Brinter®, Finland (6,7). Based on 

preliminary 3D printing trials, a printing speed of 15 mm/s and brass nozzles, type E3D-V6, with 

a diameter of 0.8 mm were selected and used in manufacturing of all samples. Extrusion AM 

was performed horizontally using a concentric infill pattern and 100% infill percentage. The 

number of layers were respectively 4 and 8 for tensile and impact strength samples, with 0.5 mm 

layer hight for both.  

X-ray microtomography (XµCT) employed RX Solutions Desktom 130 (RX Solutions SAS, 

Chavanod, France) XµCT device. Injection-molded samples containing MC were imaged with 

4 µm resolution (50 keV, 80 µA, and 0.75/s frame rate).  Other samples were imaged with 7 µm 

resolution (50 keV, 300 µA and 4/s frame rate). In each XµCT scan, 1440 projection images and 

average of 2 frames for each projection were taken. RX Solutions Xact-software was used for the 

filtered backprojection reconstruction. Image analysis was done with VTT in-house analysis 

software, partially based on Miettinen opensource software Pi2 (15). In injection-molded 

samples containing MC, the volume distributions of MC aggregates were solved. Objects smaller 

than 960 µm3 were removed from the volume distribution analysis as being mixed with noise. 

In 3D printed samples, volume fractions of extrusion and internal voids were calculated. 

Separation between the pore types was realized by looking at the form factor of the pores, the 

extrusion pores being longer and stretching over the sample length along the printing direction. 

Tensile tests were performed according to the ISO-527 standard using an Instron 4505 Universal 

Tensile Tester (Instron Corp., Canton, MA, USA) and an Instron 2665 Series High Resolution 

Digital Automatic Extensometer (Instron Corp., Canton, MA, USA). For injection-molded 

samples, a 10 kN load cell and a 5 mm/min crosshead speed was used. For printed samples, a 

1 kN load cell and a 2 mm/min crosshead speed was used.  Five parallel specimens were tested 

for each sample material to obtain average values of the tensile properties. Impact strengths 

were determined according to the ISO-179 standard using a Charpy Ceast Resil 5.5 Impact 

Strength Machine (CEAST S.p.a., Torino, Italy). Charpy impact strength tests in edgewise 

orientation were carried out on unnotched specimens on five to ten replicates to obtain an 

average value and variance. Test specimens were kept in standard conditions (23°C, 50% relative 

humidity) for at least five days before mechanical tests. 

Melt flow index (MFI) was measured from the material granules straight after compounding. 

MFIs of the material compounds were analyzed using a RAY-RAN Melt Flow Index-er, Model 3A 

(Industrial Physics, Theme, UK). Tests were performed at 210°C under a weight of 2.16 kg with 

four parallel samples. 
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3. Results and discussion 

3.1 Injection-molded and extruded cellulose-based composites 

Addition of microcellulose (MC), lignocellulosic softwood pine fibres (SWP), or regenerated 

viscose fibres (RF) in Thermocell matrix provided a reinforcing effect with systematic increase of 

tensile strength and Young modulus (Figure 1). XµCT reconstructed 3D images of the injection-

molded and extruded samples evidenced a very good fibre-Thermocell matrix adhesion 

(Figure 2) with no void formation around fibres at observed resolutions. In injection-molded 

samples containing RF, fibre length decreased because of shear forces in place during the 

process, knowing that the cutting of lignocellulosic fibres in plastic processing is typical (16). 

Nevertheless, aspect ratio of the 5 mm RF was still high enough to provide consequent 

reinforcement in 20RF-5mm sample, with 2.4 fold increase of Young modulus, 1.8 fold increase 

in impact strength, and +44% increase in tensile strength compared to neat Thermocell. The 

reinforcing effect was more important for 20 wt-% fibre loading (20RF-3mm) than for 10 wt-% 

(10RF-3mm), as impact strength, for instance, increased by 1.5. The impact of fibres aspect ratio 

and fibre content on the composite mechanical properties were in alignment with literature 

findings (17). Lignocellulosic SWP were strongly agglomerated, and a dispersion agent would be 

required to solve this issue (2). In injection-molded samples, the RF were cut to smaller size, and 

also highly bended and twined, but in extruded samples they retained their size and aligned 

within the processing direction. Thus, RF have potential to provide the cellulose-composite with 

improved performance and could be suitable for extrusion additive manufacturing (4). This 

article further investigates 3D-printability of the cellulose-based composites.  

(a) 

 
 

(b)  

 

(c) 

 

Figure 1. Injection-molded samples with Thermocell matrix (a) and their mechanical properties 

(b), containing from left to right: 0 wt-% fibres, 20 wt-% microcellulose (MC), 20 wt-% softwood 

pine fibres (20SWP), 10 wt-% 3mm regenerated fibres (10RF-3mm), 20 wt-% 3mm regenerated 

fibres (20RF-3mm), 20 wt-% 5mm regenerated fibres (20RF-5mm), 20 wt-% MC and 2 wt-% 

lignin ester (20MC-lignin), 20 wt-% MC and 2 wt-% cellulose ester ether (20MC-cellulose), 

20 wt-% MC and 2 wt-% rosin ester (20MC-rosin). (c) Extruded samples, from top to bottom 

10RF-3mm, 20RF-3mm, 20RF-5mm. 
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(a) Extruded – 20 wt-% 5mm RF 

 

(b) Injection-molded – 20 wt-% SWP 

 

(c) Injection-molded – 20 wt-% microcellulose 

  

Figure 2. X-ray microtomography (XµCT) visualizations of composites containing Thermocell 

matrix and regenerated viscose fibres (a), softwood pine fibres in blue (b), or microcellulose 

(MC) in blue (c) with calculation of MC agglomerates (size – amount) from XµCT scans in 

21.9 mm3 volume including in total 67871 (20MC), 60906 (20MC-lignin), 63986 (20MC-

cellulose), and 78914 (20MC-rosin) number of agglomerates (c). Note: scale bars, showing the 

size of certain agglomerates are only indicative, as there is a perspective in the 3D 

visualizations. 

Further developments of the printing system are required in the case for RF-filled composites 

whereas printing of the 20MC material could be investigated. Two out of the three wood-based 

additives needed for 3D printed recipes enabled dispersion of MC into injection-molded samples 

(Figure 2c). Lignin ester was the most effective additive to reduce the size of MC agglomerates 

and also their total number in the studied volume. As a consequence (2), slight improvement of 

mechanical properties compared to 20MC reference were measured (Figure 1b). 

3.2 Fused granular fabrication (FGF) of cellulose-based composites  

During FGF, the thermoplastic cellulose matrix exhibited a sticky behaviour, which often led to 

nozzle blocking. In addition, the melt flow was inconstant, as shown by high standard deviation 

in MFI measurements (Table 1).  
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Table 1: Melt flow index (MFI), tensile strength (TS), Young modulus, and impact strength (IS) of 

materials with Thermocell matrix, containing 20 wt-% microcellulose (MC), and 2 wt-% of 

respectively lignin ester (20MC-lignin), cellulose ester ether (20MC-cellulose), or rosin ester 

(20MC-rosin). 

Sample MFI (g/10 min) TS (MPa) Modulus (MPa) IS (kJ/m2) 

Thermocell 40.25 ± 28.57 - - - 

20MC 29.08 ± 22.43 - - 5.10 ± 0.88  

20MC-lignin 3.41 ± 1.13 7.26 ± 0.72 510.25 ± 174.40 7.30 ± 1.65 

20MC-cellulose 2.70 ± 0.83 6.69 ± 0.64 477.96 ± 80.50 7.10 ± 0.92 

20MC-rosin 5.73 ± 2.95 6.90 ± 0.99 339.63 ± 42.37 6.40 ± 0.56 

 

(a) 

 

(d) 20MC-lignin 

 

(b) Thermocell 

 

(e) 20MC-cellulose 

 
(c) 20MC

 

(f) 20MC-rosin 

 

Figure 3. (a) Evidence of 3D-Extrusion porosity (in yellow, formed during the printing process at 

the interface of two deposited layers) and internal porosity (in blue, related to the material 

composition) by X-ray microtomography in thermoplastic cellulose (b) with 20 wt-% 

microcellulose (c) and 2 wt-% lignin ester (d), cellulose ester ether (e), or rosin ester (f). 
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Upon addition of 20 wt-% MC, printability was enhanced, but dimensions of the mini-printed 

dog-bone shapes were not reproducible enough for testing purpose and more internal porosity 

appeared as evidenced in XµCT scans (6) (Figure 3a). Porosity in composites can be defined as 

air-filled cavities inside a continuous matrix material and is often caused by the mixing and 

consolidation of two discrete components (18), presently Thermocell and MC. Upon addition of 

solely 2 wt-% of lignin-, cellulose-, or rosin-based additive, the material was then suitable for 3D 

printing, with MFI bellow 10g/10min (19) and both impact and tensile mini-test specimens were 

printed. The wood-based additives provided increased impact strength of the printed material, 

probably because they also enabled to lower the internal porosity (Figure 3a). As discussed in 

previous section (Figure 2c), the lignin- and cellulose-based additives were also efficient for 

improving the dispersion of MC in polymer matrix (reduced number and smaller size of the MC 

agglomerates). Those observations seem to correlate with the differences in internal porosity 

inside 3D printed samples. Inter-fusion of printed strands could be enhanced further by changing 

the printing parameters for instance. Finally, it can be noted that the cellulose ester ether 

additive (Figure 3e) led to less voids in between deposited strands than the lignin ester additive 

(Figure 3d). 

3.3 Conclusion 

Developments related to all-cellulose based composites applied for thermoplastic processing 

(e.g. injection-molding, extrusion, fused granular fabrication) were presented. A novel 

thermoplastic cellulose material, Thermocell, was synthetized from commercial softwood 

dissolving grade pulp and utilized as a polymer matrix. Regenerated cellulose fibres (RF) 

provided the material with improved mechanical performance, especially with 20 wt-% RF. This 

material could be extruded and fibres got orientated along processing direction, giving hopes 

for its future use for extrusion type additive manufacturing (AM) as highly reinforcing material. 

However, further developments of the AM system are required to print this material. In the case 

of bleached softwood kraft pulp fibre compounds, the fibres were agglomerating too much for 

3D printing purposes, showing the need for better dispersion. With 20 wt-% microcellulose 

content, the composite could be 3D printed successfully with wood-based additives. Improved 

microcellulose dispersion was achieved with 2 wt-% tall-oil fatty acid lignin ester and cellulose 

ester ether additives. The wood-based additives also helped to decrease the internal porosity, 

leading to better mechanical performance of 3D printed materials. 
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Abstract: Because of their specific properties, vegetal fibers are increasingly used as sustainable 

polymer reinforcements for eco-composites. Nevertheless, their polar character hinders them 

from being used more frequently at industrial scale due to their incompatibility with mostly 

dispersive polymers (the cheapest and most common ones). In this study, direct fluorination 

treatment was carried out to covalently graft fluorine atoms at the outmost surface of flax fibers, 

allowing the polarity of flax fibers to be significantly decreased. Thanks to this polarity reduction, 

the gap between the surface energies of the fibers and polymer matrix (epoxy) was reduced 

improving the wettability of the fibers during the infusion process. Thereby, porosity of the 

composite thus formed is significantly reduced, increasing its Young’s modulus by 25%, its 

maximal flexural stress by 10% whereas the percentage of maximal elongation is decreased by 

15%. These improvements are achieved without any chemical coupling agent or solvent harmful 

to the environment. 

Keywords: Vegetal fibers composite; Fluorination; Wettability; Interface; Porosity 

1. Introduction 

Vegetal fibers are increasingly used to substitute glass fibers for polymer strengthening 

to make eco-composites. Indeed, in addition to the fact that vegetal fibers and glass fibers 

present equivalent specific properties, the use of the former allows to valorize bio-based and 

local resources while lightening the overall weight and reducing the cost of composites. 

Therefore, all these advantages provide to vegetal fibers to be more and more used in the 

transport industry (aeronautics, automotive, etc.); this trend is expected to increase in light of 

current environmental issues and the emerging context of the bio-economy aimed at continuing 

economic growth while preserving the environment and earth resources. 

However, one of the main difficulties arising when using these vegetal compounds as polymer 

matrix reinforcement is their incompatibility with a large part of the latter. Indeed, the 

hydrophilic nature of vegetal fibers makes them sensitive to moisture absorption and difficult 

to wet by hydrophobic resins (which represent the majority of polymer matrices used). This 

incompatibility results in a poor effective adhesion, partly due to micro-porosities, between 

fibers and matrix that would greatly weaken the mechanical performance of these eco-

composites [1]. 
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In order to obtain the optimal mechanical performance of these composites, it is often 

considered necessary to compatibilize these vegetal fibers with the polymer matrix. Over the 

years, several chemical and/or physical methods have been developed for this purpose (thermal 

treatment, electric discharge, acetylation, MAPP treatment, mercerization, etc. [2]). If these 

treatments allow to decrease the polarity of the fibers and thus to reduce the presence of 

cavities at the fiber/matrix interface, they are generally harmful for the environment because of 

the use of chemical reagent, solvent and/or a high energy cost, inducing in all cases an increase 

of the carbon footprint of the composites, which is incompatible with the very principle of "eco-

composite" aiming at reducing as much as possible the environmental impact of these materials. 

The fluorination treatment takes place in this context. Indeed, thanks to the reaction of 

molecular fluorine F2 onto flax fibers surface (or any other lignocellulosic fibers [2,3]), it is 

possible to covalently graft fluorine by this chemical element. This treatment of natural fibers, 

carried out only at a laboratory scale up to now, allows the polarity of the substrate to be 

significantly decreased without modifying its bulk properties. Moreover, as a gas/solid reaction, 

fluorination is performed without using toxic solvent in a closed reactor, i.e. without release of 

any toxic substance in the atmosphere, and the reaction occurs spontaneously at room 

temperature; so this treatment exhibits a very low environmental footprint.  

In addition, direct fluorination treatment is already an industrial process employed to treat 

commercial polymers in order to add the superficial properties of a fluoropolymer at the 

substrate surface [4,5]. Moreover, this method is fast, without any human contact with the 

reactant, reproducible, and thus presents all the advantages required for an eco-responsible 

industrial way to reduce the vegetal fibers’ polarity in order to compatibilize this filler with 

hydrophobic polymer. 

Thereby, the present work aims at carrying out fluorination of flax fibers at a semi-pilot scale in 

order to increase the quantity and size of fluorinated fibers per batch allowing the manufacture 

of eco-composites with long fiber reinforcement. Therefore, fluorinated flax fibers and epoxy 

resin (with a polar component typically measured below 5mN/m [6]) will be employed together 

via Composite Vacuum Resin Infusion, to form eco-composite. Those composites will be then 

tested by flexural test to evidence the enhancement of the mechanical performance of the 

fluorinated fillers based material as expected because of the fiber polarity reduction, according 

to the literature [1]. 

2. Materials and methods 

2.1 Materials 

Flax fibers were pieces of FlaxTapeTM 110, purchased from Eco-Technilin. These fibers 

which are 40cm width tape of unidirectional flax fibers with a weight of 110g/m2 have 

undergone a fluorination treatment described below (noted “fluorinated”). For comparison, 
other fibers were used “as received” (noted “Raw” in the following) to make composite 
materials.  

Composite were manufactured using an epoxy resin: resoltech 1050, coupled with 

1056S hardener, both purchased from SF Composite. Resin and harderner were mixed together 

with a 100/35 weigh ratio. 
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2.2 Fluorination 

Fluorination of flax fibers was performed inside a 50L passivated nickel reactor (covered 

with NiF2) in static conditions. The flax fibers were distributed into the fluorination reactor over 

4 trays, each being 65cm long and 21cm wide Figure 1a. 

The reactive gas consists of a mixture of pure elemental fluorine, purchased from Solvay Fluor 

(less than 0.1 vol.% of admixtures, mainly oxygen) and pure Nitrogen (99,999 % purity). Before 

each reaction, fibers were first outgassed during 2h under primary vacuum (10−3 mbar) at 120 

°C (setpoint) within the reactor. Then, the heating is turned off, and the reactor is left to cool 

down overnight. 

After that, the chamber (still under primary vacuum, i.e. 10-3 bar) was filled with the gases. In a 

first step, N2 is injected into the reactor during 5min at 400 mL/min flow rate. Then, the reactive 

F2/N2 mixture was introduced during 20 min in the reactor with N2 and F2 flow rates which are 

set at 400 and 100 mL/min, respectively. At the end of this step, the pressure inside the reactor 

is of 200mbar. Thereafter, N2 is added (600mL/min) in the reactor until a pressure of 1 bar was 

reached. The reactor is then immediately flushed with pure nitrogen gas overnight to both stop 

the reaction and remove the traces of unreacted F2, HF¸ CF4, and C2F6 (those gases were removed 

by a soda lime trap). Finally, the fibers are once again outgassed for 1 h under nitrogen at 120 

°C for the completion of removal of all fluorine-based gases from the sample surface. 

2.3 Composite manufacturing 

Composite plates are prepared by Composite Vacuum Resin Infusion (that we will call 

infusion afterwards). To manufacture these plates, a PMMA mold of 400mm long, 40mm wide 

and 3mm thick was used. For each infusion, 6 fibers (raw or fluorinated) plies are cut (length in 

the fiber direction) to the mold dimensions and placed within it (Figure 1b). Then, 2 cylindrical 

gaskets (in black on Figure 1b) are placed in the location provided, to ensure the vacuum 

tightness of the mold. After that, the counter mold is placed, and the 2 parts of the mold firmly 

closed and held in position thanks to C-clamps (Figure 1c). Thereafter, resin was mixed with its 

corresponding hardener and mixture was stirred for 5min. Once mixed, the resin pot is 

connected to the mold by a plastic pipe, and the whole infusion device was put under vacuum 

(10-3 bar). After 5 minutes, circuit upstream of the resin is returned to atmospheric pressure, 

while the mold is still under vacuum, driving the resin inside the mold. Once the infusion done, 

the set is left 24 hours to obtain a composite plate dried enough to be demolded. Then the plate 

is demolded and dried for, at least, 2 weeks at room temperature. 

 

Figure 1: (a) 50L fluorination reactor with 4 trays inside ; (b) and (c) composite manufacturing 
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2.3 Characterization 

FTIR experiments were carried out with a Nicolet 6700 FT-IR (Thermo Scientific) 

spectrometer in ATR mode. For each spectrum, 32 scans with 4 cm-1 resolution were collected 

between 4000 and 524 cm-1. 

19F solid state NMR spectra were recorded using a 300 MHz Bruker Avance 

spectrometer. A magic-angle spinning (MAS) probe operating with 2.5 mm rotors was used 

allowing a 30 kHz spinning rate. A simple sequence was used with a single π/2 pulse with a 

duration of 4.0 µs. 19F chemical shifts were externally referenced to CF3COOH and then 

referenced to CFCl3 (δ𝐶𝐹3𝐶𝑂𝑂𝐻 = -78.5 ppm vs δ𝐶𝐹𝐶𝑙3) 

In order to estimate the change in the surface energy due to treatments, the 

determination of the contact angle between fibers and different liquids is necessary. To measure 

this contact angle, the most common method is the “sessile drop” technique [7]. However, this 

technique cannot be employed with fibers and fabrics, because of their shape and texture that 

induce a fakir effect distorting the measurements. Thereby, several methods have been 

developed along time in order to perform this measurement on single fibers [8–11]. Among 

them, the tensiometric one seems the most convenient. As described by Qiu et al.[9], it is based 

on the use of a Wilhelmy balance and the Wilhelmy relationship (1) 𝐹 = 𝛾𝑙  𝑝 cos𝜃 (1) 

 

where F is the capillary force (mN), p (m) the wetted length, θ (°) the contact angle and γl (mN/m) 

the surface tension of the liquid. 

Using the method described in Pucci et al. [12], measurements were performed using a Krüss 

K100SF tensiometer. To measure the contact angle with a given liquid, a single fiber was first 

extracted from the strips of fibers. This one was placed in a clamp within the tensiometer and 

placed as close as possible to a crystallizer filled with the liquid without touching it. This 

crystallizer moved at a speed of 1mm/min and came in contact with the fiber. Then it went up 

to a depth immersion of 5 mm, the tensiometer allowing to measure the capillary force exerted 

by the liquid on the fiber.  

To determine the polar and the dispersive components of the surface energy of fibers, the 

Owens-Wendt method was considered [13]. This theory is based on the equation (2) that allows 

to determine the dispersive and polar components of the fiber surface energy (𝛾𝑠𝑑 and 𝛾𝑠𝑝). 

𝛾𝑙(1 + 𝑐𝑜𝑠(𝜃))2√𝛾𝑙𝑑 = √𝛾𝑠𝑝( 
√𝛾𝑙𝑝√𝛾𝑙𝑑) +√𝛾𝑠𝑑 (2) 

 

For each sample, at least 5 measurements were carried out with different test liquids, and the 

mean value of θ was used to plot data. The uncertainties on surface energy components were 

measured using the maximum and minimum slopes techniques. 

 To evaluate the impact of the fluorination treatment on flexural properties, three points 

bending tests have been conducted following ASTM D790-03 [14]. However, only 4 samples 
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were tested instead of 5 because of the limited amount of space available on composites. 

Dimensions of the samples were 120×18x3mm3, and because the standard requires a span-to-

death ratio larger than 16:1 at minimum and recommends it higher than 32:1, we have set our 

support span to 100mm (span-to-death ratio = 33:1). Experimentations were carried out on a 

Zwick UTS20K machine equipped with a 20 kN capacity load cell, at a crosshead displacement 

rate of 1 mm/min. 

3. Result and discussion 

3.1 Homogeneous fluorine grafting 

Fluorination of flax fibers, as well as other lignocellulosics materials, is known to graft 

fluorine atoms at the outmost surface of these compounds in replacement of -OH groups [2,3]. 

Therefore, the fact that fluorination of lignocellulosic materials is possible were previously 

discussed in a previous paper [3,15]. 

According to the high reactivity of F2 gas, the tubular geometry of the reactor with a gas injection 

on one side may result in inhomogeneous fluorination rate along the fibers during the scale-up 

with a reactor of 50L volume: chemical analysis of fibers must be carried out to check the 

homogeneity of the treatment. Figure 2 displays the IR and 19F NMR spectra of fluorinated flax 

fibers, as a function of the location of the fibers tape in the reactor. These spectra were recorded 

with samples collected at 0cm and 65cm from the edge, in the center of the fibers width (the 

0cm side corresponding to the width closest to the fluorine insertion) on the 4 trays that were 

placed one above another into the reactor. The presence of bands on 19F NMR spectra 

demonstrates the covalent grafting of fluorine atoms at the flax fibers surface as already 

observed on previous work; formation of -CHF, -CF2 and with less extend -CF3 groups is then 

evidenced [16]. In addition, because of both the quasi overlapping of both 19F NMR and FT-IR 

lines whatever the location of the sample in the trays and the perfect similarity of these lines for 

the case in between 0 and 65cm, we clearly notice that treatment is chemically and 

quantitatively almost identical whatever the observed area. These results demonstrated that 

the chosen treatment conditions allow a high homogeneity over the whole length of the 

samples. This characteristic is a prerequisite for the use of the mechanical properties. 

 

Figure 2: (a) IR and (b) 19F NMR spectra of fluorinated flax fibers 
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3.2 Modification of surface energy 

When controlled, fluorination of flax fiber allows to modify the surface energy of the 

latter, by reducing its polar component (γs
p). In order to identify and quantify the modifications 

resulting from the treatment, wetting tests by tensiometric method were carried out. 

Table 1 summarizes the evolution of polar (γs
p), dispersive (γs

d) and total (γs) surface energy of 

both pristine and fluorinated flax fibers. This treatment significantly lowered the polarity of 

fibers, from 19.1 ± 9 mN.m-1 to 5.8 ± 2.4 mN.m-1. 

In addition, when considering the experimental uncertainties, it is evident that the fluorinated 

fibers are more homogeneous than the raw ones; vegetal fibers being natural materials, they 

present a disparity between them [17]. When it is well controlled, fluorination treatment allows 

this variability to be limited and a surface energy with a reduced data dispersion is obtained for 

treated fibers compared to the raw ones. From an industrial point of view, this appears as 

extremely promising. 

On the contrary, we noticed that the dispersive component remains nearly constant after the 

fluorination treatment. Therefore, and knowing the fact that the dispersive constant is strongly 

related to the surface texture [18], the absence of changes may suggest the maintaining of the 

surface roughness during the fluorination treatment. 

Table 1: Polar, dispersive and total surface energy of raw and fluorinated flax fibers 

Sample γs
p (mN/m) γs

d (mN/m) γs
tot. (mN/m) 

Raw 19.1 ± 9.0 22.5 ± 2.0 41.6 ± 11 

Fluorinated 5.8 ± 2.4 21.1 ± 3.6 26.9 ± 6.0 
 

3.2 Effect of fluorination treatment on mechanical properties of composite 

 Liotier et al. [1] have already demonstrated that, if the polar component of vegetal fibers 

fiber is reduced by a given treatment (thermal treatment in their case), the wettability of fibers 

by the polymer matrix will be improved and therefore, the overall mechanical behavior of 

composites manufactured is improved with treated fibers (even if fiber properties at rupture are 

reduced). This phenomenon was related to the improvement of the wettability of the fibers by 

the matrix, allowing to reduce the micro-porosity at the filler/matrix interface as already 

observed in the literature [3,12]. 

Thereby, in order to evaluate the impact of the flax fiber fluorination on the mechanical 

performance of eco-composite formed with this natural reinforcement, laminates plates of 

composites were manufactured with raw flax fibers reinforcement on one side and fluorinated 

flax fiber reinforcement on the other. The materials thus formed were then analyzed by flexural 

tests in the exactly same conditions in order to be compared. Results (Figure 3) evidenced a 25% 

increase of the Young’s modulus (E) and a 10% increase of the maximal flexural stress (σm) 

whereas a 15% decrease of percentage of maximal elongation (A%) is observed. It is to note that 

the changes of these 3 values are achieved without overlapping the experimental uncertainty 

bars, demonstrating that the enhancements are significant. In addition, the improvements of E 

and σm while A% is decreased highlight a stiffening of the material thanks to the fluorination of 

its reinforcements (vegetal fibers).  
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Figure 3: Flexural properties of composites made from raw and fluorinated flax fibers (E = 

Young’s modulus; σm = Ultimate tensile strength; A% = percentage of maximal elongation) 

4. Conclusion 

The present work was focused on the effect of the fluorination treatment of flax fibers 

on the mechanical behavior of composites reinforced by fluorinated fibers. Fluorination has 

been realized at a large scale in a 50L reactor and have allowed to covalently graft fluorine atoms 

at the outmost surface of flax fibers. In addition, this treatment was carried out homogeneously 

over the 65cm length and the 4 trays of fibers introduced into the reactor and has allowed to 

reduce the fibers’ polar component of surface energy. Thanks to this polarity decrease, the gap 

between the surface energies of the fibers and polymer matrix (Epoxy) was reduced; in other 

words, the wetting of the fiber by the polymer is improved during the infusion process (probably 

due to the fact that the porosity of the composite thus formed is significantly decreased). 

Therefore, mechanical performance of these composite is improved (a 25% increase of the 

Young’s modulus (E) and a 10% increase of the maximal flexural stress (σm)), without any 

chemical coupling agent harmful to the environment or solvent for the chemical reaction. 
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Abstract: The functionalisation of the fibre surface offers high potential to improve the fabric 

properties and fibre-matrix adhesion. For this purpose, the application of sizings is promising. 

Sizings are conventionally used to maintain fibre quality during the weaving process and are not 

specifically designed as a coupling agent between fibre and matrix for structural composites. The 

present work provides a comparative study of flax fibre reinforced composites (FRCs) containing 

2, 6 and 12 % sizing volume fraction relative to the fibre volume using oxidised starch, polyvinyl 

acetate (PVAc) and cellulose acetate (CA) as sizing agents. The composite porosity was one of 

the main aspects influenced by the sizing. PVAc and low amounts of CA sizing improved the 

Young’s modulus of the composite up to 13 % without lowering the tensile strength. The 

performance of the composites containing PVAc sizings was almost independent of the sizing 

volume fraction.  

Keywords:  Sizing; Fibre-matrix adhesion; Complex Interphase; Epoxy resin; Porosity 

1. Introduction 

In our fast-paced modern world, lightweight design is one of the main aspects to match 

sustainability demands. Therefore, natural fibre-reinforced composites (NFRCs) are becoming 

increasingly relevant [1]. In addition to their environmental friendliness, other advantages 

include good stiffness,  low densities, and better end of life options compared to synthetic fibres. 

Thanks to advancing developments, natural fibres are progressively able to replace synthetic 

fibres for composite materials. Manufactured fibres such as various plastics, carbon fibres and 

glass fibres are often fossil-fuel based, their production is energy-intensive, and they are poorly 

recyclable. In contrast, natural cellulosic plant fibres such as flax and hemp originate from 

natural renewable resources. In addition to their environmental friendliness, other advantages 

include good stiffness and low densities compared to glass fibres [2]. For the production of 

textiles, fibre coatings, so-called sizings, are extensively used to maintain the fibre quality by 

reducing yarn hairiness and abrasion, thus preventing fibre slippage and yarn tearing during 

machining processes such as pultrusion, knitting or weaving and the further fabric handling 

steps. Therefore a sizing solution should provide enough flexibility for fibres to be processed 
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without breaking, regulate the moisture content of the yarns, and provide a uniform coating for 

fibres within a yarn. The most prominent and commonly used sizing agent up until today is starch 

and its derivatives [3]. The sizing is usually removed after weaving for clothing textiles and other 

traditional fibre applications to prevent interference with subsequent processing steps such as 

dyeing. Hence, traditional sizings are not designed for use in composite applications and are far 

from optimal for facilitating a strong fibre matrix adhesion [4]. The sizings functionality can be 

extended and define the properties of the fibre-matrix interphase, which is the interpenetrating 

and heterogeneous region between fibre and matrix, which, in the case of NFRCs, especially with 

the use of sizings, can also be called the “complex interphase” [5,6]. The sizing can have major 

impacts on the manufacturing and the composite quality, potentially leading to improved 

composite properties. Sizing, which is also often referred to as the “heart of weaving”, and 

according to Thomason [4], is possibly the most critical component in fibre manufacturing and 

their composites remain a “black-box” technology. While the complex interaction of often ten 

or more sizing components with each other is quite inadequately researched, even less is known 

about their highly complex interplay with natural fibres, the matrix resin and their composites 

[3,4]. Consequently, this work aimed to provide fundamental knowledge on the effect of 

different sizing agents and sizing amounts on the composite’s mechanical properties. The 

employed test procedures were selected to examine the interaction of sizing and flax fabric, the 

effects on the composite manufacturing and the influence on the mechanical properties of the 

composites. The latter was evaluated using a quasi-static longitudinal tensile test to measure 

the tensile strength and Young’s modulus and a transverse tensile test to measure the 

transverse tensile strength. Fabric surfaces and fracture surfaces were analysed using Scanning 

Electron Microscopy (SEM). 

2. Materials and Methods 

2.1 Materials 

Composites were produced with a flax fibre fabric provided by Terre de Lin (TdL) (Saint-Pierre-

le-Viger, France) (growing region: Normandy, France). The fabric was made from an untreated 

roving (210 g / m2, stitching thread: nylon) where the fibres were bound together by a helically 

wound nylon wrapping yarn. The polymers used as sizing agents were oxidised starch, cellulose 

acetate (CA) and polyvinyl acetate (PVAc) (Carl Roth GmbH, Karlsruhe, Germany). 

2.2 Fabric Sizing Process 

Two different solvents were used for the polymers to produce immersion baths for the flax 

fabrics – namely deionised water to dissolve starch and acetone (purity grade 99.5 %: analytical) 

as a solvent for PVAc and CA. Due to the different polarity and chemical nature of both solvents, 

they affect the fibre impurities (e.g., pectins, waxes and lipids) and the surface structure. As a 

result, prior to the fibre coating, the mass loss of the fibres in both solvents were evaluated to 

determine the exact amount of the sizing agents on the flax fabrics. The targeted sizing volume 

fractions were 2, 6 and 12 %. Due to the different densities of each polymer, an additional 

concentration in the solvent has to be used to produce fibre coatings with the same volume 

fraction of the sizing agents. The respective polymer concentrations in the solvents were 

identified in preliminary tests. The polymers were dissolved using a magnetic stirrer for 60 

minutes. Starch was dissolved at 80 °C, PVAc and CA at 40 °C. For the sizing process, single layers 

of untreated UD flax fabric were cut, and their edges were maintained with masking tape. To 
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ensure sufficient fabric wetting, every layer was impregnated in the bath for two seconds from 

each side. Afterwards, the layers were spread out on steel grids to dry.  

2.3 Composite Manufacturing 

For each sizing type and sizing volume fraction, one composite plate (250 x 200 x 2 mm3) was 

manufactured using a vacuum bag set-up. As a matrix system, an epoxy IMP503Z-HT prepreg 

film (120 g / m2, ρ = 1.2 g / cm3) supplied by Impregnatex Compositi S.R.L. (Castano Primo, Italy) 

was used. For easier handling during manufacturing, two layers were pasted on top of each 

other to get a double matrix film with backing film on both sides. Then, five UD flax layers and 

six double matrix layers (12 single layers), with 250 mm x 200 mm dimensions, were stacked 

alternatingly onto the mould. After pasting every double matrix layer onto a UD flax layer, a 

vacuum was applied to compress the layers and make the matrix film adhere to the fibres 

properly before removing the backing film and continuing with the next UD layer. Additionally 

to the conventional set-up, a semi-permeable membrane, only allowing air to pass through, was 

used to ensure a consistent fibre volume fraction of the composite plates of 37 %. The curing 

cycle for the plates was at 140 °C for two hours (heating rate: 1 °C / min, cooling rate: 2 °C / min). 

The finished plates were then cut dry with a chop saw to the required specimen geometries. 

2.4 Quasi-static Longitudinal Tensile Test 

The longitudinal tensile properties of the composites were measured according to the DIN EN 

ISO 527- 4 testing standard on a Zwick/Roell Z150 universal testing machine (Zwick/Roell GmbH, 

Ulm, Germany) with a maximum force of 150 kN and a 150 kN load cell. The force was applied 

by a constant crosshead speed of 1 mm/min, and the pre-pressure of the pneumatic clamps was 

at 50 bar. The data were recorded at a frequency of 25 Hz. Of each variety, six specimens were 

tested. The specimens had a length of 250 mm, a width of 13.27 mm ± 0.18 mm and a thickness 

of 2.30 mm ± 0.25 mm (n = 66). The gauge length was 115 mm. The tensile properties were 

calculated from measured tensile forces, and the specimen deformations were measured via a 

videoXtens extensometer (Zwick Roell GmbH, Ulm, Germany). The optical measurement marks 

on the specimens were set with a lacquer containing reflective particles for better recognition 

and applied 1 cm over and under the clamps. The specimen cross-section was determined by 

the mean value of three measurements from thickness and width using a digital sliding calliper 

(d = 0.01 mm) (Vogel GmbH, Germany). 

2.5 Quasi-static Transverse Tensile Test 

The transverse tensile test was chosen to characterise the fibre-matrix adhesion in composites. 

The test was performed on the Zwick/Roell Z150 universal testing machine with a 30 kN load 

cell (Xforce K, Zwick/Roell GmbH, Ulm, Germany). The force was applied through wedge clamps 

at a constant crosshead speed of 1 mm / min. The data were recorded at a frequency of 25 Hz. 

Of each variety, seven specimens were tested. The specimens had a length of 

31.85 mm ± 3.49 mm, a width of 24.36 mm ± 0.57 mm and a thickness of 2.24 mm ± 0.24 mm 

(n = 77). The gauge length was 10 mm. The tensile properties were calculated from measured 

tensile forces and specimen deformation measured via videoXtens extensometer (Zwick Roell 

GmbH, Ulm, Germany). The specimen cross-section was determined by the mean value of three 

measurements from thickness and width using a digital sliding calliper (d = 0.01 mm) (Vogel 

GmbH, Germany). 
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2.6 Optical Examination of Fabrics Sizings and Fracture Surfaces 

The fabric sizings and fracture surfaces of composites were examined using SEM. Therefore a 

JSM-6510 Series Scanning Electron Microscope (Jeol Ltd., Akishima, Japan) was used for the 

fabrics and a Helios Nanolab 600 (FEI - Thermo Fisher Scientific Inc., Massachusetts, USA) for the 

fracture surfaces. The images were recorded with the secondary electron mode and an 

acceleration voltage of 10 kV. The specimens were placed on a conductive adhesive carbon 

carrier and coated with a 15 nm thick gold layer in an argon atmosphere. Further parameters of 

the recordings are listed in the respective images. 

3. Results and Discussions 

3.1 Interaction of Sizings with Flax Fabric 

As shown in Figure 1, exemplarily for 6 % sizing volume fractions, the different sizing agents lead 

to varying sizing surface qualities. While the sizings with starch and PVAc show smooth surfaces, 

the CA sizing forms more extensive membranes between the elementary fibres, and the surface 

looks rougher, containing small CA shreds. The more brittle the sizing agent behaves, like in the 

case of CA sizings, the more likely it is that the sizing agent’s surface will break during fabric 

handling, causing the development of shreds and a rough fabric surface. Djordjevic et al. [8] 

described inconsistent sizing and a rigid and brittle character for starch sizings. The SEM 

observation cannot confirm this because no quantitative studies on this exist, and no statement 

can be made for CA and PVAc sizings. 

 

Figure 1. SEM images of coated and uncoated UD fabrics. 

3.2 Composite Manufacturing 

The fabric sizings can, directly and indirectly influence the composite properties. Certain 

parameters of the manufacturing process can potentially control these influences. High amounts 

of sizing with the formation of membranes between single fibres and high surface roughness of 

the fabric might act as a barrier and negatively affect the infiltration of the fabric with the matrix. 

An insufficient wetting and infusion of the fabric with matrix will introduce porosity (voids), 

weakening the fibre matrix adhesion and the properties of the complex interphase. The surface 

quality and composite porosities are qualitatively shown in Figure 2. The untreated composite 

shows almost no porosity. The starch sized flax epoxy composites exhibit the highest surface 

porosities already at a low sizing amount, which seemingly increases with increasing sizing 

volume fraction. In contrast, the PVAc sizings exhibit all together almost no porosity. Composites 

processed with CA sized fabrics at 2 vol% show minor surface porosity, which increases at higher 

sizing volume fractions. 
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Figure 2. Composite plate surfaces, qualitatively show different levels of porosity. 

A low glass transition temperature (Tg) of the sizing agent might be advantageous, as the sizing 

agent could reach lower viscosities early during the curing process. This could additionally be 

improved by applying pressure on the composite during the curing process, e.g., using an 

autoclave or an increased curing temperature. The plate´s porosity may also have resulted from 

the evaporation of moisture from the fibre during the curing process within the matrix system. 

This relates to the different abilities of the sizings to act as a barrier for water absorption and 

desorption. A well-known problem with the wettability of flax fibres with epoxy resin is the 

fibres’ heterogeneous surface character [5]. However, fibre sizing can potentially produce a 

homogenous surface for the fabric, which might lead to uniform properties of the fibre-matrix 

interface and eventually even a complex interphase. With the selection of the sizing agent, the 

chemical interaction of the fabric surface with the matrix can be modified.  

The chemical character of oxidised starch offers a high polarity and good compatibility with the 

OH groups of cellulose, but also with the OH groups of the epoxy and the oxygen atoms of its 

ether groups. Further, the more hydrophobic character of oxidised starch in comparison to the 

hydrophilic flax fibre surface might improve the wetting of the fabric with epoxy. Although 

starch coated flax fibres and fabrics have smooth surface structure, their composites have 

notable surface porosities. This might be a consequence of the large-sized starch molecules and 

high viscosity of the sizing bath, providing a good surface structure of the fabric but eventually 

causing weak infiltration of fibre bundles and penetration of the fibre surfaces. Encapsulated air 

and moisture inside the fabric due to starch membrane might introduce pores during the 

composite curing process [9]. In PVAc, the oxygen atoms within acetate groups (ester linkages) 

offer the opportunity to form hydrogen bonds with the OH groups of the flax fibre surface. The 

same interaction can be assumed with the OH groups of the epoxy, potentially leading to strong 

interfaces. Furthermore,  PVAc is known to disperse within the epoxy matrix during the curing 

process, explaining the low porosity levels in the composites [10,11]. According to Sanchez-

Cabezudo et al. [11], higher curing temperatures above 150 °C can further improve this 

homogenisation of the complex interphase. In the chemical structure of CA, there are OH 

groups next to the ester linkages of the acetate groups. Thus, it offers the possibility to interact 

with both the flax fibre surface and the epoxy matrix with the formation of hydrogen bonds. 

However, CA sizings exhibit a poor surface quality on the fabric (see Figure 1). This behaviour is 

possibly due to the larger molecule size compared to PVAc and the strong membrane forming 

character. In addition, with its higher Tg, this might introduce the formation of pores within the 

composites.  

3.3 Longitudinal Tensile Properties 

The longitudinal tensile testing results of composites are shown in Figure 3. Comparing the 

tensile performance of composites with and without fibre sizing shows a decrease in the tensile 
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strength and Young’s elastic modulus with increasing sizing volume fraction for the starch and 

CA coatings. This observation can mainly be attributed to the weakening of the fibre matrix 

adhesion by pores. In contrast, increasing PVAc sizings content on fibres does not negatively 

affect the tensile strength and elastic modulus of composites. This behaviour underlines the 

hypothesis for the dispersion of PVAc within the epoxy matrix during the curing process, 

improving resin infiltration Composites with 2 vol% PVAc exhibit the highest mean tensile 

strength, next to the ones with 2 vol% CA and the untreated composite. The Young’s modulus 

can be significantly improved with all PVAc sizings compared to the untreated composite.  

The results for the tensile strength and Young’s elastic modulus agree with the qualitative 

observations for the composite porosity, depending on the used sizing agent and sizing volume 

fractions. All of the used sizings decrease the maximum strain. Generally, pores within the 

complex interphase and the matrix will reduce the ability of the matrix to transfer the stresses 

between the fibres uniformly (with starch sizings). This will increase local stress peaks within 

single fibres, causing early fibre and composite failure. On the other hand, a strong fibre matrix 

adhesion will reduce the deformation of the fibre (with PVAc and CA sizings). With starch sizings, 

the strain again decreases with the increasing sizing amount. The results are mainly determined 

by the weaker interphase, exhibiting the overall highest levels of porosity. PVAc sizing strain 

results are again comparatively constant over varying sizing amounts. CA, however, shows an 

optimum at 6 vol% with the highest strain of all sized fabrics. Additionally to the correlation of 

the tensile test results with the composite porosity, the results indicate different chemical 

interactions of the sizing agents with the epoxy resin. The 2 vol% CA sizing exhibits equally high 

tensile strengths and moduli as the PVAc sizings, while the apparent porosity seems to be higher, 

indicating stronger chemical interaction with the flax fibre surface and the epoxy matrix. The 

porosity increases visibly with increasing CA volume fractions, significantly reducing the strength 

and modulus. Furthermore, the Young’s moduli results also indicate an improvement of the 

fibre-matrix interface with all PVAc sizings and the 2 vol% CA sizing compared to the untreated 

composite. 

 

Figure 3. Box-and-whisker plots from tensile test results (n = 6) 

3.4 Transverse Tensile Properties 

Although the standard deviations of the transverse tensile test results, shown in Figure 4, are 

comparatively large, the results exhibit the same trend as observed for the longitudinal tensile 

test results. The larger deviations can be explained by the orientation of the fabric layers during 

the lay-up composite manufacturing process and misaligned fibres in the fabric (e.g., hairiness). 

Also, the fabrics contain a nylon wrapping yarn whose orientation is longitudinal to the 
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transverse load direction, contributing to the transverse tensile properties, even though its 

volume fraction within the composite is comparatively low.  

 

Figure 4. Results from the transverse tensile test (n = 7). 

In contrast to the untreated composite, the fracture surfaces with sized fabrics show peeling of 

the fibre surface layers (fibrillation), indicating a failure within the interphase between sizing 

and fibre (see Figure 5). Thereby the level of the fibrillation varies qualitatively with the number, 

length and width of the shreds. The untreated composite exhibits the lowest fibrillation level. 

As for the composites containing sizings, an increase of the fibrillation with increasing sizing 

volume fraction is qualitatively noticeable for all sizing agents. Generally, the fibrillation of the 

flax fibre surface indicates a strong fibre-matrix or fibre-sizing adhesion. Hence, a strong 

chemical and physical interaction as the bond of the sizing agent with the flax fibre surface is 

strong enough to separate cellulose microfibrils from each other. 

 

Figure 5. SEM images of fracture surfaces from transverse tensile test specimens. 

4. Conclusion 

The development of NFRCs in general but especially using sized fabrics requires a holistic and 

interdisciplinary understanding. Amongst others, this includes the chemical and physical 

properties of the sizing agents and important factors for the sizing process (solvents, 

concentrations, immersion times), as well as the properties of the epoxy matrix system and the 

composite manufacturing process. The sizing can homogenise the fibre surface whereby the 

coating, wetting and encapsulation of the fibres with matrix might be improved. Therefore, 

lower sizing volume fractions seem to be advantageous as higher amounts might act as wetting 
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barriers and increase porosity. This effect might be mitigated by choosing sizing agents with low 

Tg. This is underlined by the results of the composites containing PVAc sizings which exhibit the 

lowest levels of porosities and lead to increased elastic modulus compared to the untreated 

composite without lowering the tensile strength (1 % improvement at 2 vol% sizing amount). 

The Young’s modulus can be improved by about 13, 10, and 9 %  with all tested PVAc sizings, 

respectively, at 2, 6 and 12 vol% compared to the untreated reference. Differences in the sizing 

quality and the composite properties regarding the sizing agent type and the sizing volume 

fraction could be observed. Generally, the use of a sizing can improve the composite properties. 

However, this highly depends on the sizing agent especially seen for starch and PVAc, but also 

the sizing volume fraction as seen for CA. The composite porosity, being substantially affected 

by different sizings, is one of the main aspects. The results show that the sizing in general, but 

pure starch sizings in particular, do not necessarily lead to improved composite properties, 

underlining the need for further research and the importance of new developments in the field 

of natural fibre sizings for composite applications. 
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Abstract 

The environmental impact is becoming increasingly important in the automotive industry, pushing 

OEMs to reduce CO2 emissions through clean engines and structural weight reduction. Composite 

materials offer an excellent alternative to standard steels with considerable weight reduction. The 

main objective of this study is the application of bio-composite materials in automotive structure. This 

study is divided into two phases: the first step aims to develop a new hybrid composite material that 

can meet the mechanical, thermal and economic specifications [1]. In the second phase of this project 

a multiscale homogenisation approach [2] was used to predict and understand its elastic mechanical 

behaviour. This paper presents the experimental results that show the interest of hybridisation to 

improve the stiffness of this composite.  

 

1. Introduction 

The application of composite materials remains limited in the automotive industry due to various 

technical, economic, and environmental constraints. Knowledge of the technical aspects of 

manufacturing (processes and production rate), of the mechanical behaviour of these heterogeneous 

materials (behaviour law and simulation tools) and of their lifespan is still insufficient for mass 

production. On the economic aspect, the high price of fibres such as carbon fibres and the high 

manufacturing cost related to cycle time are the main obstacles to the development of these 

materials. Furthermore, the environmental impact became increasingly critical with new European 

regulations for reducing the CO2 emission and the Carbone footprint of the life cycle automotive 

structures. The main objective of this research work is to define a new concept for semi-structural 

automotive parts (hood, door, dashboard…) that can meet the various industrial requirements while 

respecting the environmental regulations. Therefore, the initial work has focused on the selection of 
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materials among a broad spectrum of natural fibres and bio-sourced polymers with suitable 

characteristics. Then we focused on the characterisation of hybrid composite materials through 

different quasi-static mechanical tests. 

This article presents the results of a comparative study of natural fibres and a choice of the hybrid 

combination for the composite material. The second part concerns the experimental study of the 

developed materials, basalt/PA11, flax/PA11 and Hyb/PA11 for different orientations (0°/45°/90°).  

The objective of this study is to understand the impact of the hybridisation on the evolution of the 

mechanical behavior of this composite.  

 

 

2. Materials choice 

 

Different bio-composite materials based on natural fibres and bio-sourced matrices are used in 

industry for several reasons [1], [8]: mass reduction [8], [3], environmental impact limitation [8], [9], 

[10], good recycling capacity [11], [12]. 

The choice of these materials is essential and is linked to the final characteristics required for the 

semi structural part. Different matrices and fibres were compared according to manufacturing 

constraints, processing conditions, environmental impact, and economic requirements.  

The hybridisation concept uses two or more fibres within the same matrix. This concept provides 

adequate flexibility to design the optimal material. The main idea is to eliminate the weakness of one 

of the fibres with maintaining the advantages of the other(s). This composite material offers many 

qualities but needs an in-depth study to define the best combination of compatible fibres [32]. The 

mechanical properties of the hybrid composite (fibre A and fibre B) are often the weighted average 

of the respective mechanical properties of both fibres. A better combination can create a synergetic 

effect which enhances the hybrid composite properties compared to the constituent composites 

(composite with fibre A and composite with fibre B) [32]. 

There are two leading families of fibres: synthetic fibres and natural fibres (mineral fibres, plant 

fibres and animal fibres) [2]. We are interested in natural fibres whose mechanical properties are 

similar to those of glass fibres. Mineral fibres have good mechanical and thermal characteristics due 

to their chemical compositions based on silicon (e.g., asbestos, basalt). Plant fibres have a wide range 

of varieties depending on the nature of the plant and its origin (leaves, stems, seeds or fruits) [8] 

Table 1 
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Fibres Young’s 
Modulus (GPa) 

Ultimate 

elongation (%) 

Tensile strength 

(MPa) 

Density References 

Glass E 72 1.7-2.1 1200-2000 2.54 [8] 

Carbone T300 230 1.5 3530 1.7-1.9 [8] 

Bamboo 32-44 3.8-5.8 1200-1610 1.41 [14] [15] 

Hemp 23.5-90 1-3.5 270-900 1.45 [16][17][18] 

Jute 20-40 1.5-1.8 280-773 1.44 [19][20][21] 

Sisal 9-21 3-7 350-700 1.45 [23][24] 

Basalt 93-110 3.1 4150-4800 2.6 [8] 

Flax 38-75 1.7-3 600-1400 1.5 [22] 

Table 1 Mechanical properties of synthetic and natural fibres 

We selected natural fibres through bio-composite studies applications [3], [8], industrial aspect of 

fibre production (followed by product quantity and quality) and the industrial requirements 

(structural lightness, mechanical performance, cost, environmental impact and durability).  

It was decided to select flax and basalt as fibre reinforcement and a PA11 matrix [3]. These different 

constituents are compatible and have complementary mechanical properties. Flax fibre has good 

mechanical properties [8], [22] and low density (1.4 g/cm³) [8], while basalt fibre provides high 

stiffness (Young's modulus of 93 GPa) [8], high humidity resistance (water absorption rate of 0.03%) 

[8] and excellent temperature resistance (maximum application temperature: 850°C) [8]. The choice 

of a thermoplastic matrix and natural fibres improves the recyclability of this hybrid bio-composite.   

 

3. Experimental tests 

The main objectives of the experimental phase were to indentify the mechanical characteristics 

(Young's modulus, Poisson's ratio, strength and strain at failure) of the PA11 matrix and the 

composites flax/PA11 (twill, 4 plies, 2 mm thick, Vf 40%), basalt/PA11 (UD, 8 plies, 4 mm thick, Vf 

30%) and hybrid 50/50 (twill, 4 plies and 2 mm thick, Vf 35 %). The quasi-static tests were carried out 

on a tensile-compression machine type INSTRON 5584 , which allows a tensile force or a 

displacement applied as a function of time.  

In order to determine the various mechanical properties of the studied materials, we carried out 

several quasi-static in the dry state (RH0 : relative humidity 0), at ambient temperature (T 23°C) and 

for different orientations (0°/45°/90°) The 0° orientation provides the longitudinal mechanical 

characteristics, 45° for the shear characteristics and 90° for the transverse characteristics of the 

composite. The choice of the hygrometry level and the temperature was made to eliminate their 

impact on the composite mechanical behaviour, as flax fibres are sensitive to humidity and high 

temperature |8], in this paper we want to foucs only on the hybridisation impact 
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 For each test, five samples were used to ensure the reproducibility of the results Table 2. 

 RH0/T +23°C 

Flax twill/PA11 0°/45°/90° 

UD Basalte/PA11 0°/45°/90° 

Twill Hybrid/PA11 0°/45°/90° 

PA11 X 

Table 2 Characterisation test matrix for flax, basalt, hybrid and PA11 

The digital image correlation (DIC) method has been adopted to determine the strain field of the 

specimens. A high-definition camera (STEMMER GT6600) is used to acquire images during the tensile 

test and they are subsequently processed using the VIC -2D software, which allows the calculation of 

the global longitudinal and transverse deformations.  

The analysis of the monotonic tensile tests provides the mechanical characteristics of these materials 

(elasticity relationship and stress/strain at failure). Unidirectional composite laminates are 

considered as transversely isotropic materials due to their geometrical symmetries [6]. This 

hypothesis makes it possible to simplify the relationships between stresses and strain for the 

different orientations. Table 3 shows the quantities calculated as a function of the different 

laminates. 

 Tensile test[0]4 Tensile test [90]4 Tensile test [45]4 

Flax twill/PA11  

E11, ʋ12, ε11R 

 

 

E22, ε22R 

 

G12 UD Basalt/PA11 

Table 3 Mechanical parameters of flax/PA11, basalt/PA11 and hybrid/PA11 composites 

 E11 =  σ11ε11        (1) E22 =  σ22ε22        (2) G12 =  2 σ12ε12        (3) ϑ12 = − ε11ε22       (4) 

 

 

4. Experimental results and discussion 

Figure 1 compares the different mechanical behaviours of the flax/PA11, basalt/PA11 and 

hyb5050/PA11 composites.  
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Figure 1 Tensile test Flax/PA11, Hyb5050/PA11 & basalt/PA11 for RH0 and 0° and 45° at T 23°C 

 

With the aim of improving the mechanical characteristics of the hybrid composite 5050 /PA11 

compared to the flax/PA11 composite; one can see that the hybrid composite is 20% stiffer than the 

flax composite Figure 1. The different mechanical properties for the studied composites are reported 

in the Table 4. 

 

 

Flax Basalt Hyb 50 50 

0° 

E11(MPa) ʋ 12 E11(MPa) ʋ 12 E11(MPa) ʋ 12 

9193 0.02 22658 0.26 11056 0.05 

σ 11 failure ε 11 failure σ 11 failure ε 11 failure σ 11 failure ε 11 failure 

80 0.01 276 0.01 98 0.01 

90° 

E22(MPa)   E22(MPa)   E22(MpPa)   

12926   4460   12555   

σ 22 failure ε 22 failure σ 22 failure ε 22 failure σ 22 failure ε 22 failure 

90 0.01 77 0.02 102 0.01 

45° 

G12(MPa)   G12(MPa)   G12(MPa)   

977   862   1317   

σ 12 failure ε 12 failure σ 12 failure ε 12 failure σ 12 failure ε 12 failure 

41 0.02 63 0.07 67 0.05 

Table 4 Mechanical characteristics of Hyb5050/PA11, basalt/PA11 and flax/PA11 composites for RH0 and for 

orientations (0°/45°/90°) at 23°C 

 
Figure 2 shows the typical dispersion of the mechanical behaviour, especially for the flax/PA11 

composite. Although, this dispersion is essentially due to the plant nature of the flax fibres, the 

mechanical characteristics of flax fibres depend on the nature of the fibres, the growth conditions 

(temperature and humidity), and the treatment carried out to process these fibres [8], [9]. 
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Figure 2 Tensile tests for Flax/PA11 & Hyb5050/PA11 45° for RH0 at 23°C 

 

Hybridisation of flax fibres with basalt fibres reduced the scattering of the mechanical characteristics 

of the flax/PA11 composite. The hybrid composite 5050/ PA 11 shows a much lower scattering 

compared to the flax/ PA11. Like glass fibre, basalt has good mechanical stability due to its chemical 

composition and manufacturing process [34], [35]. 

 

5. Conclusions 

The main objective of this study is to highlight the interest of applying bio-composite materials in 

structural parts by understanding their mechanical behaviour. 

In the first phase, we start by studying natural fibres and thermoplastic matrices to determine the 

best fibre/matrix combination. Then we validated the thermo-compression parameters 

(temperature, holding time and pressure), which meet the industrial requirements. The second 

phase was devoted to the experimental characterisation for the different composites materials (flax, 

basalt and hybrid) and the matrix (PA11); the purpose of this part is to identify the mechanical 

properties of the studied materials in the dry state and at room temperature. 

The results of the characterisation tests highlight the interest of hybridisation. Indeed, the use of 

basalt fibres with flax fibres  improves the mechanical performances of the hybrid composite 

compared to the flax/PA11 composite and reduce its density by increasing the potential mass gain 

compared to the basalt/PA11 composite. Furthermore, we have also found that the basalt fibres 

allowed the homogenisation of the hybrid composite mechanical behaviour by reducing the 

scattering of flax fibre composites. 

In the second step of this project, we correlated the numerical and the experimental result through a 

multiscale homogenisation approach to study the impact of the interface fibre/matrix on the 

mechanical behaviour of the composite material and to understand the impact of the moisture on 

the mechanical behaviour of plant fibres. Also, the numerical tool offers the possibility to compare 

the three scales of hybridisation; the laminate scale, the layer scale (by co-weaving) and the fibre 
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scale (by commingling of two different fibres), and help us to make the suitable choice of 

hybridisation for the targeted application. 
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Abstract: 3D Printing, specifically material extrusion, is a potential candidate manufacturing 

method for the use of recycled plastics and composite off-cut fibres gathered from industrial and 

domestic waste. In this work, off-cut glass fibres and recycled mushroom containers made of 

Polypropylene (PP) have been combined in an extruder to make short fibre reinforced filaments 

as an engineering grade feedstock for material extrusion manufacturing. A Noztek Touch Dual 

PID filament maker was utilized to make reinforced PP with 0%, 2%, 5%, and 8% glass fibre 

weight fractions. The extruding parameters including motor speed, heating temperatures, 

cooling fan status, and pulling load were optimized to produce a filament with average diameter 

of 1.45mm and desired surface quality, void content, and profile. Tensile testing, microscopy and 

differential scanning calorimetry were conducted to assess the effect of adding short on the 

properties of recycled filaments. 

Keywords: Recycling; Polypropylene; extruding; Filament; Composites; 

1. Introduction 

On the 16th January 2018, the European Commission (EC) published a European Strategy for 

Plastics in a Circular Economy requiring all Member States to reuse and recycle 50% of all plastic 

packaging waste by 2025 and 55% by 2030 [1]. Polypropylene (PP) is a cheap thermoplastic 

polymer with exclusive properties such as Good thermal resistance, Good impact and fatigue 

resistance, Good heat resistance, Smooth surface finish. PP is a widely used plastic to make end 

products for customers, such as plastic packaging, and accounts for 16 % of the worldwide 

plastics market [2]. According to the Gulf Petrochemicals and Chemicals Association, the rate of 

post-consumer recycling of PP worldwide is just about 1 %, therefore, huge amounts of PP go to 

landfills, subsequently compounding the plastic pollution quandary [3]. The PP reinforced by 

short fibres may be formed into filaments for industrial market segmentation. Automotive 

industry has been a candidate for applying this composite [4]. 3D printing has shown advantages 

over traditional molding methods, due to this researchers are seeking to find optimum printing 

parameters for well-known thermoplastics and overcome the limited variety of the materials 

that can be formed into filament and fed into printers [5, 6, 7].  

Sodeifian et al. [4] have investigated the mechanical, morphological, rheological, and 

crystallinity properties of pure polypropylene, polypropylene reinforced with glass fiber (GF), 

and PP/GF composites containing maleic anhydride polyolefin (POE-g-MA) at 10, 20 and 30  fibre 
weight fractions. The pure PP was observed to be shrunk, detached from the platform surface, 
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and finally distorted, due to weak adhesion, while adding GF provided convenient adhesion for 

the melt layers on the platform surface. Li et al. [8] developed recycling process to create a 

value-added composite from a PEEK/CFC waste stream that maximizes the carbon fibre-

reinforced composites attributes. Zander et al. [7] evaluated processing of PET, polypropylene 

(PP), and polystyrene (PS) into fibres, equal part blends of each combination of polymers (50/50 

wt % of PS, PET, PP), as well as a tri-component blend of PS, PET, and PP (33/33/33 wt %) through 

centrifugal spinning technique. In Mutiva et al. research [9], the recycled waste PET materials 

were converted into high value and useful products such as dog bones test samples, 3D printing 

filaments, mobile robot chassis, drone blades etc. There are many ways to modify and improve 

the mechanical properties of recycled thermoplastics such as adding a certain percentage of 

virgin material to the recycled material. This method enhance the average linear chain length, 

therefore improving the properties of the material as a whole. Also, blending in other additives 

such as fibre to form composite materials is another method of improving the mechanical. 

Blending in reinforcing fibres provides a range of advantages including increased mechanical 

properties and reductions in shrinkage [10, 11].  

While polypropylene is widely used in the plastic injection industry, it is not used as much in 

additive manufacturing because it is not the easiest thermoplastic to print. Before overcoming 

the printing difficulties of PP, it is critical to produce a good quality filament from recycled waste 

thermoplastics and upcycle them by adding short fibres in order to improve their mechanical 

properties. In this work, 100% recycled mushroom containers made of PP were incorporated by 

different weight fractions of off-cut short glass fibres to fabricate reinforced filaments suitable 

for fused deposition modeling 3D printing method. 

1. Materials and Extruding 

Domestic mushroom trays made of polypropylene were collected, sorted, washed and 

shredded into small flakes with maximum length of 5mm. As a reinforcement, off-cuts E-Glass 

200 TEX fibres with the average length of 4.5mm were utilized. Three different fibre weight 

fractions, 2%, 5%, and 8%, were selected to make the reinforced filaments 

A Noztek Touch Dual PID filament maker with a stainless barrel and screw was utilized to make 

polypropylene and reinforced PP with 0%, 2%, 5%, and 8% weight fractions short glass fibre. The 

extruding parameters including motor speed, heating temperatures, cooling fan status, and 

pulling load have been optimized to produce a filament made from these waste materials with 

the desired surface quality, void content, and profile. The mushroom containers were washed, 

dried and shredded to be able to pour them into the extruder hopper with different percentages 

of short fibres. Different extruding temperatures were examined along with different motor 

speeds to have a good molten flow at the nozzle. The next challenging parameter to control is 

the diameter of filament and and prevent waviness in the produced filaments. To do this a 

filament winder with a speed controller was used and the extruder motor speed and dragging 

speed of the filament winder were modified to produce a filament with constant diameter 

(Figure 1).  

The used Noztek extruder has two controllable heating regions which according to the trials 

and errors, the optimum temperatures were set as 220oC and 225oC for nozzle temperature and 

barrel temperature respectively, ambient temperature = 22oC and the motor speed was 7 RPM 

while fan status was off. The consistency of the filament diameter was elevated by adding sort 
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fibres and the die swell reduced.  

  
Figure 1: Filament making process. 

2. Microscopic Assessment 

During the making of a filament, it is crucial to assess the profile of the filament including 

diameter, void content, etc. along the filament length and monitor the basalt fibre dispersion 

with different weight fractions into the PP matrix. Microscopy images were obtained using a 

light microscopy instrument, Olympus BX51M equipped with a UC30 camera to assess 

abovementioned factors and any unwanted inclusions through image processing techniques. 

The microscopic images from cross-section area of the PP filaments and the reinforced ones 

(Figure 2) revealed that the short glass fibres with 2%, 5%, and 8% weight fractions were 

distributed uniformly into the thermoplastic.  

The images captured from the longitudinal cross section of the recycled filaments confirmed the 
fibres were embedded in the direction of extruding as was predictable. The microscopic images 
confirmed that there was no voids in the filaments, and the average filament diameter was 
calculated as 1.37mm while the nozzle diameter was 1.6mm. According to the experimental 
trials and figure 2, adding short fibres change the viscosity and dynamic of the flow helping the 
consistency of the filament diameter and cross section area profile. The microscopy did not show 
any de-bonding between the fibres and the matrix which confirm the utilized setting for the 
filament making process including temperatures and speeds. It should be taken into account 
that 3D printing of filaments with high weight (volume) fraction would be difficult because of 
higher possibility of blocking nozzle by short fibres. Fiji is an image processing package [12], a 
"batteries-included" distribution of ImageJ, bundling a lot of plug-ins which facilitate scientific 
image analysis. The percentage of pixels in the images have been highlighted in red using 
Image>Adjust>Threshold. Then the area fraction in different polished layers of different 
reinforced filaments was calculated via ImageJ software to illustrate the average volume fraction 
of fibres. According to the fibre volume fraction analysis the maximum fibre content was 3%.  
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Figure 2: Short glass fibre distribution in PP matrix. 

3. Melting and Crystallization Temperatures 

Differential scanning calorimetry (DSC) determines the difference in the amount of heat 

required to increase the temperature of a sample and reference material, as a function of 

temperature. The output from a DSC experiment is a plot of heat flux versus temperature or 

versus time. These data are then used to calculate enthalpies of transitions, such as melting and 

crystallization temperatures. The DSC measurements were performed using a DSC 214 Polyma 

system with software Proteus® 7.0 manufactured by NETZSCH with an airflow of 50 mL/min. A 

temperature scan was performed on less than 10mg PP samples from 40 °C to 250 °C at a heating 

rate of 20 °C /min. For the second scan, the samples were cooled from 250°C to 40°C; in the last 

scan, the samples were again heated to 250°C and then cooled to 40°C. For all scans, the samples 

were held for 5 min at 40°C and at 250°C. According to the differential scanning calorimetry 

(DSC) testing the melting temperature and crystallization temperature of raw polypropylene 

thermoplastic were 175.63±1.17°C and 118.97±0.68°C, respectively, while these temperatures 

were measured for the recycled filaments as 169.43±1.68°C and 116.60±1.91°C, respectively. It 

is apparent from the DSC results that melting temperature has reduced (3.53%) during filament 

making process, like the crystallization temperature which reduced in 2% showing that 

degradation has happened during melting and extruding process. 

4. Mechanical Testing 

A ZwickRoell Uniaxial tensile machine with a 100N load cell was employed to measure the tensile 

strength of reinforced Polypropylene with different percentages of short glass fibre along the 

filament length. The length of the tested filaments was 70mm and the testing speed was 

2mm/min. The tensile strength of the polypropylene filaments was measured as 31.79MPa. The 

experimental result showed that incorporating 2% wt. of glass fibre increased the tensile 

strength equal to 17.7% compared to the recycled PP filaments. The samples with higher fibre 

weight fractions, 5% and 8%, showed a rise as 22.7% (39.02MPa), and 38.6% (44.06MPa) in 

tensile strength, respectively. Generally, the higher fibre weight fraction the higher tensile 
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strength (Figure 3). Figure 4 shows the elastic modulus values for the recycled polypropylene 

and the reinforced PP with different short glass fibre. The elastic modulus of the recycled PP 

filaments was calculated as 615.82±29.99MPa, and adding 2% wt. short glass fibre caused a 

33.76% in the elastic modulus (823.72±40.83MPa). The elastic modulus of the samples with 

higher fibre weight fractions, 5% wt. and 8% wt., were calculated as 976.43±15.05MPa (58.58%) 

and 1110.97±67.09MPa (80.4) respectively.  

According to the experimental tensile testing, the fibre reinforced filaments showed a more 

brittle behaviour than the pure PP filaments, which was apparent from the fracture pattern in 

the tested specimens (necking phenomena was clearly seen during the filament tensile testing 

of PP samples).  

 
Figure 3. Tensile strength of recycled reinforced filaments. 

 
Figure 4. Elastic modulus of recycled reinforced filaments. 

5. Conclusion 

The increased mechanical properties of recycled waste materials investigated in this work along 

with the uniform distribution of fibre into the matrix make them a good candidate for feedstock 

in material extrusion to produce products with high strength lightweight applications. The future 

work would be developing a 3D printer to be able to print the manufactured filaments with short 

fibres. 

Establishing the appropriate fibre weight fraction have an important impact on the quality of 

the filaments (cross-section profile, void content, fibre dispersion). The recycled reinforced PP 
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filaments with 8% wt. of off-cut glass fibre had the highest tensile strength and elastic modulus 

compared to the filaments with 2% and 5% wt. short glass fibre.  

The degradation during the melting and filament making process at 225oC was confirmed by the 

differential scanning calorimetry test results.  
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Abstract: Empty fruit bunch (EFB) of oil palm is one of the primary wastes resulted from the 

production of palm oil. This work shows the potential of EFB to be produced into green fibreboard 

without any synthetic binder. Pulp fibres were used as binder to hold the otherwise loose efb 

fibres. Mechanical refining using a re-circulating colloid mill was performed to improve the 

binding performance of pulp fibres. This method is usually applied for improving the mechanical 

properties of paper. Characterisations including porosity and tension were carried out to 

investigate the performance of EFB fibreboards. The manufactured EFB fibreboards have the 

potential to be a substitute for commercial fibreboards and particleboards. 

Keywords: Empty fruit bunch; pulp fibres; oil palm; cellulose; fibreboard 

1. Introduction 

Oil palms (Elaeis Guineensis) are essential oil-producing plants nowadays due to their versatility 

in various products, including foods (chocolates, margarine and cooking oils), cosmetics and 

biodiesel (1,2). It is cultivated in more than 40 countries worldwide with Indonesia and Malaysia 

as the largest palm oil producers (3). According to the United States Department of Agriculture’s 
report (4), Indonesia generated 44.5 million metric tons of palm oil in 2020. However, the 

production of crude palm oil (CPO) is followed by solid matter in the form of lignocellulosic waste 

(5,6). This lignocellulosic waste includes empty fruit bunch (EFB) of oil palm, trunks, fronds, and 

mesocarp (3). Among that fibrous biomass, one-third of them is EFB, which can yield up to 73% 

fibres (7). According to Karina et al. (8), every ton of CPO production generates 1.1 tons of EFB. 

The massive number of these lignocellulosic residues evokes a significant problem in the 

environment (9).  Realising the potential of fibres from EFB with decent cellulose content 

(42.7%-65%), many efforts have been made to use EFB fibres to produce bio-based composite 

products, one of which is fibreboard panels (10–12).  

To produce truly green fibreboards, there is a problem encountered in the industry: the use of 

synthetic binders. The role of binders is to distribute the load between the fibres, increasing the 

modulus and strength to produce robust fibreboard panels. The most common synthetic binders 

used in the industry are formaldehyde-based resin such as phenol-formaldehyde and urea-

formaldehyde (13). These adhesives are chosen due to their low cost, high performance, and 

low cure temperature (12). 

The use of nano-sized cellulose as binder has been introduced before, whereby sisal fibres were 

soaked into a suspension containing bacterial cellulose (BC) followed by vacuum filtration, 
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consolidation, and drying (14). A robust sisal fibre preform was produced utilising hydrogen 

bonding from nanocellulose networks to hold the otherwise loose sisal fibres together. 

However, this method is not suitable for industrial application because the price of 

nanocellulose is expensive. 

Therefore, in this work, micrometre-sized cellulose from pulp fibres that have lower price than 

nanocellulose are used as binder. Mechanical refining was conducted to improve the binding 

performance of pulp fibres. Paper-making process were carried to produce EFB fibreboard 

containing 10 wt% of pulp fibres. Porosity and tensile properties of EFB fibreboard were 

investigated.  

2. Experimental Sections 

2.1 Materials 

EFB fibres were purchased from PT. Polytech (Karawang, Indonesia). EFB was obtained from oil 

palm plants grown in West Kalimantan, Indonesia. The fibre strands were extracted from the 

bunch through several stages including rolling crushing, shredding, hammer milling, and drying. 

Acacia wood pulp was kindly supplied by Asia Pasific Resources International Limited (APRIL, 

Riau, Indonesia) in the form of pressed pulp sheets (grammage = 500g/m2).  

2.2 Manufacturing method 

Pressed pulp sheet was cut into small pieces and soaked into de-ionised water overnight before 

blended using kitchen blender. The suspension containing pulp fibres were then fed into re-

circulating colloid mill (JM-60, Shanghai Tiangang Machine Manufacture Co. Ltd., Shanghai, 

China) for refining stage for 10 mins. After refining stage, de-ionised water was added into 

suspension to make the concentration to be 0.25% before soaking EFB fibres into the 

suspension. The suspension was left overnight. Afterwards, the filtration and hot pressing step 

were performed to completely EFB fibreboards. Finally, EFB fibreboards with grammage of 2000 

g/m2 containing 10 wt.% of (un)refined pulp fibres were manufactured. EFB fibreboard without 

any binder was also produced for comparison. The schematic procedure of EFB fibreboards 

manufacturing steps is shown in figure 1. 

 

Figure 1. Schematic procedure of manufacturing steps of EFB fibreboards 
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2.3. Characterisation 

Porosity was measured using Helium pycnometry (AccuPyc II 1340, Micrometrics Ltd., 

Dunstable, UK). Before applying the test, the weight of EFB fibreboard was measured. The 

porosity can be determined using equation (1) after the true density was obtained. The tensile 

properties were investigated using universal testing machine (Instron 5969, Instron GmbH, and 

Buckinghamshire, UK). Before the test, the sample was prepared by cutting the fibreboards into 

100 x 15 mm. 

P = (1 −  ρeρ ) 𝑥 100                (1) 

3. Results and discussion 

EFB fibreboards with (un)refined pulp fibres used as binder was manufactured (figure 2a). it can 

be seen that EFB fibreboards containing pulp fibres could hold the otherwise loose EFB fibres 

together. Without the use of pulp fibre as binder, the loose EFB fibres were only held by fibre 

entanglements and friction between the fibres. The fibreboard produced without binder could 

not support a very low load (figure 2b). 

 

 

Figure 2. The produced EFB fibreboards: (a) EFB fibreboards containing 10wt% of unrefined 

pulp; (b) EFB fibreboards without binder 

 

 

 

a 

b 
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3.1. Porosity 

Table 1 shows the densities and porosities of EFB fibreboard using 10wt % of (un)refined pulp 

fibres as binder. There are two factors influencing the density and porosity of fibreboard: the 

amount of binder and the refining times of pulp fibres as binder. The higher amount of binder 

increased the density and reduced the porosity of the fibreboards. This is because the higher 

binder content increased the potential for pulp fibres to bind and hold the otherwise loose EFB 

fibres which reduced the gaps between the EFB fibres resulting in a denser fibreboard. On the 

one hand, increasing refining times also contributes to the enhancement of density and the 

decrease in the porosity of fibreboards. 

Table 1: Density and porosity of EFB fibreboard 

Refining times(mins)  Density Porosity  

0 0.63  59 ± 1.64 

10 0.66  57 ± 2.66 

 

3.2. Tensile properties 

Table 2 summarises tensile properties of EFB fibreboards using (un)refined pulp fibres as binder. 

Neat EFB fibreboard without binder cannot be measured as only friction and fibre entanglement 

holding the loose EFB fibres. It can be seen that the tensile strength of EFB fibreboards 

containing pulp fibres refined for 10 mins is higher than EFB fibreboards with unrefined pulp 

fibres. It is hypnotised due to the fibrillation of pulp fibres as a result of refining process that can 

increase the contact area between pulp fibres and EFB fibres. Fibrillation is also likely to increase 

the fibre-fibre bonding between pulp fibres. This hypothesis will be proven in further work by 

investigating the morphology of unrefined and refined pulp fibres.  

Table 2: Tensile properties of EFB fibreboard 

Refining times(mins)  Tensile strength (kN/m) Tensile index (N m/g)  

0 6.84 ± 2.49 3.42 ± 1.25 

10 13.98 ± 1.14 6.99 ± 0.57 

 

4. Conclusions 

In this work, we show that EFB fibres can be produced into sustainable materials with higher 

added value, green fibreboards. Pulp fibres were used as binder to hold the otherwise EFB fibres. 

Refining pulp fibres for only 10 mins not only reduced the porosity but also improved the tensile 

strength of EFB fibreboards. It is recommended for further works to increase the refining times 

and the amount of binder content to investigate the optimised performance of EFB fibreboards 

with refined pulp fibres as binder. 
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Abstract: This study focusses on the development and investigation of soft composites from bio-

based materials. The matrix material was based on epoxidized linseed oil and the knitted 

reinforcements with 3 or 6 threads were made of Lyocell fibers. The composites were 

manufactured by a modified vacuum bagging process. Mechanical properties were measured in 

tensile and 3-point bending tests in wale and course direction, whereas specific focus was on the 

analysis of the anisotropic behavior. In wale direction, the tensile strength was higher but the 

bendability was lower (higher flexural stiffness). The 3-threaded composite showed a stronger 

anisotropic behavior compared to the 6-threaded composite. 

Keywords: soft composites; bio-based composites; epoxidized linseed oil 

1. Introduction 

Soft composites in terms of fiber reinforced mechanical flexible composites, can combine high 

tensile strength with good bendability. Compared to conventional composites, which usually 

exhibit high specific stiffness, they open up completely new possibilities. They have the potential 

to be used in a wide range of applications such as apparel, furniture and sporting goods as well 

as technical leather, technical canvas and damping elements. For applications that require 

specific anisotropic mechanical properties, like sporting goods or medical applications 

(orthopedics), the composites’ characteristics can be adapted by tailoring the reinforcement 

structure. 

By using bio-based components instead of petrochemical ones, composites become more 

environmentally friendly and sustainable [1]. A bio-based alternative to petrochemical resins are 

functionalized plant oils, which can be used for a broad spectrum of mechanical and thermal 

properties in dependence on the respective hardener [2]. The usage of such functionalized plant 

oils as matrix material in soft composites has already been demonstrated for an ecological 

leather-like material used in footwear [3]. An alternative to conventional reinforcement fibers 

are plant fibers or synthetic fibers based on renewable resources, such as rayon, which exhibit 

a uniform fiber quality in comparison to plant fibers.  

The present research work addresses the development of soft composites fully based on 

renewable resources. As reinforcement knitted fabrics were used, which have unique draping 

characteristics [4]. The mechanical properties of the manufactured soft composites were 

investigated by tensile and bending tests in wale and course direction. Specific focus was on the 

analysis of the composites' mechanical anisotropy. 
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2. Experimental 

2.1 Materials and processing 

For the knitted fabrics, Lyocell fibers (167 dtex, Lenzing, Austria) were used. The fabrics were 

produced with 3 and 6 threads on a flat bed knitting machine (type Stoll CMS 330 TC, Gauge 

E12). The applied knitting type was interlock (DIN EN ISO 23606 [5]) and the structures were 

300 mm wide (course direction) and 650 mm long (wale direction). Knitting parameters like take-

down, yarn tension and loop-length were kept constant. 

For the bio-based matrix material, epoxidized linseed oil was used as resin and crystalline sebacic 

acid was used as hardener. Both were provided by bto-epoxy GmbH (Austria). The used molar 

mixing rate of epoxy/carboxyl groups was 0.69. This matrix system exhibited a glass transition 

temperature of 5 °C (curing at 140 °C for 16 h). Thus, it is soft enough to provide mechanical 

flexibility. Unlike most 2-component resin systems used in fiber reinforced composite 

manufacturing, the bio-based resin system consists of a fluidic resin and a solid hardener. For 

this reason, the resin and hardener mixture had to undergo a wet milling process (ceramic balls 

in a metal cannister) at ambient temperature for 24 h. By reducing the particle size of the solid 

hardener, this procedure improved the processability, hardener distribution and homogeneity 

of the degree of cross-linking. 

However, this process did not reduce the particle size to a degree, which makes the resin 

formulation suitable for vacuum infusion or resin-transfer-molding process, since the fabrics 

filter the hardener. This would lead to a gradient of the degree of cross-linking across the 

composite, which would further result in inhomogeneous physical properties of the matrix 

system (excess of resin or hardener). To prevent this filter effect, a coating-like process was 

developed, utilizing a film applicator to cover both fabrics surfaces with a constant resin layer of 

0.7 mm. The complete fabric saturation through thickness was ensured by a modified vacuum 

bagging process, utilizing a semi-permeable membrane with an inner vacuum bag. This reduced 

the effective flow length to the thickness of each fabric. Additionally, vacuum was applied after 

reaching the curing temperature of 140 °C, so that the hardener is liquid during saturation 

(melting temperature of 133.5 °C). The resin was cured at 140 °C under -0.96 bar vacuum 

pressure in a convection oven for 16 h.  

2.2 Characterization  

The fiber volume content VF of manufactured composites was calculated following Eq. (1). 

Herein mT is the weight of the fabric and mC the weight of the composite. The densities of the 

matrix (ρM) and composites (ρC) were determined gravimetrically by buoyancy method in 

deionized water (T=24 °C) according to DIN EN ISO 1183-1 [6] .   

𝑉𝑓 = 1 − 𝑚𝐶 − 𝑚𝑓𝜌𝑀𝑚𝐶𝜌𝐶  (1) 

Tensile tests were performed on a universal testing machine (Z250, Zwick/Roell GmbH & Co. KG, 

Germany) at ambient temperature with a 10 kN load cell. The clamping length was 150 mm and 

the strain was measured with an extensometer with a gauge length of 50 mm. Specimens were 

measured with a crosshead speed of 50 mm/min until failure. The Youngs’s modulus was 
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measured with a crosshead speed of 2 mm/min between a strain of 0.05 and 0.25 %. The 

Young’s modulus was calculated by linear regression. Measurements were performed in wale 

and course direction. A minimum of 5 specimens (250 mm x 50 mm) were tested for both 

composite types (3 and 6 threads) in both directions.  

As visualized in Figure 1, the composites showed good bendability. Due to the knitted structure, 

the bending stiffness was highly anisotropic. This anisotropic behavior was quantified by 

performing 3-point bending tests. 

 

Figure 1: Demonstration of the bendability of a soft composite in course direction. 

These 3-point bending tests were performed on a universal testing machine (Z250, Zwick/Roell 

GmbH & Co. KG, Germany) at ambient temperature with a 500 N load cell. The support span L 

was 30 mm and the flexural strain was measured with an extensometer. Samples (50 mm x 

50 mm) were pre-loaded with 0.4 N and measured with a crosshead speed of 1 mm/min. The 

flexural modulus Eflex was calculated by linear regression between a flexural strain of 0.05 and 

0.25 %. To prevent damage, the measurement was stopped after reaching a flexural strain of 

0.5 %. Each specimen was measured three times in course and wale direction. In advance a 

“conditioning” measurement in the respective direction was performed to prevent unwanted 

curvature of the soft samples, which might affect the measurement. This procedure is 

summarized in Figure 2. For both composites 5 specimens were measured.  

 

Figure 2: Procedure for the measurement of the flexural modulus of the soft composites. 

The flexural stress and strain were calculated using Eq. (2) and (3), whereas F is the applied 

force, b is the width, L is the support span, h is the thickness and s is the deflection. 

𝜎𝑓𝑙𝑒𝑥 = 3 ∗ 𝐹 ∗ 𝐿2 ∗ 𝑏 ∗ ℎ2   
 

(2) 
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𝜀𝑓𝑙𝑒𝑥 = 6 ∗ 𝑠 ∗ ℎ𝐿2    
 

(3) 

3. Results 

3.1 Tensile properties 

The determined fiber volume content Vf was 22.6 % for the 3-threaded and 33.6 % for the 

6-threaded composite. The lower Vf of the 3-threaded composite is related to the manufacturing 

process and the less dense fabric. Therefore, the tensile properties were normalized in respect 

of the determined Vf for a better comparability of the results. 

In Figure 3 the normalized stress-strain curves of tensile measurements in wale and course 

direction are shown. In course direction the stress decreases after reaching a strain of 6 and 

10 % for the 6-threaded and the 3-threaded composites, respectively. This is caused by crack 

formation in the matrix system. The subsequent increase of the stress is mainly related to the 

fabric. This behavior is not observed in wale direction, as the fabrics exhibit lower stretchability 

in wale direction compared to course direction. In wale direction, the 6-threaded composite 

shows only a slight flattening in the stress-strain curve in this strain range, while the 3-threaded 

composite already fractures at a strain of 10 %.  

Figure 4 displays the resulting values of normalized tensile modulus, strain at break and 

normalized tensile strength for 3- and 6-threaded composites. The normalized tensile modulus 

ranges between 201 and 688 MPa. Especially for the 3-threaded composite, a higher normalized 

tensile modulus was observed in wale direction (factor 3.4) compared to course direction. Both 

composites show a higher strain at break in course direction (93 – 117 %) compared to wale 

direction (10-20 %) due to the higher stretchability of the fabrics in course direction. 

Nevertheless, the strain at tensile strength was similar (3-threaded) or even higher (6-threaded) 

in wale direction. The normalized tensile strength (first maximum of stress) ranges between 9 

and 67 MPa. In wale direction the normalized tensile strength is higher by a factor of 4.6 – 4.8. 

Further, the 3-threaded composite show a higher normalized tensile strength for both directions 

(factor of 1.6).  

 

Figure 3: Normalized stress-strain curves of the soft composites with 3- and 6-threaded knitted 

fabrics in wale and course direction. 
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Figure 4: Comparison of normalized tensile modulus, strain at break and normalized tensile 

strength (in order left to right) of the soft composites with 3- and 6-threaded knitted fabrics in 

wale and course direction. 

3.2 Flexural modulus  

Figure 5 shows Eflex of repeated measurements normalized to the respective first measurement 

by using Eq. (4) in order to demonstrate the applicability of the procedure given in Figure 2. 

Resulting damage from a previous measurement would cause a decreasing Eflex, which cannot 

be observed here. The 6-threaded composite shows no significant change of Eflex and the 

measurements are reproducible (standard deviation ≤ 5 %). The 3-threaded composite shows a 

continuously increase of Eflex, which can be especially observed in course direction. This is related 

to the curvature of some specimens (very low Eflex (28 MPa)), which decrease with each 

measurement. The difference of the curvature of the specimens also leads to the much higher 

standard deviation here. 

𝐴𝑣𝐶ℎ𝑎𝑛𝑔𝑒𝑥 = 100% ∗ 15 ∑ 𝐸𝑓𝑙𝑒𝑥_𝑎_𝑖𝐸𝑓𝑙𝑒𝑥_1𝑠𝑡_ 𝑖
5

𝑖=1       for a = 1st; 2nd;3rd measurement 

i … specimen number 
(4) 

   

 

Figure 5: Flexural modulus of repeated measurements normalized to the respective first 

measurement. 
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Resulting stress-strain curves of the respective 3rd measurement of each specimen are presented 

in Figure 6. In the evaluated area (0.5 – 0.25 % flexural strain) the curves show good linearity 

(average R² > 99.5 %). Absolut values of the averaged Eflex are given in Table 1 and range between 

28 and 207 MPa. The 6-threaded composite exhibits a higher Eflex compared to the 3-threaded 

composite, which might be explained by the higher VF. In wale direction both the 3- and 6-

threaded composites exhibit a higher Eflex, which is related to the structure of the knitted fabrics. 

The ratio of Eflex between wale and course direction was found to be higher for the 3-threaded 

composite (factor of 3.9). However, for the 6-threaded composite the Eflex still differs by a factor 

of 2.6. 

  

Figure 6: Stress-strain curves of the 3rd flexural modulus measurement with linear regression 

between 0.05 and 0.25 % strain; left: 3-threaded fabric; right: 6-threaded fabric. 

Table 1: Eflex of measured soft composites in wale and course direction. 

Fabric Eflex_wale [MPa] Eflex_course [MPa] Eflex_wale/ Eflex_course [-] 

3-threaded 110 ± 15 28 ± 4 3.9 ± 0.3 

6-threaded 207 ± 11 81 ± 7 2.6 ± 0.3 

4. Conclusion  

Soft composites from bio-based resources could be successfully manufactured by a modified 

vacuum bagging process. Strong anisotropic mechanical properties were shown in tensile and 

bending tests, which is related to the structure of the knitted fabrics.  

In wale direction the composites exhibit a higher tensile strength, but also a higher flexural 

stiffness (lower bendability). By using 3-threaded fabrics, the anisotropy of tensile and flexural 

moduli is increased and a higher normalized tensile strength is achieved compared to 

6-threaded fabrics.  

Next step is to correlate the results with the mechanical properties of the unimpregnated fabrics 

and to adapt the mechanical properties by tailoring the fabric’s structure. 
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Abstract: Wood-like or woody mimic biocomposite materials can be formulated from 

lignocellulose and hemicellulose matrices loaded with lignocellulose components. For example, 

xylan and plant-based oil matrix-based biocomposites can be prepared with diverse cellulose 

micro-and nano fillers and fibers. Those are prospective mutual biobased and biodegradable 

materials derived from renewable resources, while lignocellulose could be delivered from forest 

and plant biomass waste. We propose lignocellulose nanoparticles assembly strategy from 

solution and processed by hot press fabrication and resin infusion that can be used to process 

woody mimic biocomposites. Performance properties have been dependent on the chosen 

material composition, formulation process, lignocellulose modification route, and biocomposite 

fabrication. Rigid, soft, and ductile biocomposites’ mechanical behavior can be achieved. 
Thermal, tensile, viscoelastic, thermo-mechanical, dynamic-mechanical, rheological, and 

biodegradation properties of the wood-mimic composites are reported. The obtained 

biomaterials can be a sustainable alternative to replace fissile source polymers and conventional 

composites, e.g. wood polymer composite.   

Keywords: lignocellulose; nanocellulose; nanopaper; foams; aeorgels  

1. Introduction 

Global production must strive to use renewable feedstock and raw materials, design safe 

chemicals and products, and reduce our dependence on fossil resources. Agriculture and 

forestry have the potential to be a significant sources of biobased chemicals and materials. 

While most products are used in the long term, the primary source of waste and pollution are 

various packaging materials and single-use products (1). An emerging material, cellulose 

nanopaper, is known for its dense structure and good mechanical and barrier properties (2). 

However, cellulose is sensitive to moisture because of its hydrophilicity, limiting its application 

(3). As a result, much of the research has been focused on making cellulosic materials more 

hydrophobic and improving their properties in humid environments (4). 

Lignin and hemicellulose are green and abundant materials found naturally in plants; they are 

also produced as by‐products in various industries; for example, lignin is a significant by‐product 
of the paper industry (5). They offer protection for cellulose in wood and plant structures by 

reducing the environmental impact of UV irradiation and microbial attacks. Some studies have 

characterized changes in the mechanical properties of NPs obtained with partial or full 

purification of NFC from lignin and hemicellulose (6). However, these processes are often hard 

to control and repeat and depend on the source of cellulose (7). Thus, there is a basis for 

exploring the controlled addition of these natural components rather than their removal from 

the NFC structure. 
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Nanopaper production can be done in a relatively clean route involving mechanical cellulose, 

wastepaper, and biowaste processing into nanofibrillated cellulose (NFC). Efficient mechanical 

processing of cellulose into nanocellulose has been demonstrated and is currently being tested 

in various industrial pilot plants (8). This form of cellulose processing is only limited by electricity 

consumption and avoids different toxic and corrosive processes (9). NFC is a versatile material 

and can be used to prepare various membranes. Applications such as tight aqueous 

ultrafiltration membranes and membranes for oil/water separation have been proposed (10). 

Nevertheless, in nanopaper form, it can also be applied to food packaging, sensors, and even 

electronics (11). 

We research possibilities to obtain all lignocellulose composite materials in the present work. 

The main concept is shown in Figure 1 (12). The properties of the obtained materials were 

extensively tested before and after exposure to simulated environmental impacts, and UV‐VIS, 

and FTIR spectroscopies were used to supplement the analysis. We selected lignin and xylan as 

green, cheap, and nontoxic natural cellulose surface modifiers for NPs and examined their 

interface and interphase formation mechanisms to enhance properties. The analysis was 

supplemented with extensive SEM characterization that explored structural changes and 

showed aging damage to NPs. The characterization of properties also includes the produced 

hemp-based nanocellulose, nanopapers, and foams, assessed by XRD, FTIR, thermal 

conductivity, TGA, BET, and structural and mechanical analysis. 

2. Results 

Kraft lignin was suspended in DI water and stirred magnetically at 85 °C for 1 h. A strong alkaline 

solution of NaOH was slowly added to stabilize pH at 10. The final concentration of suspension 

was adjusted to 10 wt % lignin. Similarly, xylan was dissolved in DI and stirred magnetically at 85 

°C for 1 h. After preparation, suspension and solution were cooled to room temperature (20 °C). 

The 1 wt % NFC suspension was combined with previously prepared lignin suspension or xylan 

solution using a blender (800W, 5 min). Further homogenization was achieved with magnetic 

stirring for two h at room temperature (20 °C). Polystyrene (PS) Petri dishes were used for film 

casting and drying at room temperature (20 °C). Dry films were further dried in a thermostat at 

50 °C for 24 h. Modified CNPs were prepared with the following concentrations of lignin or xylan: 

1, 2.5, 5, 10, 20, 30 wt %. Nanopaper from pure NFC with no modifiers, i.e., cellulose nanopaper 

(CNP), was also produced for comparison. Prepared NPs were abbreviated, combining letters 

from lignin (L) or xylan (X) with their loading in wt % (e.g., X1 sample corresponds to NP with 1 

wt % xylan and 99 wt % NFC loadings, L1 sample—lignin 1 wt % and NFC 99 wt %). Densities of 

prepared NPs are listed in Table 3. Samples with thicknesses around 0.1 mm in the shape of 

strips, 10 mm in width and 40 mm in length, were cut from films. Before testing, samples were 

stored at 50 °C and RH < 10% in a thermostat. These samples are considered dry reference 

samples.  

Films were irradiated with 1.6 W/cm2 intensity and at a fixed distance of 25 cm from the source. 

A deep UV exposure lamp (Hg, 1000 W) with a broad emission spectral range from 200 to 600 

nm was used as an irradiation source in an air environment. The temperature of 80 °C was 

maintained in the experimental chamber with the UV lamp. Exposure time was set to 6, 12, and 

24 h. After irradiation, samples were collected in sealable plastic bags and kept for 24 h before 

performing a tensile test. 
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Figure 1. Schematic preparation of lignocellulose composite concept 

Samples were conditioned in desiccators under different relative humidity environments (RH%) 

at room temperature 22 °C. The humid environments were created by using different saturated 

salt solutions: KC2H3O2 (RH24%), NaCl (RH75%), and K2SO4 (RH97%). Gravimetric 

measurements were made with an accuracy of 0.01 mg, and the relative weight changes of 

samples w [%] were determined as weight gain per weight unit. Moisture saturation was 

achieved within 3–7 days. Retention of the mechanical properties after moisture desorption was 

studied on samples initially saturated at RH75% and RH97% and then conditioned at RH24% 

until weight stabilization, which was abbreviated as RH75 (> 24%) and RH97 (> 24%), 

respectively. 
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Figure 2. Representative stress-strain curves of nanopapers for pristine and aged samples at 

different times of UV irradiation 

 

Figure 3. Schematic representation of the developed composite structure  

 

3. Summary 

The proposed cellulose nanopapers modification, using lignin and xylan additives, 

provides simple and sustainable route to engineer the interface in the developed 

mesh material and control the materials durability to the UV irradiation, moisture, 

and temperature. The tensile properties as shown in Figure 2 are significantly 

enhanced with the addition of xylan and lignin interface modifiers. The UV 

irradiation showed a milder impact on the cellulose modifications with 5 and 10 wt 

% xylan concentrations. In comparison, the moisture absorption test showed the 
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overall best performance for xylan’s 2.5 wt % composition. Xylan interface 
development as revealed in Figure 3 in all sample concentrations showed remarkable 

improvements in the UV and heat resistance of NP. Lignin also strongly improved the 

UV resistance of NP. Cellulose NP without interface modifiers exhibited a 

catastrophic decrease in tensile properties after UV exposure. The UV irradiation 

damage is revealed in SEM analysis. 

The oxidation and depolymerization of lignin and xylan at the protective interface 

for the cellulose (Figure 3) was indicated by UV‐Vis spectroscopy as a shift in 
absorption peak intensities and regions. Similar observations were made from FTIR 

spectra analysis. The moisture sorption capacity of the NP increases with moisture 

level and with lignin and xylan loadings. Absorbed moisture significantly affects the 

elastic modulus (Figure 2). The lignin modifier resulted in higher moisture absorption 

capacity and, as a result, higher properties’ sensitivity to humidity changes due to 
the strong agglomeration and phase segregation effect. However, remarkably, lignin 

NP showed better property retention even at high moisture content compared to 

CNP. The retention of the elastic modulus and strength after moisture desorption is 

in the range of 60–95%; lignin‐modified compositions show the highest property 
retention. 

The NP films of X10 and L2.5 have presented the highest durability performance 

characteristics against UV‐irradiation and humidity aging (Figure 2). The 

improvements were achieved by improving the interface (xylan), while the 

developed interphase layer covered the cellulose mesh. These completely 

sustainable NP film compositions are being considered for the food packaging 

application, which is now underway as validation for berries, fruits, and vegetables. 

4. Acknowledgments 

This research is funded by the Latvian Council of Science, project RealHLC No. lzp‐
2019/1‐ 0390. 

5. References 

1.  Roman L, Schuyler Q, Wilcox C, Hardesty BD. Plastic pollution is killing marine 

megafauna, but how do we prioritize policies to reduce mortality? Conservation 

Letters. 2021 Mar 3;14(2).  

2.  Barhoum A, Samyn P, Öhlund T, Dufresne A. Review of recent research on flexible 

multifunctional nanopapers. Nanoscale. 2017;9(40):15181–205.  

3.  Ferreira ES, Rezende CA, Cranston ED. Fundamentals of cellulose lightweight materials: 

bio-based assemblies with tailored properties. Green Chemistry. 2021;23(10):3542–68.  

4.  Cunha AG, Gandini A. Turning polysaccharides into hydrophobic materials: a critical 

review. Part 1. Cellulose. Cellulose. 2010 Oct 11;17(5):875–89.  

679/1602 ©2022 Gaidukovs et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

5.  Mimini V, Kabrelian V, Fackler K, Hettegger H, Potthast A, Rosenau T. Lignin-based 

foams as insulation materials: a review. Holzforschung. 2018 Dec 19;73(1):117–30.  

6.  Xiao S, Gao R, Lu Y, Li J, Sun Q. Fabrication and characterization of nanofibrillated 

cellulose and its aerogels from natural pine needles. Carbohydrate Polymers. 2015 

Mar;119:202–9.  

7.  Batishcheva E v., Sokolova DN, Fedotova VS, Sokolova MP, Nikolaeva AL, Vakulyuk AY, 

et al. Strengthening Cellulose Nanopaper via Deep Eutectic Solvent and Ultrasound-

Induced Surface Disordering of Nanofibers. Polymers (Basel). 2021 Dec 26;14(1):78.  

8.  Reid MS, Villalobos M, Cranston ED. Benchmarking Cellulose Nanocrystals: From the 

Laboratory to Industrial Production. Langmuir. 2017 Feb 21;33(7):1583–98.  

9.  Bharimalla AK, Deshmukh SP, Patil PG, Vigneshwaran N. Energy Efficient Manufacturing 

of Nanocellulose by Chemo- and Bio-Mechanical Processes: A Review. World Journal of 

Nano Science and Engineering. 2015;05(04):204–12.  

10.  Mautner A, Lee KY, Tammelin T, Mathew AP, Nedoma AJ, Li K, et al. Cellulose 

nanopapers as tight aqueous ultra-filtration membranes. Reactive and Functional 

Polymers. 2015 Jan;86:209–14.  

11.  Trache D, Tarchoun AF, Derradji M, Hamidon TS, Masruchin N, Brosse N, et al. 

Nanocellulose: From Fundamentals to Advanced Applications. Frontiers in Chemistry. 

2020 May 6;8.  

12.  Beluns S, Platnieks O, Gaidukovs S, Starkova O, Sabalina A, Grase L, et al. Lignin and 

Xylan as Interface Engineering Additives for Improved Environmental Durability of 

Sustainable Cellulose Nanopapers. International Journal of Molecular Sciences. 2021 

Nov 29;22(23):12939.  

  

680/1602 ©2022 Gaidukovs et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

DILATOMETRIC AND FRACTURE MECHANISM INVESTIGATIONS ON 

POLY(LACTIC ACID) PLA- CALCIUM CARBONATE BIOCOMPOSITES  
 

Laura, Aliottaa,b, Vito, Gigantea,b, Maria-Beatrice Coltellia,b Andrea, Lazzeria,b 

a: Pisa University, Department of Civil and Industrial Engineering, 56122 Pisa, Italy – 

laura.aliotta@unipi.it  

b: National Interuniversity Consortium of Materials Science and Technology (INSTM), 50121 

Florence, Italy 

 

Abstract: The rigid filler toughening mechanism was investigated introducing calcium 

carbonate particles, treated with stearic acid on their surface, into a poly (lactic acid) (PLA) 

matrix. To favour the plastic deformation and the stretching of interparticle ligaments, a 

biobased and biodegradable plasticizer Acetyl Tributyl Citrate (ATBC) was added into the PLA 

matrix. It was proved that the best impact, fracture toughness and ductility performance were 

achieved with a calcium carbonate content of 10 vol.%. With this content, a more controlled 

growth of voids formation, was registered during the tensile dilatometric tests made thanks to 

the help of a videoextensometer able to record in real time the axial and transversal elongation 

during the tensile test. The fracture toughness, determined with the multispecimen procedure in 

critical conditions (medium/high crosshead speed), has been also carried out 

Keywords: Poly (lactic acid); Biocomposites; Fracture mechanics; Micromechanics; 

Dilatometry;    

1. Introduction 

Poly(lactic acid) (PLA) is one of the most studied biodegradable and renewable polymer that can 

substitute conventional fossil based polymers in different industrial sectors especially in the 

packaging field [1]. Generally, PLA possesses a high tensile stress and elastic modulus but has 

poor impact resistance and toughness. At this purpose a valid alternative to toughen a polymer 

matrix without losing the initial materials stiffness, is the use of rigid inorganic fillers [2,3]. The 

typology of adopted filler is fundamental to effectively toughen the polymeric matrix. In fact, 

according to the Argon and Cohen theory [4,5], a low adhesion among the filler and the matrix, 

is necessary to favor debonding that generates voids around the filler. Thanks to the voids 

formation the interparticle ligament can deform plastically absorbing a great quantity of energy, 

thus increasing the materials toughness. However, the amount of filler to be added should be 

optimized because excessive voids decrease the macroscopic elastic resistance. Furthermore, 

the higher is the filler content, the higher will be the possibility of filler agglomerations that act 

as stress intensification factor leading to the premature failure of the material [6,7].  

Good results in improving the PLA toughness were achieved in a previous work [7] with Calcium 

Carbonate particles treated with Stearic Acid (SA) on their surface. It has been demonstrated 

that the particle surface coating favors the particles dispersions, reduces the filler/matrix 

adhesion, and favors debonding. In fact, SA was found to be effective in reducing the adhesion 

with the polymeric matrix; it reacts at the calcium carbonate particle surfaces and forms calcium 

stearate bicarbonate [8]. This treatment with SA, coats the filler surface making it hydrophobic 

without forming strong bonds [9]. SA molecules lying perpendicular to the filler surface, forms 
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a closely packed layer with a thickness of about 2.5 nm that reduces the filler/matrix adhesion 

favoring the debonding [10,11]. 

Nevertheless, PLA alone is intrinsically fragile, and its plasticization is necessary to ensure the 

plastic deformation and the stretching of interparticles ligaments. Starting from the results 

previously obtained [7], different amount of surface treated micrometric calcium carbonate 

particles were added into a plasticized PLA. ATBC (Acetyl Trybutyl Citrate) was used to plasticize 

the matrix, but its content was drastically reduced from 20 wt.% to 5 wt.%. The reason of this 

decrement was twofold. On one hand, the ATBC content was too high and, as it was observed 

in literature [12,13], it creates long-term plasticizer diffusion problems. On the other hand, the 

influence of ATBC content reduction combined with the optimization of filler content deserves 

to be investigated, in view of achieving a PLA toughness increment. The study was supported by 

dilatometric study useful to separate the micromechanical deformation processes: debonding 

and stretching of the interparticles ligaments; the latter, indeed, is the main absorbing energy 

mechanism. The application of multiple specimen resistance curve approach for measuring the 

J-fracture toughness of the composites, at high-medium speeds (10 mm/min) was also 

evaluated. 

 

2. Materials and Methods 

2.1 Materials 

The materials used for this work were: 

• Poly (lactic acid), trade name PLA 2003D, purchased from NatureWorks. It is an 

extrusion grade PLA with melt flow index (MFI) of 6 g/10 min (210 °C, 2.16 kg), nominal 

average molar mass of 200,000 g/mol and density of 1.24 g/cm3. According to the 

producer data sheets it contains about 4% of D-lactic units. 

• Acetyl Tributyl Citrate (ATBC) plasticizer was purchased from Tecnosintesi S.p.A., it is a 

colorless liquid having a molecular weight of 402.5 g/mol and density of 1.05 g/cm3. 

• Micro sized CaCO3 particles, trade name OMYACARB 2T-AV, were kindly provided by 

OMYA®. It is a dry grinded Calcium Carbonate grade having a mean particle size (d50%) 

of 2.6 μm, top cut diameter (d98%) of 15 μm, it has a cubic shape and density of 2.7 g/cm3. 

These CaCO3 particles have a surface coating of stearic acid (SA) that, according to 

technical data sheet, is below 2 wt.%.  

2.2 Methods 

2.2.1 Blends and samples preparation  

Composites containing increasing amount of CaCO3 (from 5 vol.% to 20 vol.%), were produced 

in granules using a semi-industrial COMAC EBC 25HT twin screw extruder. Blends name and 

compositions are reported in Table 1. Before the extrusion all solid materials were dried in an 

oven for at least 24 h.  

 

Table 1: Formulation composition 

Name 
PLA:ATBC 

ratio 

CaCO3  

wt.%  

Corresponding CaCO3 volumetric content  

vol.% 
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PLA_ATBC 95:5 - - 

PLA_ATBC_5C 95:5 10 5 

PLA_ATBC_10C 95:5 20 10 

PLA_ATBC_15C 95:5 28 15 

PLA_ATBC_20C 95:5 35 20 

 

The extrusion temperatures in the zones from 1 to 11 were: 

150/175/180/180/180/185/185/185/185/190/190 °C, with the die zone at 190 °C; the screw 

speed was 250 rpm and the flow rate was 10 kg/h.  The screw rate was 250 rpm. After the 

extrusion all pellets were finally dried in a Piovan DP 604-615 dryer at 60 °C.  Subsequently, the 

extruded materials were reprocessed in a Thermo Scientific MiniLab Haake twin-screw extruder 

(at 110 rpm/min, extrusion temperature equal to 190°C and a cycle time of 60 s) at the exit of 

the Haake extruder the molten materials were transferred, through a preheated cylinder, to a 

Thermo Scientific Haake MiniJet II mini-injection moulder for preparation of specimens for 

tensile and impact tests. The cylinder temperature was set at 190°C while the injection molding 

conditions were: mold temperature 60°C, injection pressure 670 bar for dogbone specimens and 

720 bar for Charpy specimens and residence time of 10 s. After their injection molding, the 

specimens, before the mechanical characterization, were stored in a desiccator at room 

temperature and 50% of HR.  

 

2.2.2 Mechanical characterization 

All the mechanical characterization were carried out not before 24h from specimen extrusion 

and injection molding. For tensile and dilatometry tests Haake Type 3 dog-bone tensile bar 

(gauge dimensions: 25 × 5 × 1.5 mm) were used. Tensile tests were carried out, at room 

temperature, at a crosshead speed of 10 mm/min on an MTS Criterion model 43 universal 

testing machine equipped with a 10 kN load cell; the machine is interfaced with a computer 

through the MTS elite software (MTS Testsuite version 4.1). At least five specimens were tested 

for each composition and the average values were reported. Tensile dilatometry tests were 

carried out with the same MTS testing machine model at a crosshead speed of 10 mm/min. 

Dilatometry tests were performed only for those composites that were visibly toughened and 

at least five specimens for each materials were tested. Transversal and axial specimen 

elongations were measured, during tensile test, using a video extensometer (Genie HM1024 

Teledyne DALSA camera) interfaced with a computer running ProVysis software (Fundamental 

Video Extensometer) and able to transfer the data in real time to the MTS Testsuite software. 

The volume strain was calculated, assuming the two lateral strain components to be equal, 

according to the following equation [14]: 

 ∆𝑉𝑉0 = (1 + 𝜀1)(1 + 𝜀2)2 − 1     (1) 

 

where ΔV is the change in volume, V0 is the original volume, ε1 is the longitudinal (or axial) strain, 

and ε2 is the lateral strain. 
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The Charpy impact tests were performed on parallelepiped specimens (10 mm width, 80 mm 

length, 4mm thickness) V-notched with a V-notch of 2mm. The standard ISO 179:1993 was 

adopted and the machine used was an Instron CEAST 9050 pendulum. For each blend, at least 

ten specimens have been tested at room temperature.  

The same parallelepiped specimens adopted for Charpy were used for the measuring of 

nonlinear elastic J-fracture toughness of the material adopting a critical medium/high speed rate 

(not 1 mm/min but 10 mm/min). The specimens were single-edge-notched and tested with a 

three-point bending configuration adopting the before mentioned MTS machine. A sharp notch 

at the half of the total length was made by a manual cutter refrigerating the cutting zone with 

cool air. The ESIS TC4 multispecimen procedure [15] was adopted that requires several identical 

test specimens to be loaded to varying displacements to elicit different corresponding amounts 

of crack growth. The specimens are then unloaded and broken to expose the fracture surface 

for crack growth measurement (that was performed by an optical microscope). The J-R curve is 

obtained experimentally and fitted with a power law equation reported below: 𝐽 = 𝐶1∆𝑎𝐶2   (2) 

where C1 and C2 are the fitting parameters and Δa is the crack growth. The JIc is taken equal to 

the J value at which 0.2 mm of crack growth occurred. To stay within the J-controlled region 

crack growth, crack growths were limited to 6% of the ligament [16].  

3. Results and discussion 

The addition of rigid filler CaCO3 reduces the plasticizer amount and it is still effective in 

increasing the PLA toughness. In fact, it can be observed from the mechanical results reported 

in Table 2, that a marked decrement of the yield stress occurred when the filler amount is 

increased, moreover a considerable increment of the elongation at break (that it is reflected in 

a tensile toughness increment) was also registered.  

Table 2: Main mechanical properties 

Name 

Elastic 

modulus 

(GPa) 

Stress at 

break (MPa) 

Elongation 

at break 

(%) 

Yield 

stress 

(MPa) 

Elongation 

at yielding 

(%) 

Charpy impact 

resistance C.I.S. 

(kJ/m2) 

PLA_ATBC 3.25 ± 0.1 35.1 ± 0.7 15.1 ± 0.3 53.3 ± 0.6 3.8 ± 0.1 2.98 ± 0.35 

PLA_ATBC_C5 3.72 ± 0.1  29.2 ± 2.3 164.7 ± 3.9 49.6 ± 0.8 3.2 ± 0.1 3.47 ± 0.42 

PLA_ATBC_C10 4.20 ± 0.1 25.5 ± 2.2 195.6 ± 3.3 41.5 ± 0.7 2.6 ± 0.1 4.43 ± 0.31 

PLA_ATBC_C15 4.8 ± 0.1 24.3 ± 1.2 143.9 ± 8.2 36.8 ± 0.5 2.3 ± 0.1 4.13 ± 0.18 

PLA_ATBC_C20 5.1 ± 0.1 18.7 ± 2.1 32 ± 3.2 31.9 ± 1.2 2.1 ± 0.2 3.18 ± 0.14 

  

The elongation at break is considerably improved and increases with the filer content up to 10 

vol.% then a decrement was registered at 15 vol.% while at 20 vol.% an abruptly decay due to 

the excessive filler quantity was registered. Interesting is also to observe the stiffening effect 

caused by the introduction of the rigid filler that, as it could be expected, increments the Young’s 
modulus of the material as a function of the filler content added. The tensile results are coherent 

684/1602 ©2022 Aliotta et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

with the C.I.S results and the JIC values (reported in Figure 1 together with the correspond J-R 

curves); in addition, a maximum value in correspondence of 10 vol.% of CaCO3 was registered.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. J-R curves and their corresponding JIC values. 

To better understand the toughening mechanism, particular attention was dedicated to the 

tensile dilatometry results; the separation of the volume evolution of the polymeric matrix in 

the composite was carried out in the hypothesis that the volume matrix contribution is not 

affected by the filler presence. Thus, the overall composite strain can be described by the 

following equation:  (∆𝑉𝑉0)𝐶 = (∆𝑉𝑉0)𝑀 (1 − 𝜑) + (∆𝑉𝑉0)𝑉   (3) 

where (ΔV/V0)C is the volume strain of the composite, (ΔV/V0)M is the volume strain of unfilled 

matrix, φ is the filler volume fraction and (ΔV/V0)V is the volume strain due to debonding and 

void growth. Thanks to Eq.1 it is possible to calculate, experimentally both the volume strain of 

the unfilled matrix ((ΔV/V0)M) and of the composites ((ΔV/V0)); consequently, applying Eq.3, the   

(ΔV/V0)V contribution can be obtained for the analyzed composites. The obtained results, 

reported in Figure 2, show a linear increment of the volume variation as a function of the axial 
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strain. In particular, the liner increment can be divided in two stages at which corresponds two 

different slopes correlated to two different filler-related micromechanical deformation 

processes [7,14,17]. The most significant volume increment is registered in correspondence of 

the second stage while for the first a little volume variation is observed, and it is almost equal 

for all composites.  

Figure 2. Volume strain due to void growth and debonding, (ΔV/V0)V calculated from Eq. (3), 

plotted versus longitudinal strain. 

The first micromechanical deformation mechanism that occurs is debonding, associated to the 

first stage; it was observed in literature [7,14,18] that debonding occurs before yielding and, at 

this stage, little volume variations are observed. The deformation at which debonding 

approximately starts can be easily calculated by a simple geometric construction (reported in 

Figure 3) thus determining the intersection point where the slope change occurs.  

Figure 3. Graphical determination of axial elongation at debonding. 

It can be observed that, for all the composites, debonding occurs around at 2% of axial 

elongation and, by comparing the elongation at yielding values (Table 2), it is confirmed that the 
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debonding process starts before yielding. However, the major differences to the volume 

variation that are responsible of the main composite differences in the mechanical response, 

are correlated to the second stage associated to the voids volumetric growth along the 

stretching direction. This second mechanism is the main absorbing energy mechanism and it is 

responsible of the tensile toughness improvement. The better composition that guarantees a 

good balance between the filler content and an efficient voids growth is the 10 vol.% for which 

the highest volume increment was observed. The SEM micrographs of the surface of the tensile 

specimen cryo-fractured along the draw direction, reported in Figure 4, confirms the presence 

of many different voids that have been generated around the CaCO3 particles indicating that 

debonding occurred; also elongated voids along the tensile direction are clearly visible. 

 

Figure 4. SEM micrographs of the surface tensile specimen cryo-fractured along the tensile 

direction 

When the filler content is excessive the voids around the particles cannot efficiently grow due 

to the presence of the other adjacent fillers leading to a reduction of the tensile toughness and 

of the volume variation. 10 vol.% is thus the best composition able to maximize voids growth 

thus leading to a significant increment not only of the tensile toughness but also of the fracture 

toughness.  
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Abstract: In this study, the behavior of flax fiber (FFC) and glass fiber composite (GFC) laminates 

under a series of low velocity impact loads from a drop weight impact tower is analyzed and 

compared. All laminates are made by stacking unidirectional (UD) layers of reinforcement, where 

the UD flax fibers are combined to short flax fibers used as a mat binder to form the base 

architecture of this reinforcement denoted by UD-mat. Two types of short flax fibers are taken 

into consideration for the mat binder: one is unmodified fibers while the second one undergoes 

a refining modification. When comparing the two types of flax/epoxy laminates, the FFC with 

refined short flax fibers shows the highest permanent and maximal displacements. Results show 

that, for all impact energies the maximum load for FFC with unmodified short fibers is higher 

than that with refined fibers. The flax/epoxy composites absorb more energy than the 

glass/epoxy ones. 

Keywords: Natural composites, flax, impact behavior, fibrillation, damage. 

1. Introduction 

Composite materials are widely used in structures and as substitutes for metals in various 

sectors like aerospace and automotive. However, their response to localized impact is one of 

their limitations [1]. The impact properties of a given composite material depend on several 

factors. Namely, the type of matrix and its ductility, the type of fibers and their architecture as 

well as their orientation, the quality of the interface between the fibers and the matrix and the 

thickness of the laminate [2]. The most used method to characterize the response of a composite 

to a low-velocity impact is that of the drop tower [3]. This method simulates tools drops and 

other scenarios during materials manufacture and maintenance [4]. The use of natural fibers in 

high performance applications has been limited due to a lack of information on their durability 

facing fatigue loads and impact scenarios. Because of the natural origin of bast fibers, the 

mechanical behavior of their composites varies remarkably, unlike glass fiber reinforced 

composites. This is the result of variations in the fiber properties due to many factors such as 

the seasonal variations, fiber location along the plant stem and fiber defects, to name a few [5]. 

Ramakrishnan et al. [6] found a similarity in the performance of flax fiber reinforced composites 

made from a PP matrix and an epoxy matrix. For the epoxy composite, a fiber dominant damage 
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is detected. Fiber breakage in the back face appeared with limited delamination. Panciroli and 

Gianni [5] compared the impact response of epoxy composites (using quasi-isotropic 

configurations) reinforced with non-crimp and twill flax fabrics and UD glass fabrics. They 

showed that the damage region expands with the increase of the impact energy while fiber 

breakage, for the flax/epoxy composites, took place at each impact energy. Habibi et al. [7] 

studied flax/epoxy laminate with UD-mat reinforcements (the same reinforcements used in this 

work). They found that for low energy levels the cracks on the back face of the specimen are 

parallel to the UD fibers. As the impact energy increases, cracks in the direction transverse to 

the UDs (resulting in fiber breakage) begin to appear. Finally, the damage area widens with the 

increase in the impact energy. Liang et al. [8] also investigate the effect of low-velocity impacts 

on quasi-isotropic flax/epoxy composites. A microcrack initiation energy is found at 4 J for their 

materials. The increase in the impact time is linked to an increase in the damage accentuation. 

This phenomenon is explained by the development of the damage in the material, which is 

perceptible by the growth of the macrocracks length.  

Surface fibrillation consists in the refinement of short fibers with a partial pealing of the 

microfibrils located at the surface of fibers. Fiber refining is well known in the paper industry, 

and Afra et al. [9] have found an enhancement of the bonding between fibers resulting in 

increased tensile strength of the produced papers. For this purpose, the present work is 

conducted on reinforced epoxy composites using flax UD-mat reinforcements made of non-

fibrillated and fibrillated short fibers for the mat phase. The results are then compared to 

laminates made of UD E-glass reinforcements. The impact behavior is analyzed using force-time 

and force-displacement curves and photos of the impacted faces of the specimens are shown in 

support to the analysis. 

2. Materials and methods 

2.1 Reinforcements preparation and laminates fabrication 

 The same fabrication procedure for the UD-mat flax reinforcement, described in previous works 

[10, 11], is applied for this study. The UD phase consists in Tex 400 flax strands supplied by Safilin 

Inc. (France). Tex 5000 flax strands, also supplied by Safilin, are chopped into short fibers of 6 ± 

1 mm, which are used for the mat phase of the reinforcement. It is important to note that this 

length is chosen to stay over the minimum length/diameter fiber aspect ratio below which fiber 

debonding and loosening could occur during testing. There is also a length limit of about 10 mm, 

after which the projection of short fibers/water mixture is difficult considering the risk to 

obstruct the projection nozzle in the fabrication process. For the preparation of the 

reinforcements with refined short flax fibers, the fibrillation process is performed according to 

the following procedure. First, the desired quantity of short fibers is placed in a disintegrator 

(Figure 1a), water is added, and the mixture homogenized. Next, a quasi-homogeneous thick 

sheet is obtained using a static former (Figure 1b). The sheet is then tear into small pieces and 

placed inside a PFI mill (Figure 1c) consisting in a rotor and stator assembly which, by rotation 

of the rotor, allow the refinement of fibers (surface fibrillation). The refinement level is 

controlled by the number of rotor revolutions and for this study, this number is set to 400 based 

on ongoing works. Finally, after fibrillation, the fibers are mixed with water in a proportion 0.06% 

by weight. The mixture is used next to fabricate the reinforcement, procedure described in 

previous works [10, 11]. After fabrication, the short fiber mat acts as a binder layer ensuring a 

natural adhesion between the UD yarns while keeping them well aligned. The average surface 
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density of the reinforcements is 299 ± 11 g/m2, including the 50 g/m2 mat binder. Before 

molding, the reinforcements are dried at 105°C for 15 minutes to remove humidity. The glass 

UD reinforcements, supplied by Texonic Inc. (Québec, Canada), have been chosen to have a 

surface density of 295 ± 2 g/m2, close to that of UD-mat flax reinforcement. The same laminate 

sequence of [0]8 was chosen in both types of composites to allow comparisons in the analysis. 

The laminates are produced using the resin transfer molding (RTM) process. The resin 

SikaBiresin CR72 and the hardener SikaBiresin CH72-3, both supplied by Sika Industry (USA) are 

mixed at a resin to curing agent weight ratio of 100:18 according to the technical data sheet. 

Degassing vacuum was applied for 10 minutes before the start of injection. After injection, part 

was cured at a temperature of 80°C for 12h. The measured thickness of the flax/epoxy 

specimens with unmodified (standard) and refined short flax fibers was respectively of 4.28 ± 

0.09 mm and 4.07 ± 0.06 mm corresponding to fiber volume fractions of 38.84 ± 2.10 % and 

40.84 ±  1.47 % respectively. The measured thickness of the glass/epoxy specimens is 2.34 ± 

0.04 mm with a fiber volume fraction equal to 37.98 ± 2.17 % measured by calcination. Note 

that the flax/epoxy with standard and fibrillated short fibers are termed FUM0S, FUM0F, 

respectively. While the glass/epoxy composites are called GUD0.  

 

Figure 1. The different eauipements used for the short flax fibers refining: a) Desintegrator, b) 

Static former, c) Refiner (PFI mill). 

2.2 Impact tests 

The sample dimensions follow the recommendations of ASTM D7136/D7136M standard. An 

Instron CEAST 9350 drop tower (Figure 2a) is used to perform the impact tests with a load cell 

of 22 kN. Three impact curves are recorded: load-time, load-displacement, and energy-time. 

Using the information of these curves, the maximum load and displacement at impact are 

determined along with the permanent displacement and absorbed energy. The samples had the 

following dimensions: 150 mm x 90 mm x measured thickness for the FFCs and 150 mm x 100 

mm x measured thickness for the GFCs. For reasons related to the reinforcement fabrication, 

the width of the flax samples was 90 mm instead of the 100 mm recommended by the standard. 

Considering the relatively smaller size of damage after impact, this had no influence on the 

results. The length of the sample corresponds to the longitudinal (UD fiber) direction of the 

composite. The impact energies applied in this study are 3 J, 5 J, 8 J and 11 J. For each impact 

energy, three specimens are tested for the FFCs and two specimens for the GFCs, which are 

more repeatable. The impacts are performed with a hemispherical impactor (Figure 2b) of a 

diameter of 20 mm. The samples are fixed between a lower fixed support and an upper movable 

support, at a clamping pressure of 7 bar, and the internal and external diameter of supports are 

40 mm and 60 mm respectively.  
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Figure 2. The impact machine used in this study: a) Instron drop-tower and the data acquisition 

system, b) the impactor with a specimen between the supports 

3. Results and discussion 

3.1 Force-time curves 

The force-time curves of the materials impacted at 8J are shown in Figure 3 for the three types 

of composites. The peak load of the FUM0S is around 2900 N, with an impact time equal to 8 

ms, while the FUM0F have a slightly lower peak load around 2700 N with the same impact time. 

The GUD0 have the highest peak load at approximately 4000 N (40% higher than the flax/epoxy 

composites) with a slightly lower impact time of 7.3 ms. 

 

Figure 3. Force-time curves of the FUM0S, FUM0F, and GUD0 laminates. 

When comparing the force-time curves, those of FUM0S and FUM0F reach a plateau with a 

quasi-constant force maintained for the same duration, followed by a decrease. This plateau 

corresponds to progressive damages taking place in the material. On the other hand, the  

glass/epoxy curve has a  sinusoidal shape, which means a more brittle damage occurs leading to 

a lower energy dissipation [5]. The small, abrupt load drop occurring at 3000 N can signify that 

a sudden damage occurred such as delamination which can be observed by visual inspections. 

In this case, the damage threshold is exceeded without the occurrence of a plateau in the force-

time curve. Figure 4 shows the peak loads reached for each type of laminate at each impact 
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energy. Comparing the response of the FFCs (FUM) and the GFC (GUD), the peak load of the 

glass/epoxy composite is always higher, the difference being larger at higher impact energies 

(see Figure 4). Finally, and compared to the standard flax UD-mat reinforcement, it appears that 

surface fibrillation of short mat fibers did not have an evident influence on the peak load 

between 3 J and 8 J. Otherwise, fibrillation seems to reduce the peak load at the higher 11 J 

impact energy.    

 

Figure 4. Peak loads registered at the four impact energies (3 J, 5 J, 8 J and 11 J) for the FUM0S, 

FUM0F and GUD0 

3.2 Force-displacement curves 

Typical force-displacement curves at 8 J are shown in Figure 5. It is observed that the fibrillated 

flax/epoxy specimens show a slightly larger permanent and maximum displacement than the 

specimens with standard mat. The average permanent displacement of FUM0S is 2.045 ± 0.290 

mm, 15% lower than that of the FUM0F which is 2.417 ± 0.197 mm. However, this result must 

be considered with care considering the overlap of standard deviations. The force-displacement 

history of FUM0S and FUM0F are very similar showing a plateau with a larger surface area under 

these curves compared to GFC. Instead, the curve shows lower dissipated energy, and the 

damage threshold is exceeded with a continuous load increase. Finally, the GUD0 showed a 

maximum displacement comparable to that of the FUM0F, but the permanent displacement of 

the GUD0 is much less pronounced than that of the FUM0S and FUM0F, so more energy was 

restituted in the glass-epoxy laminate compared to the flax-epoxy ones. 

 

Figure 5. Force-displacement curves of the FUM0S, FUM0F, and GUD0 laminates. 

693/1602 ©2022 El Khoury Rouphael et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 Figure 6 shows the mean permanent displacements for all tests. In line with Figure 5, the 

permanent displacement is always lower for the glass-epoxy laminate. The permanent 

displacements of the FFCs are similar at low energies, but that of fibrillated composites (FUM0F) 

becomes larger at 8 and 11 J. The standard flax UD-mat reinforcement seems to perform better 

than the fibrillated one as concern the impact behavior of UD flax laminates. 

 

Figure 6. Permanent displacements registered at the four impact energies (3 J, 5 J, 8 J and 11 J) 

for the FUM0S, FUM0F and GUD0 

Globally, the energy absorbed by the biocomposites is higher than that absorbed by the GFC, as 

shown in Figure 7. The absorbed energy and the energy absorption ratio increase progressively 

with the applied impact energy for the three types of laminates. It should be noted that no full 

penetration occurred. 

 

Figure 7. Absorbed energy and the energy absorption ratios for the four impact energies (3 J, 

5 J, 8 J, 11 J) for the FUM0S, FUM0F and GUD0 

3.3 Damage analysis 

Figure 8 shows example images of the front and rear faces of the different specimens impacted 

at 8 J. It can be seen that the impacted flax/epoxy specimens present on the front face two large 

longitudinal cracks that spread on a length of about 36 mm. On the rear face, the damage is 
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highlighted by a central longitudinal crack of about 41 mm with other smaller longitudinal cracks, 

and a large transverse fracture. Moreover, delamination has been visually detected on the rear 

face of the FUM0S and FUM0F specimens impacted at 11 J. The damaged surface takes an 

elliptical shape with the longitudinal and transverse cracks being its primary and secondary axes, 

respectively.  In a study conducted by Habibi et al. [7] on the same type of flax UD-mat/epoxy 

composites oriented at 0° with the same Vf of 40%, the form of damage that were identified are 

matrix tension cracks, fibers breakage, delamination, and shear matrix cracks. The difference in 

the size of damages in their material compared to the ones of this study can be explained by the 

use of a conical impactor in their work. They also used thinner 2.95 mm plates, compared to the 

4.07 and 4.28 mm thick fibrillated and standard flax laminates in the actual work. The main 

damages occurring in the glass/epoxy impacted specimens are matrix cracks and delamination 

(see GUD0 in Figure 8). Delamination was detected due to the transparency of this composite. 

In line with previous observations in Figure 6, it is important to note that fiber breakage occurred 

only in the FFCs, which may explain the difference in permanent displacement between FFCs 

and GFC. Visual inspections of the damages at the front and rear faces of impacted flax/epoxy 

specimens (at 8 J) show the presence of fiber breakage, which can explain the appearance of the 

plateau in Figures 3 and 5. 

 

Figure 8. Front and rear faces of the impacted specimens at 8 J : a) FUM0S, b) FUM0F, and c) 

GUD0 

4. Conclusion 

In conclusion the flax/epoxy laminates with refined short flax fibers exhibit the highest 

permanent displacement for the impact energies of 8 J and 11 J when comparing to standard 

FFCs. In addition, the maximum load for FFC with unmodified short fibers is slightly higher than 

that with refined fibers, and the difference becomes remarkable for the impact energy of 11 J. 

For this reason and for the energy levels tested, it can be concluded that the fiber refining does 

not provide a higher performance of the FFC under impact loading. On the other hand, the GFC 

exhibits the highest maximal load and absorbs less energy than the FFCs. In terms of damage 

mechanisms, delamination and matrix cracks are observed in GFC while matrix cracks, fiber 

breakage and delamination occurred in FFCs. It may be concluded, at least for the studied 
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parameters and UD laminate types, that the fibrillation did not offer an improvement for the 

flax/epoxy UD composites and the glass fiber is more resistant than flax fiber facing a low 

velocity impact.  For the upcoming studies, the effect of fibrillation will be explored while 

considering cross-ply flax/epoxy composites. 
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Abstract: This paper presents a morphological analysis to study the density of natural fiber and 

the effect of surface treatment. It further studies the dimensional change of the fiber when 

exposed to water molecules. An interactive MATLAB and GIMP (image manipulation software) 

were employed for microstructural image analysis for fiber dimensions and fiber damage due to 

hygroscopic swelling. A noble method has been well established to determine the density from 

the fiber constituents and lumen contribution. To measure the density and dimensional change 

caused by fiber treatment, alkali, acetylation, and alkali-acetylation treated fibers were 

compared to untreated fibers. The fibers have shown a large dimensional change due to alkali 

and alkali-acetylation treatments and swelling: while the treatments reduce the equivalent 

diameter of the fibers due to collapsing of the elementary fibers, the interaction with water 

molecules has put a permanent size change on the technical fibers.  

Keywords: Morphologic analysis; fiber density; treatment; fiber swelling  

1. Introduction 

Bio-based fibers are gaining superiority in low-loading applications and are becoming viable 

options for load-bearing engineering structures, thanks to the extensive research and 

development works. These fibers have a low density, allowing them to demonstrate remarkable 

qualities in their specific strength and modulus capabilities, and are replacing synthetic fibers 

like glass (1). Understanding the density and microstructural properties of bio-based fibers, on 

the other hand, remains a challenge. In the study of the mechanical performance of fiber-

reinforced composites, density is an important factor to consider in defining the fiber volume 

fraction. The common measuring instruments used to investigate the density of natural fibers 

are largely inconclusive(2) (3). Researchers almost always assume that the density of the fiber is 

the same as the density of the solid component of the fiber. This indicates that the effect of the 

core hollow component of the elementary fiber, the lumen, is ignored. Furthermore, chemical 

treatments of fibers, such as alkali treatment, may strongly affect the microstructure, which 

might result in collapsing the lumen completely due to the aggressive penetration of the solution 

into the fiber constituents (4). However, the effect of fiber treatment on density is often 

overlooked, and the density of treated and untreated fibers has been often considered the 

same. As a result, erroneous density values could lead to a miscalculation of the material's 

performance properties. 

Moreover, natural fibers are sensitive to moisture and their mechanical properties degrade due 

to changes in the microstructure(5). Moisture enters the composite structures due to diffusion 

and capillary action. The moisture can create a differential swelling inside the cell wall due to 
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the difference in hydrophilicity of the constituents (cellulose, hemicellulose, lignin, and pectin) 

which may lead to internal stress and structural damage within the fiber (6). Moreover, moisture 

molecules plasticize the interface of the fiber and the matrix due to asymmetric fiber and matrix 

swelling capacity. These phenomena establish damage to the structure and lead to degrading 

the performance properties of the composite when in use (7).  

The goal of this study was to use morphologic image analysis to assess the density of bio-based 

fibers and to investigate the influence of fiber treatment. Moreover, the study aimed to 

investigate the average equivalent diameter of the fiber in untreated and treated conditions and 

the irreversible dimensional change of fiber due to swelling when a fiber-reinforced polymer 

composite is subjected to water molecules.  

2. Materials and Methods  

2.1. Materials  

We investigated an exotic fiber called Enset fiber from the Enset plant in Ethiopia's Wolliso 

district in the south. Enset plants belong to the Ventricosum plant family, which includes plants 

that create their stems by stacking up their leaves over time and are known for their high water 

content. The plant's false stem is harvested when it is deemed to be ripe enough to give an 

excellent yield of starch-rich food. Fibers were collected during food extraction and stretched 

along their length axis by putting stiff cylindrical wooden materials within to straighten them 

out during drying and preservation. 

2.2 Fiber treatment  

To investigate the effect of various treatments on the untreated fiber and the relative advantage 

of them, treated and untreated fibers were created. Three treatment methods were conducted: 

1) Alkali treatment: fibers were immersed in a 5 (w/w) % NaOH-distilled water solution for three 

hours, which is the most used NaOH concentration in natural fiber modification (8). The treated 

fibers were then rinsed in distilled water several times to remove alkali ions and cuticles, then 

air-dried for 12 hours. 2) Acetylation treatment: fibers were first immersed in a glacial acetic 

acid solution for an hour followed by being rinsed in an acetic anhydride solution with a droplet 

of sulfuric acid as an initiator for an hour(9). Fibers were soaked repeatedly with distilled water 

to remove the cuticles and stabilize the fiber neutrality and then dried in air. 3) Alkali-

Acetylation treatment: the alkali-acetylation treatment process combines the alkali and 

acetylation treatment procedures.  

2.3 Sample preparation  

Enset reinforced polyester composite samples of a rectangular size of 100*15*15 mm3 were 

produced from the treated and untreated fibers in a manually operated press machine. These 

rectangular samples were cut and polished into cubes of 15 mm in length (figure 1). The cubic  

 

Figure1. Cubic samples of fiber-reinforced composite for microstructural imaging, dimensional 

change due to fiber treatment, and fiber swelling 
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samples were further embedded with epoxy resin, degassed and cured in the air for 24 hours. 

Grinding was done with successive grinding tissues of 320-4000 grit size to obtain an expected 

surface finish of  6µm followed by polishing in the automated machine with 3µm and 1µm 

suspensions. Final polishing was carried out using OPS (active Oxide polishing suspensions) 

projected to produce a 0.25 µm resolution surface of the microstructure. 

2.4 Density of the fiber  

The density of the fiber was studied using a noble approach that combines both image analysis 

and the rule of mixtures. An optical microscope was used to capture images of the 

microstructure of technical fibers and their corresponding elementary fibers from the composite 

samples. The areal profile of the central lamella, as well as the cell walls of elementary fibers 

and their lumen, were created using modeling software.  An assumption was formulated that 

the central lamella is made up of pectin, and the elementary cell wall is formed from cellulose, 

hemicellulose, and lignin, while the lumen is a hollow structure filled with air. Because the 

primary cell wall is destroyed during extraction(10), it is not included in the study. Therefore, 

the contribution of the cellulose, hemicellulose and lignin that make up the cell wall structure 

of the elementary fiber was gathered from research reports, and the density of the secondary 

cell wall, ρw, was calculated using the rule of mixtures Eq. (1): 𝜌𝑤 = 𝜌𝑐 ∗ %𝑐 + 𝜌ℎ ∗ %ℎ + 𝜌𝑙 ∗ %𝑙                                                                                                (1) 

Where %c, %h, and %l represent the percentage share of cellulose, hemicellulose, and lignin in 

the cell wall of the elemental fiber, respectively. This procedure provides the density of the 

solid component of the fiber.  

The density of the fibers was further measured using a helium pycnometer to validate the results 

from the new measurement approach. The helium pycnometer can only measure the solid 

component of objects because helium gas can enter nano-dimensional holes of an object under 

study (3). Therefore,  this method of density measurement does not consider the effect of the 

lumen. As a result, the density of the solid component of the fibers created by the rule of 

mixtures and the helium pycnometer was compared. To avoid the thermogravimetric effect 

during density measurement with the pycnometer, samples were chopped into an approximate 

length of 2mm and dried in an oven at 60°C  for 24 hours before being sealed in a vacuum bag. 

Once the density of the cell wall structure is defined, areal contribution-based density 

measurement can be applied to determine the effective density of the technical fiber, ρf, using 

the rule of mixtures Eq. (2).  𝜌𝑓 = 𝐴𝑤𝐴𝑓 . 𝜌𝑤 + 𝐴𝑝𝐴𝑓 . 𝜌𝑝                                                                                                                            (2) 

Where Aw, Ap, and Af are the areas of the cell wall, central lamella/pectin, and technical fiber, 

respectively; and ρp, is the density of the central lamella.  

2.5 Diameter of the fiber and effect of fiber treatment  

The diameter of the fiber was determined from microstructural image analysis. Microscopic 

images of the fiber cross-section have been taken and postprocessing of the images has been 

executed using MATLAB. Due to the complex structure of the fibers and the small difference in 

density between the matrix and the fiber which largely affects the contrast of the image, we 
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introduce GIMP (Image manipulation program) to manually assist MATLAB for image 

segmentation and contact region separation. Statistical data were extracted in ‘region analyzer’, 
an application tool in MATLAB. To investigate the influence of fiber treatment on fiber size, 

representative samples of NaOH-treated and untreated fibers were taken and the dimensional 

change of the fibers was evaluated based on the equivalent diameter. The untreated samples 

represent any fiber condition including treatments that do not result in any microstructural 

change, while the NaOH samples represent treatments that bring microstructural change.  

2.6 Swelling induced fiber damage 

To study the dimensional change due to fiber swelling on the natural fiber composites, the cubic 

composite samples were first dried in an oven at 60°C until a stable weight was obtained. The 

samples were then sealed on all four sides with silicone rubber to allow water molecules to only 

pass through in the fiber direction, then immersed in polypropylene beakers filled with distilled 

water and kept at room temperature. To establish effective equilibrium moisture conditions and 

keep the level consistent, the immersed samples were held for 40 days.  

Samples were then dried at 60°C until they reached a stable dry weight, then stored in air at 

20°C and 50 % RH for another forty days to stabilize the moisture and heat impact. After 

polishing, microstructural images were taken with a confocal microscope from immersed and 

non-immersed samples of both treated and untreated images. Through the same procedure of 

image analysis, the equivalent diameter of the fibers generated and dimensional change was 

measured by comparing the diameter between the immersed and non-immersed samples.    

3. Result and discussion  

3.1 Fiber density  

The study of fiber density was divided into two steps: step one involved determining the density 

of the solid component of the fiber and step two involved determining the density of the 

technical fiber. The density and percentage contribution of the fiber components are obtained 

from the literature to determine the density of the solid part of the fiber. According to (10,11), 

the percentage share of cellulose, hemicellulose, lignin, and pectin in Enset fiber is 67 %, 21 %, 

6 %, and 6 %, respectively. These fiber components' densities (g/cc) are 1.55, 1.52, 1.33, and 

1.52 in that sequence (3). The solid component here symbolizes the secondary cell wall, which 

comprises cellulose, hemicellulose, and lignin. It is tactically decided to exclude the central 

lamella from the calculation of density of the solid component simply because its area is defined 

and hence can help to implement the rule of mixtures to calculate the overall density of the fiber 

from the components’ volume fractions. When the density and percentage contribution of the 

cell well components are substituted into Eq (1), the density of the secondary cell wall is found 

to be 1.52 g/cc. Helium Gas Pycnometer, which yields a density of the solid components, was 

used to validate the result obtained using the rule of mixtures. This method yields a density of 

1.46 ± 0.01 g/cc for the fiber. This demonstrates that the ‘rule of mixtures’ can be considered a 
candid technique to assess the density of the fiber in the solid component of the fiber. 

The density of the technical fiber comprises the central lamella, the lumen, and the secondary 

cell wall. Figure 2 shows the modeling of the technical fiber and its corresponding elementary 

fibers. A representative single technical fiber has been first created to find a representative 

density for the solid component and the complete technical fiber (the fiber that considers the 
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Figure 2. Modeled Fiber microstructure replicated and from the microscopic image of a 

technical fiber. 3D models of a) technical fiber, b) elemental fibers that show the lumen and the 

solid components and c) central lamella  

lumen structure). Modeling technical fiber involves obtaining the cross-sectional area of the 

secondary cell wall, lumen, and central lamella. Table 1 demonstrates the cross-sectional area 

of these constituents. The lumen has a large contribution to the fiber structure which is 

projected to provide a low density to the technical fiber.  

Table 1: The areal contribution of components of the technical fiber  

Component Area (mm2) Areal Cont. (%) 

Cell wall 5.23E-03 51.9 

Central Lamella 9.28E-04 9.2 

Lumen 3.92E-03 38.9 

Technical Fiber 1.01E-02 100 

 

The density of the technical fiber is then determined by substituting the density of the 

components and the areal/volume contribution using Eq. (2). Substituting the density and the 

areal contribution provides a density of 0.93 g/cc for the technical fiber. Three additional 

technical fibers have been considered and a similar procedure has been carried out which 

produces a representative average density of 0.94g/cc.  

3.2 Effect of fiber treatment on the fiber density  

A microstructural image of the treated and untreated fibers is shown in Figure 3. The alkali and 

alkali-acetylation treatments modified the internal structure of Enset fibers significantly. This 

implies that alkali-related treatments may have a significant influence on density because they  

 

Figure 3: The microstructure of a) untreated fibers, b)acetylated, c)Alkali, and d)Alkali-

acetylation treated fiber  
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collapsed the elementary fibers and increased the volumetric contribution of the solid 

component significantly. Furthermore, NaOH is said to dissolve hemicellulose which increases 

the percentage share of cellulose and lignin contents in the fiber. As a result, there will be a 

small contribution of density difference in the solid component in the untreated and alkali-

treated fibers. The interior structures of the fibers, on the other hand, are unaffected by the 

acetylation treatment. As a result, it is possible to conclude that the treatment of fibers with 

acetylation does not affect the density of these fibers. 

Ray and Sarkar (12) reported the weight loss of fiber components with 5% alkali solution at 2 

and 4 hours. By interpolating the weight loss at 3 hours, 0.4%, 9.25% and 0.26% weight reduction 

were recorded for cellulose, hemicellulose, and lignin, respectively. Considering the same 

reduction in enset fiber for 3 hrs with alkali and alkali-acetylation treatment and recalculating 

the percentage share for cellulose, hemicellulose, lignin and pectin can be approximated into 

73.93%, 13.04%, 6.37% and 6.57%, respectively. Modifying Eq. (1) into Eq. (3) to include density, 

ρp, and percentage contribution, %p, of pectin provides the density of alkali and alkali-acetylation 

treated fibers.  𝜌𝑤 = 𝜌𝑐 ∗ %𝑐 + 𝜌ℎ ∗ %ℎ + 𝜌𝑙 ∗ %𝑙 + 𝜌𝑝 ∗ %𝑝                                                                         (3) 

Table 3: Helium gas pycnometer analysis of treated fibers and the density of the fibers calculated 

from the microstructural analysis of the fiber.   

Fibers 

Density (g/cc) 

Pycnometer Calculated 

NaOH treated 1.48 ± 0.01 1.53  

NaOH-Acetylation treated 1.49 ± 0.02 1.53 

Acetylation treated 1.49 ± 0.02 1.52 

 

On the other hand, the microstructural arrangement of the fibers in the acetylation treatment 

is identical to that of the untreated ones. As a result, the acetylated fibers' calculated density is 

the same as the density of the untreated fibers. The density of these treated fibers was also 

measured using a helium gas pycnometer. Table 3 shows the density of the treated Enset fibers 

as measured by the pycnometer and the calculated density with the rule of mixtures.  

3.3 Fiber dimension, the effect of fiber treatment, and fiber damage due to fiber swelling  

The diameter of treated and untreated fibers was measured from the post-processed 

microscopic image of the fiber structure with the help of MATLAB and an Image analyzer. The 

accuracy of the post-processing was validated by first extracting the edge of the segmented 

image and laying it up on the original image. This is needed because morphologic processing of 

images can show up an increase or decrease in the size of the technical fibers to some amount 

as the manipulation codes have the power to do so.  Figure 4 shows the layup of the extracted 

edge of the technical fibers from the post-processed microstructural image over the fibers from 

the same but unprocessed image. 
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It is observed that the extracted edges are in good alignment with the microscopic image, and 

the dimensional data retrieved from the post-processed image is very indicative of true fiber 

dimensions. The equivalent diameter, which is calculated from the fiber cross-sectional area by 

assuming a circular shape, is used to characterize the measured size of these fibers because they 

do not have a circular shape. The equivalent diameter is also used to evaluate the treatment's 

impact and swelling-induced dimensional changes.  

It is reached via this method that the Enset fiber has an average diameter of 97.5 μm (figure 5). 

The alkali treatment reduced the fiber's equivalent diameter by 42%, which is largely due to 

collapsing the lumen. On the other hand, because acetylation does not affect the 

microstructure, the diameter is assumed to be the same as for the untreated fiber. 

 

Figure 4: Microstructural image from the confocal microscope with a layup of the extracted 

edges of the segmented and post-processed image  

Figure 5 also demonstrates the fiber's dimensional change as a result of fiber swelling. The fiber 

diameter of the untreated and alkali-treated fibers increased by 10 % and 9 %, respectively, after 

swelling. Because the experiment was conducted a considerable time after the sorption and 

desorption processes, we may classify this impact as hygroscopic-induced persistent fiber 

damage (5). 

 

Figure 5: fiber diameter and dimensional change due to fiber treatment and ingression of water 

molecules  

4. Conclusion  

In this study, a noble approach was established to study the density of Enset fiber. The density 

in solid and porous state of the fiber, which is related to considering the contribution of the 

lumen, was measured using the rule of mixtures. The density of the solid component was 

measured from the density and percentage contribution of fiber constituents (cellulose, 

hemicellulose, lignin, and pectin) whereas the density of the technical fiber was determined 

from the volumetric contribution of the lumen, central lamella, and the secondary cell wall. In 

Extracted edge    

Fiber    
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addition, morphologic image analysis was used to identify the fiber's density and dimensional 

change due to treatment and swelling. The alkali and alkali-acetylation treatments resulted in 

significant dimensional reduction due to lumen collapsing and presumed hemicellulose 

dissolution, whereas the acetylation treatment did not. Furthermore, fiber swelling resulted in 

a significant permanent alteration in the dimensions of the fiber.  

5. References  

1. Jaiswal D, Devnani GL, Rajeshkumar G, Sanjay MR, Siengchin S. Review on extraction, 

characterization, surface treatment and thermal degradation analysis of new cellulosic fibers 

as sustainable reinforcement in polymer composites. Current Research in Green and 

Sustainable Chemistry. 2022 Jan 1;5.  

2. Truong M, Zhong W, Boyko S, Alcock M. A comparative study on natural fibre density 

measurement. Journal of the Textile Institute. 2009 Aug;100(6):525–9.  

3. Boyer B, Rudie A. Single Fiber Lignin Distributions Based on the Density Gradient Column 

Method. 2007.  

4. Sukmawan R, Kusmono, Rahmanta AP, Saputri LH. The effect of repeated alkali 

pretreatments on the morphological characteristics of cellulose from oil palm empty fruit 

bunch fiber-reinforced epoxy adhesive composite. International Journal of Adhesion and 

Adhesives. 2022 Apr 1;114.  

5. Rocha IBCM, Raijmaekers S, Nijssen RPL, van der Meer FP, Sluys LJ. Hygrothermal ageing 

behaviour of a glass/epoxy composite used in wind turbine blades. Composite Structures. 

2017 Aug 15;174:110–22.  

6. Cadu T, van Schoors L, Sicot O, Moscardelli S, Divet L, Fontaine S. Cyclic hygrothermal ageing 

of flax fibers’ bundles and unidirectional flax/epoxy composite. Are bio-based reinforced 

composites so sensitive? Industrial Crops and Products. 2019 Dec 1;141.  

7. Péron M, Célino A, Castro M, Jacquemin F, le Duigou A. Study of hygroscopic stresses in 

asymmetric biocomposite laminates. Composites Science and Technology. 2019 Jan 5;169:7–
15.  

8. Raju JSN, Depoures MV, Kumaran P. Comprehensive characterization of raw and alkali 

(NaOH) treated natural fibers from Symphirema involucratum stem. International Journal of 

Biological Macromolecules. 2021 Sep 1;186:886–96.  

9. Kabir MM, Wang H, Lau KT, Cardona F. Chemical treatments on plant-based natural fibre 

reinforced polymer composites: An overview. Composites Part B: Engineering. 2012 

Oct;43(7):2883–92.  

10. Berhanu Lemma H, Kiflie Z, Yimam Ali A. Chemical and Morphological Analysis of Enset 

(Ensete Ventricosum) Fiber, Leaf, and Pseudo stem Deinking of Black Toner Ink from Laser 

Printed Paper by Using Anionic Surfactant View project Titanium dioxide (TiO2) based 

photocatalysis for drinking water disinfection under vis-LED and sunlight View project 

[Internet]. Available from: https://www.researchgate.net/publication/318702231 

11. Teli MD, Terega JM. Chemical, Physical and Thermal Characterization of Ensete ventricosum 

Plant Fibre. International Research Journal of Engineering and Technology [Internet]. 2017; 

Available from: www.irjet.net 

12. Ray D, Sarkar BK. Characterization of Alkali-Treated Jute Fibers for Physical and Mechanical 

Properties. Vol. 80, J Appl Polym Sci. 2001.  

 

704/1602 ©2022 Arefe et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://www.researchgate.net/publication/318702231
http://www.irjet.net
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

COST-EFFECTIVE HEMP STAPLE FIBRE YARNS FOR HIGH-PERFORMANCE 

COMPOSITE APPLICATIONS 

 

Nina Graupnera, David E. Webera, Erik G. Bellb, Karl-Heinz Lehmannb, Hans-Willi Hilgersc, 

Herbert Randerathb, Thomas Griesb, Isabel Walentad, Marc Jouliand, Jörg Müssiga 

a: HSB – City University of Applied Sciences, The Biological Materials Group, Dept. of 

Biomimetics, Neustadtswall 30, D-28199 Bremen, Germany; nina.graupner@hs-bremen.de  

b: Institut für Textiltechnik of RWTH Aachen University, Otto-Blumenthal Straße 1, D-52074 

Aachen, Germany  

c: Wenzel & Hoos GmbH, Berliner Straße 35, D-36304 Alsfeld-Leusel, Germany 

d: INVENT GmbH, Christian-Pommer-Straße 47, D-38112 Braunschweig, Germany 

 

Abstract: The present study deals with the development of yarns from cost-effective hemp from 

a disordered separation process (total fibre line) for the use in composite materials. Yarns from 

the rotor spinning process and yarns with almost unidirectional fibre orientation in the core 

(staple fibre yarn) were produced from hemp fibre bundles. Composites in the form of round and 

rectangular rods were made from the yarns using a miniature pultrusion process to analyse the 

reinforcing effect compared to a flax staple fibre yarn produced in a previous study. The results 

show that around 90% of the flexural strength and flexural modulus of identically produced flax 

composites could be achieved. The yarns were additionally used to create quasi-unidirectional 

fabrics to produce composite laminates by using vacuum infusion, resin transfer moulding and a 

resin injection process in an autoclave. Hybrid materials were also produced from glass and hemp 

fabrics. The characteristic values of hemp and hemp/glass laminates are sufficient to use these 

materials in applications with higher mechanical requirements. 

Keywords: staple fibre yarn, rotor yarn, quasi-unidirectional fabric, hemp, mechanical 

properties,  hybrid hemp/glass composites 

1. Introduction 

Increasing environmental awareness and finite fossil resources lead to a growing use of 

renewable raw materials in the composites sector [1]. Their biological origin mainly drives the 

use of hemp fibres in various applications. In general, natural fibres show benefits for the 

environment like biodegradability, renewability of base material, and reduction in emission of 

greenhouse gasses [2]. Bast fibres like hemp display comparatively high strength and stiffness 

compared to many other vegetable fibres [3]. In recent years increasing attention on using bast 

fibres for higher loaded applications occurred. In particular, flax fibres and flax fibre-reinforced 

plastics were examined in detail [4,5]. Compared to flax, hemp fibres are often more difficult to 

handle. An overview of steps to be taken for using hemp in high-performance composites is 

given in [5]. 

A major disadvantage of bast fibre-reinforced plastics, and hemp fibre-reinforced composites 

(HFCs) in particular, is a relatively low toughness which is significantly lower compared with glass 

fibre-reinforced composites (GFC) [6], often limiting their use to applications that do not have 

to withstand high impact loads. Damping properties of bast fibre-reinforced composites are 

usually better than GFC [7]. Hybrid materials are now being used with increasing frequency for 
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highly stressed composite materials to minimise the disadvantages of HFC and GFC. Above all, 

the toughness of HFC and the damping behaviour of GFC can be significantly improved by 

hybridisation.  

Another big problem with the industrial use of bast fibres for high-value applications is the high 

price of semi-finished products. Currently, long flax is used for highly stressed natural fibre-

reinforced components, which is very cost-intensive due to the complex and intense harvesting 

and processing technology. The semi-finished product costs can almost reach the level of carbon 

fibre semi-finished products [8]. In a previous study, we have already shown that comparable 

composite characteristics can be achieved with less expensive flax from tow by producing an 

alternative staple fibre yarn compared to composites produced by a unidirectional flax roving 

available at the market [9,10]. It is well known that the twist of ring-spun yarns prevents the full 

utilisation of the fibre reinforcement potential in a composite [11]. Therefore, the developed 

staple fibre yarn possesses an almost unidirectional fibre orientation. The yarn costs are 

significantly lower compared to low-twist yarns or rovings available on the market. Hemp may 

provide approximately comparable mechanical properties to flax. Compared with the previously 

used flax tow, it is even cheaper (~1.0 €/kg compared to ~1.4 €/kg for flax) [10]. The aim of the 

present study was to reach 80% of the properties of the flax-reinforced composites. A detailed 

description of the results can be found in [10]. 

2. Materials and methods 

Raw hemp fibre bundles (USO 31; Planéte Chanvre, Aulnoy, FR) were processed into slivers, 

yarns, fabrics, and composites. Fibres and fibre bundles were prepared from the yarns and 

characterised regarding their width, length, and tensile characteristics to analyse the influence 

of the different processing steps. The reinforcing effect of the developed yarns is verified by 

testing unidirectional composites produced by pultrusion and compared with the results of the 

previously developed flax staple fibre yarn [9]. Laminates of hemp fabrics and hybrids of hemp 

and glass fabrics were produced with project partners from the industry by vacuum infusion, 

resin-transfer-moulding (RTM) and a resin injection process in an autoclave. Thermosetting 

epoxy matrices were used for composite production. Composites were analysed with bending, 

unnotched Charpy impact, tensile and short beam shear tests. A detailed description of applied 

materials and methods can be found in [10]. Composites were produced from different semi-

finished products and by different processes: 

• Pultruded yarns and rovings (fibre mass fraction of round rods: ~40% and of rectangular 

rods: ~30%): 

o Rotor yarn version 1 (V1), 588 tex 

o Rotor yarn version 2 (V2), 550 tex 

o Rotor yarn version 3 (V3), 604 tex 

o Rotor yarn version 4 (V4), 581 tex 

o Staple fibre yarn version 1 (V1), 294 tex 

o Staple fibre yarn version 2 (V2), 285 tex 

o Flax staple fibre yarn version 9 (V9), 200 tex 
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• Processed fabrics (vacuum infusion, resin transfer moulding, resin injection in an 

autoclave; fibre volume fraction: ~30-40%): 

o Fabric from staple fibre yarn V2, processed by vacuum infusion (4 layers), 

autoclave injection (4 layers) and RTM (4 layers) 

o Flax fabric from flax yarn V9, processed by vacuum infusion (4 layers) and 

autoclave injection (5 layers) 

o Glass fabric, processed by vacuum infusion (6 layers), autoclave injection (9 

layers) and RTM (9 layers) 

o Hybrid - glass and hemp fabric, processed by vacuum infusion (1 layer glass, 3 

layers hemp, 1 layer glass), autoclave injection (1 layer glass, 3 layers hemp, 1 

layer glass) and RTM (1 layer glass, 3 layers hemp, 1 layer glass) 

 

3. Results and discussion 

3.1 Influence of processing on the fibre properties 

The influence of the different processing steps during yarn and fabric production on fibre bundle 

length, width and tensile properties was analysed. Results have shown that raw hemp consists 

of coarse fibre bundles with lengths partly higher than 25 cm. The following production of the 

slivers resulted in significant refinement of the fibre bundles and a related shortening. The 

spinning process led to a further slight shortening, whereas further processing into fabric did 

not result in any further change of length. The fibre lengths in the rotor yarns are significantly 

shorter compared with the staple fibre yarns. Nevertheless, the length values (~5cm) are clearly 

higher than the critical fibre length required to reinforce a thermosetting composite. At the 

same time, the width appeared to be lower compared to the fibre bundles from the staple fibre 

yarn. The fibre bundle lengths from the hemp staple fibre yarn are slightly higher than the fibre 

bundle lengths from the flax staple fibre yarn. It follows that hemp could be processed with 

similar care as flax. Compared to the fibre bundles from the flax staple fibre yarn with a median 

value of 24.0 µm, the fibre bundles in the hemp staple fibre yarn are significantly coarser with a 

median width of 36.3 µm. The analysis of the tensile properties showed that the processing did 

not significantly change mechanical properties. I.e. the manufacturing process of the yarns is 

protective enough not to damage the fibres.   

3.2 Reinforcing potential of the yarns  

In order to analyse the reinforcing effect of the different yarns, unidirectional fibre composites 

were produced using the pultrusion process with an epoxy matrix [9]. Round samples with a 

fibre volume fraction of approx. 40% and rectangular samples with a fibre volume fraction of 

approx. 30% were produced. The pultruded samples were analysed by impact and bending tests.  

The results of the unnotched Charpy impact strength are shown in Figure 1. The data of the 

samples from the rotor yarns and the unidirectional staple fibre yarns from hemp are compared 

with the results of the composites produced from flax staple fibre yarns. The results of the round 

and rectangular rods show the same trend. Due to the lower fibre content, the values of the 

rectangular rods are slightly lower than those of the round rods. No hemp yarn could achieve 

the impact strength of the flax-reinforced sample. The rotor yarn reached 43% and 46% of the 

impact strength of flax with the round and rectangular samples, respectively. The hemp staple 
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fibre yarn V2 shows the highest values achieving 56% and 63% of the impact strength of the 

round and rectangular flax samples. 

The fibre orientation plays an essential role in the mechanical characteristics of fibre-reinforced 

composites [11]. While staple fibre yarns show nearly no twist, the rotor yarns have a twist 

which is assumed to be the main reason for the different impact strength values.  

 

Figure 1. Unnotched Charpy impact strength (mean value ± standard deviation) of pultruded 

round rods with a fibre volume fraction of 40% (A) and rectangular rods with a fibre volume 

fraction of 30% (B) [Results from previously published study [10]] 

The bending properties are summarised in Figure 2. As described for the impact strength, similar 

trends are obtained for the different test specimen geometries. Due to the lower fibre volume 

fraction of rectangular specimens of 30% compared to 40% of the round rods, the characteristic 

values of rectangular rods are lower (Figure 2A & C). Compared to the impact strength, the 

reinforcement effect of the hemp yarns is considerably better. The flax-reinforced composite 

provides the highest characteristic values with 290 MPa for the round rods and 210 MPa for the 

rectangular rods. However, the hemp staple fibre yarn V2 also provides good characteristic 

values, with 282 MPa for the round rods and 186 MPa for the rectangular rods, which 

corresponds to 97% and 89% of the bending strength of the flax samples, respectively. The rotor 

yarns V1 and V2 showed the lowest bending strength overall. As described for the impact 

strength, this effect may be attributed to the high yarn twist angle of approx. 40 °. It can be seen 

that a lower twist angle of the rotor yarns V3 and V4 (~35 °) leads to slightly higher characteristic 

values. 

The trend described for the flexural strength was also found for the flexural modulus (Figure 2B 

& D). Likewise, the flax fibre-reinforced composite shows the highest values with 23.5 GPa for 

the round rods and 14.4 GPa for the rectangular rods. Composites reinforced with the hemp 

staple fibre yarns come very close, reaching values of 23.4 GPa for the staple fibre yarn V2 and 

12.9 GPa for the rectangular rods, corresponding to 99.6% and 89.4% of the properties of the 

flax composite. The bending moduli of the composites reinforced with the rotor yarns were 

significantly lower, with a trend towards slightly higher characteristic values when using the 

yarns with the lower twist angle (rotor yarns V3 and V4).  

In summary, the best reinforcement effect for the staple fibre yarn V2 with bending strengths 

of 282 and 186 MPa and bending moduli of 23.4 and 12.9 GPa was achieved for the round rods 
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with 40% fibre volume content and the rectangular rods with 30% fibre volume content, 

respectively. The hemp staple fibre yarns exceeded the goal of achieving a reinforcement effect 

of at least 80% of the flax yarns in terms of bending properties.  

 

Figure 2. Flexural strength and flexural modulus (mean value ± standard deviation) of 

pultruded round rods with a fibre volume fraction of 40% (A & B) and rectangular rods with a 

fibre volume fraction of 30% (C & D) made from yarns obtained from different stages of 

development [Results from previously published study [10]] 

3.3 Composite laminates 

Fabrics were processed by vacuum infusion with an epoxy resin and by autoclave injection and 

RTM with a bio-based epoxy (PTP-L). For the combination of the properties of hemp and glass 

fibres, hybrid materials were also produced, and a glass fibre-reinforced laminate was used as a 

reference sample. The autoclave injection process leads to significantly higher fibre volume 

fractions (39-43%) than the vacuum infusion (29-31%) and the RTM process (30-38%).  

The tensile properties of the different laminates produced are shown in Figure 3. As expected, 

the glass laminates offer the highest tensile strength and Young's modulus values. The hemp 

laminates, which were produced using the vacuum infusion and the RTM process, show 

comparable characteristics with tensile strengths around 150 MPa and Young´s moduli between 

16.1 and 16.7 GPa (Figure 3A, B, E, F). The strength and Young's modulus values of the hemp 

laminates from the autoclave injection process are slightly higher (154 MPa and 19.4 GPa), 

presumably due to the higher fibre volume content (Figure 3C & D). The hemp laminate 

produced in the autoclave injection process achieved 72% of the strength and 90% of Young's 
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modulus of the flax laminate. The vacuum infusion process yields 78% and 99% of the strength 

and Young's modulus of the flax laminate. Hybrid laminates clearly show higher characteristic 

values but significantly lower values than the GFC. 

The reinforcement effect is additionally affected by the crimp of the fabrics. It was shown in a 

previous study that the flax yarns, processed in the same way as the hemp yarns, were not 

completely aligned, and some crimp was present in the fabric [9]. Due to the lower fineness of 

the hemp yarns (300 tex) compared to the flax yarns (200 tex), it is assumed that the crimp may 

be more pronounced, and the reinforcing effect of the hemp yarns in the fabric is slightly 

reduced.  

 

Figure 3. Tensile strength and Young´s modulus (mean value ± standard deviation) of 

composite laminates produced by vacuum infusion (A & B), autoclave injection (C & D) and 

RTM (E & F) [Results from previously published study [10]] 

The results of the unnotched Charpy impact strength of composite laminates are shown in Figure 

4. The glass fibre-reinforced laminates offer the highest characteristic values. It is known that 

GFC have a higher toughness compared with bast fibre-reinforced composites, especially hemp 

fibre-reinforced plastics [6], and the fracture behaviour is different [12]. The impact strength of 
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the hemp laminates ranges between 10 kJ/m² for the laminate produced with the RTM process 

and 24 kJ/m² for the laminate manufactured with the autoclave injection process.  

Compared to the tensile properties, it is noticeable that the use of hybrid materials leads to a 

more significant improvement in impact strength than the hemp laminate. As described for the 

round and rectangular rods, the hemp fibre bundles in the laminates also lead to low impact 

strength than the flax fibre-reinforced laminates. For the laminates produced in the autoclave 

injection process and vacuum infusion process, the impact strength corresponds only to 57% 

and 52% to the values of the flax fibre laminate. 

 

Figure 4. Unnotched Charpy impact strength (mean value ± standard deviation) of composite 

laminates produced by vacuum infusion (A), autoclave injection (B) and RTM (C) [Results from 

previously published study [10]] 

4.  Summary and conclusions 

The aim was to achieve at least 80% of the reinforcing potential of comparable flax composites. 

It has been shown that the fibre bundles in the staple fibre yarns with almost unidirectional fibre 

orientation were considerably less shortened by the spinning process than the fibre bundles in 

the rotor yarns. Nevertheless, the rotor yarns contained fibre bundles with considerably higher 

lengths than the critical fibre length necessary to reinforce composites. However, in contrast to 

the staple fibre yarns, the rotor yarns exhibited a rather large twist. Therefore, the reinforcing 

effect of the staple fibre yarns was significantly higher. With the staple fibre yarns, the aim was 

achieved for the tensile and bending properties and was in some cases even considerably 

exceeded for the unidirectional pultruded composites. The impact properties represented a 

deficit. The unnotched Charpy impact strength only ranged between 50 and 60% of the flax 

composites.  

Quasi-unidirectional fabrics were manufactured from the staple fibre yarns and processed into 

composite laminates. The achieved tensile and bending properties were relatively high. It is 

expected that these can be further increased with an improved fabric structure. The present 

crimp leads to a reorientation of the fibres and thus reduces the reinforcement effect.  

The development of hybrid materials from hemp and glass is a solution to improve the low 

toughness of hemp laminates. At the same time, tensile and bending properties increased, 

whereas the damping properties of glass laminates will probably be improved.  

In the overall consideration, it could be shown that good semi-finished textile products can be 

produced with cost-efficient hemp from the disordered fibre line, which leads to good tensile 

and bending properties for use in components subject to higher loads. 
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Abstract: The interest of manufacturers in natural fibers as reinforcements in composite 

materials is growing due to global warming and environmental policies. The hydrophilic behavior 

of natural fiber-reinforced composites must be taken into account for structural applications 

using these types of materials. This study aims to assess the effect of water absorption fatigue 

on the mechanical properties of hemp-reinforced biocomposites. In order to simulate the service 

conditions to which the materials could be subjected, a series of wet/dry cycles is applied. Three 

different polymers are used as matrices in hemp-reinforced biocomposites: Epolam, Greenpoxy 

and Elium. The absorption behavior of these composites during wet/dry cycles is studied. 

Mechanical tests and X-Ray microtomography analyses are performed for different numbers of 

wet/dry cycles to better understand the damage evolution. Results show that the water 

absorption fatigue leads to interfacial damage, which degrades the mechanical properties of 

such hemp composites, whatever the resin used. 

Keywords: Wet/dry cycling; water absorption; mechanical properties; micro-CT; damage 

1. Introduction 

The study of biocomposites is more and more developed for structural applications, especially 

for the energy and transport industry. Indeed, global warming and environmental policies imply 

a growth in the use of natural fibers as reinforcements [1,2]. Hemp fibers are ones of the less 

environmentally damaging to manufacture biocomposites and compete with synthetic fibers as 

for glass/epoxy composites [3,4]. The thermoset resins usually used to manufacture glass/epoxy 

composites come from non-recyclable fossil resources. So, alternative resins have to be taken 

into account. In this study, the three matrices used are Epolam 2020, Greenpoxy 56 and Elium 

188. The first one is an epoxide resin, traditionally used in glass-reinforced composites. 

Greenpoxy 56 is also a thermosetting resin, but it is partially bio-based; 56% of its carbon atoms 

are biosourced [5,6]. Elium 188 is a liquid methylmethacrylate thermoplastic. The high interest 

in this last polymer is its recyclability and its thermoformability [7,8]. According to the 

manufacturer, this thermoplastic polymer is equivalent to an epoxide thermoset in terms of 

mechanical properties. One of the major issues in the use of plant fiber-reinforced 

biocomposites is the lifetime of these materials in outdoor applications. In fact, the hydrophilic 

behavior of natural fibers compared with the hydrophobic behavior of the polymer matrix has 

to be taken into account. The absorption of the environmental humidity by fibers implies 

damage at the interface, such as debonding between fiber and matrix [9]. This has a direct 

consequence on the mechanical properties [10,11]. Some studies also analyze the effect of the 

temperature of water immersion [12,13]. In this paper, the aim is to analyze the consequences 

of several wet/dry cycles on mechanical properties and on damage mechanisms in hemp-
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reinforced biocomposites. The aging conditions consist in immersing samples in 60°C water until 

reaching the maximum water uptake (during twelve days) and drying these specimens for two 

days at 40°C. In this paper, the results obtained for two aging states are presented: after one 

wet/dry cycle and after ten wet/dry cycles. All results are compared to the reference state called 

“Ambient storage” which consists in storing samples at room temperature and humidity. 

2. Materials and methods 

2.1 Tested materials 

The three studied materials are made of seven plain-woven plies of the same hemp fabric with 

an areal density of 290 ± 10g/m². Different matrices are used. One matrix is an epoxide 

thermoset polymer called Epolam 2020 produced by the company Axson Technologies. The 

second matrix is also an epoxide thermoset polymer. This one is provided by the 

company Sicomin and it is a partially bio-based resin, named Greenpoxy 56. The third matrix of 

the study is a thermoplastic polymer, Elium 188, developed by the company Arkema. Some 

properties of raw materials are provided in Table 1. The vacuum infusion process has been used 

for the manufacturing of the composite plates and appropriate heat treatments have been 

carried out for each biocomposite. Hemp/Epolam plates were cured for 3 hours at 40°C, 2 hours 

at 60°C, 2 hours at 80°C and 4 hours at 100°C. Hemp/Greenpoxy plates were cured for 24 hours 

at 40°C, 16 hours at 60°C, 8h hours at 80°C and 30 minutes at 95°C. Hemp/Elium plates were 

heated for 4 hours at 80°C. Rectangular samples were cut from each plate to get 140mm long, 

20mm wide and 4mm thick samples with two different reinforcement orientations (±45° and 

0°/90°). The fiber volume fractions Vf have been measured for each sample and they are equal 

to 40.3 ± 2.4% for Hemp/Epolam, 41.8 ± 1.7% for Hemp/Greenpoxy and 39.7 ± 1.6% for 

Hemp/Elium. 

Table 1. Properties of used materials 

 Density 

(g.cm-3) 

Young’s modulus 

(GPa) 

Strength 

(MPa) 

References 

Hemp yarn 1.48 23 601 [14,15] 

Epolam 2020 1.16 3.1 69 
[9,15] 

Greenpoxy 56 1.18 2.8 67 

Elium 188 1.19 3.3 76 Manufacturer’s data sheet 
 

2.2 Aging conditions and water uptake modeling 

Three different conditionings are considered for this study to analyze the influence of wet/dry 

cycling on mechanical behavior and damage mechanisms of previously described hemp-

reinforced composites: 

• “Ambient storage” (AS): samples were stored at room conditions, 

• “1 wet/dry cycle” (1 wd): samples were immersed in water at 60 ± 1.5°C for 12 days and 

dried during 2 days at 40 ± 1.5°C, 

• “10 wet/dry cycles” (10 wd): samples were subjected to ten identical wet/dry cycles. 

The immersion temperature has been chosen in order to accelerate absorption and to reach 

water saturation faster than at room temperature. The water uptake of the samples has been 
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measured with a precision balance during the immersion phases. Weight gain, noted 𝑀𝑡, follows 

the Eq. (1): 𝑀𝑡 = 100 ∗ 𝑚(𝑡)−𝑚0𝑖𝑚0𝑖                   (1) 

where 𝑚0𝑖  is the initial weight of the sample for the wet/dry cycle number 𝑖 and 𝑚(𝑡) is the 

sample weight at time 𝑡. An approximation of the one-dimensional Fick’s model has been used 
[16] (Eq. (2)) and the diffusion coefficient for each wet/dry cycle is expressed by Eq. (3): 

𝑀𝑡𝑀∞ = 1 − exp (−7.3 (𝐷𝑡ℎ2)3/4)                 (2) 

𝐷 = 𝜋 ( ℎ𝑘4𝑀∞)2
                   (3) 

where 𝑀∞ is the maximum of weight gain, 𝐷 is the Fick diffusion coefficient (mm²/s), ℎ is the 

thickness of the sample (mm) and 𝑘 is the initial slope of the 𝑀𝑡-√𝑡 curve. 

2.3 Mechanical tests 

All the mechanical tests have been carried out in ambient conditions by using an Instron 5982 

tensile machine with a crosshead speed of 0.5mm/min. A 12.5mm gauge length extensometer 

has been used to measure the axial strain. In order to take into account the variation of the 

composites geometry due to the aging conditions, the sample section was measured just before 

each mechanical test. 

2.4 Micro-CT 

An UltraTom CT scanner manufactured by the company RX Solutions has been used to perform 

image acquisitions. In this study, the voxel size was 15µm and a voltage of 50kV was used. To 

obtain this resolution, four hours of image acquisition are required for each sample. An 

algorithm based on the filtered back-projection procedure for Feldcamp cone-beam geometry 

has been applied for the reconstruction. 

3. Results and discussion 

 

3.1 Water uptake and Fick’s law 

The water absorption curves measured during ten wet/dry cycles are shown in Figure 1 for the 

three different materials. It has been observed that the reinforcement orientation (±45° or 

0°/90°) does not influence these curves. Therefore, only one example for each material is plotted 

in Figure 1. Weight variations are normalized by the fiber volume fraction to consider differences 

in fiber content between the samples and the X-axis is the square root of time (in seconds) 

normalized by the thickness (in millimeters) of the specimens. To plot Figure 1, weight gain 𝑀𝑡 

is calculated from Eq. (1) using 𝑚01, the initial weight before the first wet/dry cycle. Figure 1 

shows that the wet/dry cycle parameters chosen allow to reach the water saturation in less than 

twelve days and samples are almost dry after two days in an oven at 40°C. It also appears that 

the duration to reach the maximum water absorption stiffly decreases. Indeed, time to reach 

95% of the saturation in water decreases by almost 30% for Hemp/Epolam and 

Hemp/Greenpoxy specimens and it decreases by 60% for Hemp/Elium samples. Despite this, 

whatever the number of wet/dry cycles, the diffusion properties of the composites studied 

follow a Fickian behavior.  
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Figure 1. Weight variations normalized by fiber volume fraction during ten wet/dry cycles for 

the three biocomposites studied. 

The values of the maximum weight gain normalized by fiber volume fraction (𝑀∞/𝑉𝑓) and of the 

Fick’s diffusion coefficient have been determined. The comparison of the values obtained after 

one wet/dry or ten wet/dry cycles shows that there is an increase in 𝑀𝑡/𝑉𝑓 of about 25% for 

Hemp/Epolam samples ((𝑀∞/𝑉𝑓 )1  = 0.218 ; (𝑀∞/𝑉𝑓 )10 = 0.262) and for Hemp/Elium ones 

((𝑀∞/𝑉𝑓 )1  = 0.219 ; (𝑀∞/𝑉𝑓 )10 = 0.283). For Hemp/Greenpoxy specimens, results are 

different: there is no significant variation in the maximum weight gain ((𝑀∞/𝑉𝑓 )1  =0.202 ; (𝑀∞/𝑉𝑓 )10 = 0.204)). It also appears that the diffusion coefficient drastically 

increases between the first and the tenth immersion for all biocomposites. For Hemp/Epolam 

specimens, the diffusion coefficient is multiplied by eight, it is multiplied by eleven for 

Hemp/Elium samples and ‘only’ by five for Hemp/Greenpoxy ones. Therefore, the water 

absorption behavior of the Hemp/Greenpoxy samples seems to be less sensitive to the wet/dry 

cycles than the one of the two other materials. 

3.2 Tensile behavior 

Tensile tests have been proceeded to characterize the mechanical properties of [±45°]7 and 

[0°/90°]7 biocomposites for the three different conditionings: “Ambient storage” (AS), “1 
wet/dry cycle” (1wd) and “10 wet/dry cycles” (10wd). The obtained stress-strain curves for 

0°/90° orientation are shown in Figure 2. Young’s moduli of each biocomposite for all the 

conditionings and orientations are summarized in the bar chart in Figure 3. The values of 

strength and axial strain at failure are given in Table 2 for [0°/90°]7 biocomposites and in Table 

3 for [±45°]7 ones. 

First, mechanical properties of the three biocomposites at ambient storage are discussed. For 

[0°/90°]7 samples, all strains at failure are similar and equal to about 3%. Hemp/Epolam and 

Hemp/Greenpoxy samples have almost the same Young’s modulus and maximum stress. 

Young’s modulus of Hemp/Elium is slightly lower for ambient storage than the thermoset 
biocomposites of the study. The strength of Hemp/Elium [0°/90°]7 is 35% lower than for 

Hemp/Epolam or Hemp/Greenpoxy samples. For [±45°]7 specimens, mechanical properties are 

very close for the three materials. 
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Figure 2. Tensile stress-strain curves of [0°/90°]7 composites after ambient storage a), one 

wet/dry cycle b) and ten wet/dry cycles c): orange for Hemp/Epolam, green for 

Hemp/Greenpoxy and blue for Hemp/Elium. 

 
Figure 3. Young's modulus values measured after the three conditionings for the different 

hemp composites with the two orientations (±45° and 0°/90°). 

Then, the influence of one and ten wet/dry cycles on both reinforcement orientations and on 

the three biocomposites is analyzed. Mechanical properties are differently affected depending 

on the material. Concerning Young’s moduli of [0°/90°]7 composites, Hemp/Epolam loses 45% 

of its initial value after one cycle and 55% after ten wet/dry cycles. Young’s modulus of 
Hemp/Greenpoxy samples decreases by 13% after one wet/dry and 30% after ten cycles. A high 

reduction in modulus is observed for Hemp/Elium specimens: -58% and -64% after one and ten 

wet/dry cycles respectively.  The [±45°]7 composites are also affected. There is a drop in Young’s 
moduli of around 45% for Hemp/Epolam, 25% for Hemp/Greenpoxy and 55% for Hemp/Elium 

(average decrease between one and ten wet/dry cycles). 

Regarding the maximum stresses, whatever the reinforcement orientation, Hemp/Epolam and 

Hemp/Greenpoxy biocomposites lose about 25% after one wet/dry cycle and 30% after ten 

cycles. The strength of [0°/90°]7 Hemp/Elium is not affected by one wet/dry aging but after ten 

wet/dry cycles the decrease is about 20%. The drops in strength for [±45°] Hemp/Elium after 

one and ten wet/dry cycles are quite similar to those of the other biocomposites: -22% and -

30% respectively. 
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Finally, the strains at failure increase rapidly during the water absorption fatigue. Indeed, 

whatever the reinforcement orientation, after one and ten wet/dry cycles, the ultimate strain is 

multiplied by 2 for Hemp/Epolam samples, by 1.6 for Hemp/Greenpoxy specimens and by 2.5 

for Hemp/Elium ones. 

Table 2: Tensile strength and strain at failure values of the three biocomposites for 0°/90° 

orientation for ambient storage, one wet/dry cycle and ten wet/dry cycles. 

 Strength (MPa) Strain at failure (%) 

 
Hemp 

Epolam 

Hemp 

Greenpoxy 

Hemp 

Elium 

Hemp 

Epolam 

Hemp 

Greenpoxy 

Hemp 

Elium 

Ambient storage 93 ± 2 98 ± 5 62 ± 1 3.0 ± 0.3 3.5 ± 0.3 2.7 ± 1.0 

1 wet/dry cycle 68 ± 3 76 ± 4 63 ± 3 6.0 ± 0.3 4.7 ± 0.2 7.4 ± 0.4 

10 wet/dry cycles 60 ± 1 71 ± 1 48 ± 1 6.2 ± 0.3 5.2 ± 0.1 6.6 ± 0.1 

 

Table 3: Tensile strength and strain at failure values of the three biocomposites for ±45° 

orientation for ambient storage, one wet/dry cycle and ten wet/dry cycles. 

 Strength (MPa) Strain at failure (%) 

 
Hemp 

Epolam 

Hemp 

Greenpoxy 

Hemp 

Elium 

Hemp 

Epolam 

Hemp 

Greenpoxy 

Hemp 

Elium 

Ambient storage 59 ± 2 56 ± 3 54 ± 1 3.9 ± 0.1 4.0 ± 1.1 5.3 ± 0.6 

1 wet/dry cycle 44 ± 2 46 ± 2 42 ± 2 6.8 ± 0.3 6.7 ± 0.4 12.6 ± 0.6 

10 wet/dry cycles 40 ± 1 41 ± 1 38 ± 1 9.1 ± 0.9 7.8 ± 1.0 13.2 ± 0.3 

 

3.3 Damage observations 

X-ray microtomography analyzes have been carried out to better understand the damage 

evolution during the water absorption fatigue. Figure 4 presents examples of pictures obtained 

for the three [0°/90°]7 biocomposites of the study for ambient storage and ten wet/dry cycles 

after tensile tests. The images shown are from the core of each sample. The horizontal x-axis 

represents the direction of the tensile loading and the z-axis corresponds to the sample 

thickness. 

  
Figure 4. Micro-CT images of the three different biocomposites (orientation 0°/90°) after tensile 

testing for two conditionings: ambient storage and ten wet/dry cycles. 
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Micro-CT observations show that some specimens contain pores due to the manufacturing 

process. For example, it is the case for the Hemp/Epolam and Hemp/Greenpoxy samples with 

AS condition presented in Figure 4. However, there is no specific damage due to the presence 

of these pores. Figure 4 shows that, for all biocomposites, the damage is localized in the failure 

zone for AS conditioning. On the opposite, after 10 wet/dry cycles, the damage is present all 

along the observed zone of the samples. Debonding at fiber/matrix interfaces and matrix cracks 

are observed. Damage is far more developed than for ambient storage condition, demonstrating 

the role of wet/dry cycles on damage mechanisms. The water absorption fatigue leads to the 

degradation of the fiber/matrix interfaces, facilitating the development of damage during the 

tensile tests. This explains the decrease in the mechanical properties of the materials. 

4. Conclusion 

In this study, the influence of wet/dry cycles on three different biocomposites - Hemp/Epolam, 

Hemp/Greenpoxy and Hemp/Elium - with two orientations (0/90 and ±45) was analyzed. The 

applied wet/dry cycle consisted in two phases: immersion of the samples in water at a 

temperature of 60°C during twelve days and drying of the samples in an oven at 40°C for two 

days. A Fickian behavior was observed whatever the biocomposite and the number of wet/dry 

cycles. The duration to reach 95% of the saturation in water decreases between one and ten 

wet/dry cycles for all the biocomposites. The maximum water uptake of Hemp/Epolam and 

Hemp/Elium for the tenth wet/dry cycle is higher than for the first wet/dry cycle, whereas it 

remains similar for Hemp/Greenpoxy. At the same time, the diffusion coefficients are all 

increased with the number of cycles. Tensile tests with an axial extensometer were also carried 

out. Results showed important differences in the behavior of the biocomposites after one and 

ten wet/dry cycles or after ambient storage. Mechanical properties drop with one wet/dry cycle. 

After ten wet/dry cycles, the mechanical properties continue to decrease, but the reduction is 

less significant. The damage mechanisms were analyzed after tensile testing by 

microtomography. For “ambient storage” specimens, no clear damage is visible in the materials 

outside the failure zone. On the contrary, after ten wet/dry cycles, numerous debondings at 

fiber/matrix interface and cracks are observed, whatever the biocomposite. This explains the 

evolution of the mechanical properties of these materials. 
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Abstract: Safe and effective materials for food packaging application are in high demand due 

to misuse and overuse of non-degradable plastics with a negative impact on nature. In food 

industry, especially in food processing, another alarming problem exists, which is the 

uncontrolled growth of resistant pathogens and biofilms. In this work, we report potentially 

compostable and/or biodegradable chitosan-based polymer film, which has inorganic 

antimicrobial nanophases tightly and homogeneously spread within the matrix. The 

homogeneity and some physico-chemical properties were studied and preliminary antipathogen 

tests were carried out. The antibiofilm effect was detected, when material was used in a form of 

a thin coating on stainless steel samples.  

Keywords: antibiofilm; nanocomposite; silver nanoparticles; polymer.  

1. Introduction 

In the recent years scientists pay close attention to the uncontrolled usage of plastic packaging 

materials, which lead to leakage of tons of the waste into the environment. Better, optimized 

design of the “green” packaging materials could result in neutral impact on the nature, instead 

of the harmful one. When searching for a better and greener alternatives, it is necessary to take 

into account not only biodegradability or compostability of the final materials, but also the 

potential impact of the production and utilization of the starting material-related processes. 

Chitosan (CS) is an abundant and cheap biopolymer and is known for its attractive properties, 

like biodegradability, intrinsic antimicrobial activity and non-toxicity. In particular, CS films might 

find application as an advantageous alternative to petroleum-based packaging materials: 

potentially, these eco-friendly biopolymer materials are able to prevent food spoilage caused by 

foodborne pathogens and inhibit the formation of biofilms. Many works have been reported on 

the potential industrial application of CS-based films. The biggest advantage, which was 

specifically highlighted in all the works, is their ability to not cause harmful impact on nature and 

environment. 

Another emerging problem humanity is facing nowadays is antimicrobial resistance (AMR). The 

uncontrolled growth of biofilms and rise of AMR cause significant damage in many industrial and 

public sectors, especially in food industry and healthcare sector. The need of novel efficient 

antimicrobial composites calls for fast response from a research community, but at the same 

time they should be designed in a way to protect and harm the environment. CS can be 
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potentially combined with other antimicrobial components (e.g. antibiotics), organic (small 

antimicrobial molecules) and inorganic species (metal ions), which can both increase polymer’s 
mechanical performance and enhance antimicrobial properties [1–3]. The list of potential safe 

and effective candidates is big, but there are several requirements that the additive(s) must 

meet. First, upon combination with CS, it should improve the mechanical robustness of the CS-

based composite in humid environment, for example by crosslinking mechanism; second, it 

should bring the enhanced and synergistic effect to the overall antimicrobial performance, by 

generation of ions or reactive oxygen species (ROS); and the last, but not the least, maximum 

safety and minimum toxicity, when combined together, of the components are required. One of 

the candidates is tannic acid (TA), natural abundant polyphenolic compound with pronounced 

antioxidant properties. It has been proved to be an efficient crosslinking agent, when combined 

with CS and other polymers, with intrinsic antimicrobial action. Several works reported 

antibacterial efficiency of CS and TA in combination [4]. 

To provide even more pronounced antimicrobial effect and additional action against resistant 

pathogens, inorganic nanophases, in particular metal nanoparticles, could be incorporated or in 

situ synthesized and immobilized in the polymer matrix [5]. This way, the inorganic component 

can promote the generation of reactive oxygen species (ROS) and ion release directly from the 

polymer matrix, making the composite work in several directions against pathogens. In order to 

provide controlled and continuous release of active components from the matrix, it is necessary 

to ensure good colloidal stability of the nanophases. Silver, in a form of nanoparticles, was 

successfully combined with CS alone and with TA-crosslinked CS, showing enhanced 

antimicrobial effect against pathogens like E. Coli. 

In this work, we report modified method of in situ synthesis of spherical AgNPs, stabilized by 

highly crosslinked polymer network, consisting of CS, TA and one of the classical crosslinking 

agent, glutaraldehyde (GA). Preliminary results have demonstrated the killing of the bacteria, 

Salmonella Enterica, when this material is used in a form of a coating on stainless steel. This way, 

it might work as promising solution to reduce negative effect of the biofilm formation on various 

surfaces in industrial environments, like meat processing units.  

 

2. Materials and Methods 

2.1 Synthesis of polymer supported AgNPs 

In order to synthesize nanocomposite with AgNPs incorporated in polymer matrix, CS solution 

was prepared by dissolving medium molecular weight CS in acetic acid solution (2% v/v) until 

the final solution was transparent, with a final concentration of 1.5% w/v. Silver nitrate (0.1 M 

aqueous solution), glutaraldehyde (2.5% v/v aqueous solution) and tannic acid, were 

introduced. In the typical synthesis, for every 10 ml of CS solution amounts of other components 

were the following: 2 ml of 0.1 M AgNO3, 0.3 ml of GA, 0.016 g of TA. The reaction mixture was 

left for 4 h, at a constant stirring and heating (65-75°C). Then, 2 ml of absolute EtOH was 

introduced to a system for a soft enhancement of solidification and polymerisation. Resulting 

colloidal solution CS/GA/TA/AgNPs was subjected to further analysis and application. The 

presence and rough estimation of AgNPs morphology and size were investigated by UV-vis 

spectroscopy (Shimadzu UV-1601) and transmission electron microscopy (TEM, Techai F 12 TEM, 

Tokyo, Japan), crosslinking event and immobilization of inorganic nanophases on polymer matrix 
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were studied with Fourier-Transform Infrared Spectroscopy (FTIR, Perkin Elmer Spectrum Two) 

and homogeneity of AgNPs within polymer matrix was assessed by means of scanning electron 

microscopy (SEM, JEOL JSM- 5600).  

All the reagents were of analytical grade. Milli-Q water was used throughout the synthesis and 

for sample preparation for analysis.  

2.2 Preliminary antibiofilm tests and Confocal Laser Scanning Microscopy (CLSM) 

In order to get the preliminary data on antipathogen properties of the synthesized polymer 

composites, the colloidal solution was deposited on Stainless Steel (SS) industrial samples (5x10 

cm2) by immersion method, dried in the oven for 3 h at 55°C and subjected to biofilm growth 

protocols developed by ASINCAR, Noreña, Spain, using Salmonella Enterica as a biofilm-forming 

bacteria. As a control, uncoated SS sample was incubated in bacterial suspension, coated SS 

sample was incubated for the same time and conditions. At the end of the incubation, SS 

samples were washed carefully in 100 ml of phosphate buffer saline (PBS), and directly subjected 

to the observation by CLSM (Confocal Microscope Leica TCS-SP8X). To do so, 3-6 μL of SYTO® 9 

fluorescent dye was deposited on the area of interest, liquid-air interface, to stain all microbial 

cells attached to the surface of SS sample.  

3. Results and discussion 

3.1 Characterization of the nanocomposite in the colloidal liquid and solid state 

Freshly synthesized nanocolloids were subject to basic analysis in order to detect: presence of 

AgNPs, crosslinking events due to the addition of GA and TA, homogeneity of distribution of the 

inorganic nanophases within the polymer and their morphology. 

 

Figure 1. UV-vis spectra (black) of freshly synthesized nanocomposite (CS/GA/TA/AgNPs), with 

a typical SPR band of AgNPs at 422 nm; (grey) of silver nitrate solution as a control.  

In order to prove the presence of AgNPs and get a rough size estimation, UV-vis spectra of the 

diluted aqueous colloidal solutions were recorded (Figure 1). Peak associated with SPR of AgNPs 

is located at 422 nm, which is in agreement with the references [5]. Depending on the stabilizer, 

at this wavelength AgNPs could be of the size from ~15 to 35 nm .  
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Figure 2. On the left: TEM micrograph of the colloidal AgNPs, stabilized by polymer matrix. On 

the right: SEM micrograph of the deposited on Si wafer colloidal solution of CS/GA/TA/AgNPs, 

bright spots are corresponding to a presence of AgNPs. 

In order to directly observe morphology and measure the size of the inorganic nanocolloids, TEM 

analysis was carried out. On the Figure 2, left, TEM micrograph is shown. Individual nanophases 

appear spherical, evenly distributed and have the size of ~20 nm, which is in agreement with 

UV-vis data. On the right side of Figure 2, we can see the appearance of bright spots within 

polymer on SEM image. These correspond to evenly distributed metal NPs, which are 

immobilized in polymer.  

 

Figure 3. FTIR spectra of CS (control), CS/GA/TA, CS/GA/TA/AgNPs composite materials.  

To potentially improve mechanical stability and bring additional antimicrobial effect, GA and TA 

were introduced to CS. It was expected to detect crosslinking by FTIR and spectral changes. 

Indeed, when pure CS and CS/GA/TA is compared, we can observe changes in the band 

intensities in the N-H bending region (1100-1600 cm-1) and in the wavenumber range from 900 

to 1100 cm-1, which is attributed to the O- and N-rich functionalities. Upon addition of AgNPs to 

the system, appearance of the peak at 826 cm-1 is proving direct immobilization of the 

nanophases within the polymer matrix [6]. 
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3.2 Antibiofilm tests  

Since this material was designed for a potential application in food industry sector, it was 

important to run preliminary antimicrobial activity tests. Salmonella Enterica, one of the most 

widespread foodborne pathogens, can form biofilms on various surfaces.  

 

Figure 4. CLSM analysis of (upper) Salmonella Enterica biofilm of uncoated Stainless Steel 

sample and (bottom) CS/GA/TA/AgNPs coated SS sample. Both of the samples were observed 

and images recorded directly after incubation. Alive bacteria appear in green and dead 

bacteria appear in red. 

Surface of a SS sample was exposed to the bacterial suspension for 5 days, uncoated and coated 

with nanocomposite. After incubation, it was necessary to observe the bacterial behavior and 

see if the inhibition/bacterial killing took place. With CLSM and fluorescent labeling 2 types of 

bacteria were observed: alive, which appear in green, and dead, which have a red color on 

microscopy images. The uncoated control SS sample has predominantly alive bacteria, tightly 

arranged in a biofilm. On contrary, in case of the coating, the death of bacteria was observed. 

This is an indication of the antibacterial action of the composite material, when used in a form 

of thin coating.  

3.3 Conclusions and perspectives 

We successfully optimized in situ synthesis of Chitosan-stabilized AgNPs. They appear spherical 

in shape, homogeneously distributed and not aggregated. Tannic acid was used to obtain 

synergistic active coatings. Preliminary antibiofilm tests revealed activity against biofilm-forming 

Salmonella Enterica, when the material is deposited on a solid substrate in a form of a thin 

coating. The following steps include stability tests, study of the influence of different parameters 

on the antibiofilm and antimicrobial performance and further optimization steps.  
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Abstract: The increased environmental awareness worldwide towards achieving the reduction of our 

carbon emissions to net zero and product sustainability, has spurred great efforts in using more 

environmentally friendly materials in product design. One direction that has been intensively investigated 

during the last 10 years is the application of Natural Fiber Composites (NFCs) as an alternative for replacing 

synthetic composites. To this direction, the use of natural fibers to reduce the dependence on synthetic 

fibers as reinforcement materials for polymer composites is a significant step towards greening of 

composite industry. Three different polymer composites containing flax fibers were manufactured by 

infusion and cured using different out of autoclave curing processes, that conclude to products having 

similar fiber volume fraction and mechanical performance. These NFCs were evaluated from an 

environmental perspective by means of Life Cycle Assessment (LCA) applying the cradle-to-gate approach 

and compared against their typical glass fiber epoxy counterpart. It is evident that the use of flax fibers 

reinforcement together with bio-resin matrix material and microwave curing concludes to minimum 

environmental impact. 

Keywords: flax fibers, composites, micro-wave curing, bio-resin, LCA 

1. Introduction 

The growing demand for new eco-friendly composites is driving the natural fiber reinforced composites 

(NFCs) market. They can be used in diverse applications such as automotive, building materials, aircraft 

interiors and household appliances. The natural fiber reinforced composites market is estimated to reach 

3,740 metric tons in 2022 and is expected to register a Compound Annual Growth Rate (CAGR) of more 

than 9% during the period 2022-2027[1]. Among the various natural fibers that have been used as 

reinforcement, flax represented 50% of the market share for composites in 2012 [2] and comes fourth in 

production out of the different commercially major fiber sources available [3]. The increasing trend on 

the application of NFCs is contributed to its lightweight, environmental, and cost superiority, and can 

easily replace glass fiber composites due to the similar mechanical properties that some of the natural 

fibers have compared against glass [4]. 

Natural fiber reinforcements have many advantages over their inorganic competitor (E-glass). They have 

low density, high specific properties, are biodegradable, are derived from renewable resources, have a 

small carbon footprint, and provide good thermal and acoustical insulation. Those relative advantages 

explains why the automotive industry is at the forefront of NFC adoption [4].  

The market share of natural fibers composites has significantly increased. In 2012 they encompassed close 

the 2% of the total fiber reinforced composite (FRP) market, while in 2024 it is expected to represent the 

28% of the FRP market. Currently, NFCs have been well accepted by the automotive industry and they are 

used to produce secondary-tertiary structures such as interior components, door panels, head liners etc. 

Natural Fibre Polymer Composites have proven to have a higher environmental performance in the 

automotive sector and are emerging as an option for weight reduction in aircrafts interior, as an additional 

effort to contribute to ACARE goal for recyclable aircraft, in the direction to reduce and finally avoid the 
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consumption of non- renewable materials. Thus, many meaningful solutions have to be developed and 

combined in an intelligent way to achieve these ambitious goals that cannot be fulfilled with a simple, 

single solution. In recent decades, the use of plant fibers is not only a material substitution. They are 

specifically chosen because: they are from a renewable source, they are both durable and biodegradable, 

the specific mechanical performance of certain fibers is very good, they require considerably less energy 

than glass fibers to produce, and their End of Life (EoL) management is easier [5]. On the other hand, 

petroleum- based polymeric resins used as matrix materials in fiber reinforced polymers (FRPs) (epoxies, 

polyester, vinylester, PU resins etc) are primarily composed of chemicals which are fundamentally 

unsustainable. By replacing the matrix of the FRP with a bio-sourced resin, the environmental impact 

associated with production of the FRPs could be further reduced. 

Finally, with increasing deployment of the fiber-reinforced composites, curing processes have been 

developed to improve the composite quality and production time cycle. Autoclave processing cures 

composite prepreg by heating and pressurizing the air inside the autoclave chamber. However, autoclave 

processing requires a long time, because of the time required to heat the air that then heats the composite 

prepreg by convection [6,7]. An alternative technique, prepreg compression forming (PCF), directly heats 

a metallic mold to reduce production costs [8,9]. Nonetheless, this technique can still require a long 

processing time depending on the thermal conductivity of the mold. In recent development, pressure 

assisted resin transfer molding (RTM) has effectively reduced the processing time by injecting the resin at 

relatively high pressure and temperature [10,11], but this process still incurs substantial energy costs in 

addition to the initial setup costs for the resin injection system [12]. A microwave-based curing process 

(MCP) is one solution for reducing the energy consumption by shortening the process cycle and the 

necessary energy consumption. This advantage has stimulated interest in the MCP as a replacement for 

conventional autoclave and out of autoclave curing processes [13]. 

2. Goal and scope of the study 

The aim of this study is to assess and quantify the environmental impact and the resulted environmental 

differences between four different composite plates manufactured for serving needs of aircraft interiors.  

The reference composite material is a glass fiber reinforced epoxy, manufactured by using infusion 

technique with epoxy matrix, cured by using a conventional oven and finally post cured for concluding its 

final properties (Scenario 1). The first alternative is to replace the glass fibers by flax fiber, keeping the 

same type of matrix material, manufacturing, curing and post-curing processes (Scenario 2). The second 

alternative is the use of flax fibers as reinforcing material for the epoxy matrix and then after applying 

infusion process for the manufacturing of the plate, to use microwave oven for the curing and the same 

conventional oven for the final step of post curing (Scenario 3). The final alternative is the use of flax fibers 

as reinforcing material, to replace the epoxy resin with a bio-resin matrix material and then after applying 

infusion process for the manufacturing of the plate, to use microwave oven for the curing and the same 

conventional oven for the final step of post curing (Scenario 4). In all four cases the mechanical properties 

of the final composite plate are the same both for the modulus of elasticity and the tensile strength. 

The functional unit used for this LCA analysis in all the scenarios is defined as the manufacturing of a 

250x200x2 mm3 composite laminate. In conclusion, the following combination of materials and 

manufacturing scenarios are considered: 

• Scenario 1: Glass fiber reinforcement with epoxy matrix and curing in conventional oven  

• Scenario 2: Flax fiber reinforcement with epoxy matrix and curing in conventional oven  

• Scenario 3: Flax fiber reinforcement with epoxy matrix and microwave curing 

• Scenario 4: Flax fiber reinforcement with bio-resin matrix and microwave curing. 

3. Methodology 
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3.1 Materials and manufacturing method 

In all cases, a 150 g/m2
 flax fiber plain weave, supplied by Lineo (France) was used as textile 

reinforcement or the manufacturing of the flax fiber composites. The produced panels consist of eight 

fabric layers and were manufactured using Infusion process. The fiber volume fraction in all the cases 

were close to 40%. The epoxy resin used is the LY1564 with Aradur2954 hardener, while the bio-resin 

is a partly bio-based system that contains 40% soya-bean oil [14]. In details, after cutting of the woven 

fabrics to the predefined dimensions the 8 cut woven fabrics are laid up as a dry stack of materials in a 

symmetric way into the appropriate open mold. The fiber stack is then covered with peel ply and a knitted 

flow distribution mesh. The whole dry stack is then vacuum bagged, and once bag leaks have been 

eliminated, epoxy or bio-resin is allowed to flow into the laminate under vacuum conditions. Rather than 

starting with excess and drawing epoxy or bio-resin out, Vacuum Infusion Process starts and pushes resin 

in. Ideally, any excess epoxy or bio-resin that is introduced will eventually be sucked out into the vacuum 

line. As a result, only the minimum amount of resin is introduced to the mold. After filling the mold with 

the necessary quantity of epoxy or bio- resin the system is placed into the oven for curing, followed by a 

post curing stage.  

In the case of flax fiber reinforcement, the flax fabrics must be firstly thermally treated and conditioned 

in a conventional oven for drying before use. Furthermore, for the needs of the present study in the case 

of flax fiber/epoxy or bio-resin laminates the curing process is executed either into a conventional oven 

or in a microwave oven, after optimizing the curing conditions to conclude to a high-quality flax composite 

laminate. In all four cases the mechanical properties of the final composite plate are the same both for 

the modulus of elasticity and the tensile strength. 

3.2 Life cycle assessment 

Engineers, designers, manufacturers and researchers are increasingly turning to Life Cycle Assessment 

(LCA) as an environmental impact analysis method to clearly communicate the advantages of bio- 

composites material. As a tool, LCA is very broad and can be applied to various industries, areas, and types 

of products. Thus, a guideline cannot specify how to carry out each individual step because the exact 

procedure can vary drastically between products.  ISO has established guidelines for LCA to harmonize 

the basic procedure of studies. ISO 14040 outlines the principles and framework of LCA, and ISO 14044 

outlines the requirements and guidelines of LCA [15, 16]. Based on the standards, the steps are (1) identify 

the goal and scope of the analysis, (2) compile a life cycle inventory (LCI), (3) complete a life cycle impact 

assessment (LCIA), and (4) interpret the results. In the present study OpenCLA is used to perform the 

Environmental Assessment [17] and Ecoinvent database is used for the processes in the Inventory stage 

[18]. 

3.3 System boundaries. 

As the steps after laminate production (use and end of life) are identical and only small weight variations 

between scenarios are assumed, for the scope of the study, a ‘cradle to gate’ LCA is carried out. The 
geographical boundary for this study was set to be within Europe and the European average power mix is 

applied for all operations. All raw materials production for flax and glass fiber as well as for epoxy resin 

are considered with their transportation and their intermediate production steps. The manufacture of 

consumable materials required for each manufacturing processes is also considered as well as their 

disposal after use, assumed to be through incineration with energy recovery. 

 

3.3.1 Building of LCI model. 
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As the most time-consuming and extensive phase, LCI requires identifying and quantifying the resource 

flows for the system [19]. The purpose of LCI is to create an inventory of all inputs and outputs of 

materials, wastes, and natural resources for all processes, in relation to the functional unit. The system 

diagram of the manufacturing process for all scenarios are given in Figures 1 (Scenario 1), 2 (Scenarios 2 

and 3) and 3 (Scenario 4). 

 

Figure 1. System diagram for Glass Fiber Epoxy Composite Production 

 

Figure 2. System diagram for Flax Fiber Epoxy Composite Production 
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Figure 3. System diagram for Flax with bio-resin matrix composite production 

3.3.2 Inventory data and sources 

The summary of materials quantities and energy use for each production scenario is shown in Table 1, 

where «waste» refers to off-cuts from consumables. In the cases of flax fiber production, glass fiber 

production and consumable materials, which direct inventory data of flows were not available, the flows  

were obtained for Ecoinvent Centre. Table 2 lists the consumable and fiber type with the associated 

materials and processes chosen.  

Table 1. Summary of materials quantities and energy use for each production 

Flow 
Scenario 1 Scenario 2 Scenario 3 Scenario4 

Unit 
Amount Amount Amount Amount 

electricity, low voltage 4,15 4,1 2,9 2.9 kWh 

epoxy resin, liquid/bioresin 0,27 0,27 0,27 0,27 kg 

fibre, flax  0,05 0,05 0,05 kg 

fible, glass 0,1    kg 

flow media 0,003 0,003 0,003 0,003 kg 

peel_ply 0,003 0,003 0,003 0,003 kg 

sealant_tape 0,504 0,504 0,504 0,504 kg 

tube insulation, elastomere 0,00374 0,00374 0,00374 0,00374 kg 

vacuum 0,005 0,005 0,005 0,005 kg 

waste 0,63374 0,63374 0,63374 0,63374 kg 
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Table 2. Materials and process selected from Ecoinvent to represent Inventory data 

Product Materials 

flax fiber fiber production, flax, retting | fiber, flax | Cutoff, ROW 

glass fiber glass fiber production | glass fiber | Cutoff, RER U 

Epoxy resin LY1564/Aradur2954 | Cutoff, RER U 

Bio resin 
Epoxy resin | Cutoff, RER U 

Soybean oil | Cutoff, REE U 

Peel ply 
nylon66, at plant/RER U 

weaving, cotton/GLO U 

Flow media 
polypropylene, granulate, at plant/RER U 

Melt spinning, cotton/GLO U 

Tube 
Silicone product, at plant/RER U 

Extrusion, plastic pipes/RER U 

Sealant tape 
tetrafluoroethylene, at plant/RER U 

Melt spinning, cotton/GLO U 

vacuum bag 
synthetic rubber, at plant/RER U 

Melt spinning, cotton/GLO U 

electricity market low voltage electricity /GR 

 

3.4 Results of LCIA and Discussion 

A comparative life cycle impact assessment (LCIA) was carried out. In general, ISO defines three broad 

impact categories to be included: damage to human health, ecosystem health, and resources. If the LCA 

uses these general categories, the study can be classified as an “end-point damage” model. However, a 
“mid-point damage” model can instead be used, when impact categories are made more specific. Thus, 

for the aim of this study we use ILCD Midpoint and Recipe 2011 Endpoint to compare the results and to 

have a variety of impact categories that can help policy decision makers. The results of the two assessment 

methods for all production scenarios are presented and compared in the bar chart of Figure 4 and Figure 

5 respectively. For each indicator the maximum result is scaled to 100% and the results of the variants are 

displayed in relation to this result. In ILCD midpoint assessment, Flax fiber reinforcement with bioresin 

matrix and microwave over curing has a lower value for all the environmental impact indicators, except 

land use, which is expected since the soya been oil comes from natural resources. In case this substance 

comes from recycled products this index diminishes. However, in the Recipe Endpoint and especially in 

indicator “Land use”, scenario 4 is the friendliest solution. 

In conclusion, results showed that materials, in particular flax fiber reinforcement fabrics shows to have 

a beneficial effect to the environmental impact of the final composite in compare with glass fiber. In the 

case of using flax fiber reinforcement in combination with Microwave oven curing and bioresin matrix, 

the final composite product has a considerably lower environmental impact. In offing, the proposed 

framework can be extended by modelling “cradle-to-grave” assessment because in green composites, the 
end-of-life disposal can vary significantly from those of synthetic composites. 

 

732/1602 ©2022 Kostopoulos et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, ECCM20. 

26-30 June, 2022, Lausanne, Switzerland 

 

 

Figure 4. Indicators and results of ILCD midpoint LCIA 

 

Figure 5. Indicators and results of Recipe Endpoint LCIA 
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Abstract: The present study deals with developing 100% hemp quasi-unidirectional woven fabric 

from cost-effective hemp for composite application. Untreated hemp rovings were used for the 

first time to produce a quasi-unidirectional fabric by weaving process. Weaving process was 

challenging since the raw materials have higher hairiness and low cohesion between fibers. In 

this context, low crimping, fiber alignment and high roving density in the weft direction were 

targeted. This innovative hemp fabric is then used to produce composites by using the 

thermocompression molding process with thermosetting matrices. Multi-scale characterization 

was then performed at the different scale of production (yarns, fabric and composite). Results at 

composite scale, clearly show competitive properties compared to literature. Thus, the tensile 

strength achieved 300 MPa and the Young’s modulus 25 GPa for a fiber volume fraction of 45%. 

This new quasi-unidirectional reinforcement is promising since it provides competitive 

characteristics that are sufficient for some composites application.  

Keywords: Hemp rovings; quasi-unidirectional fabric; multi-scale characterization; composites  

1. Introduction 

Due to increasing environmental awareness and finite fossil resources, more and more materials 

based on renewable raw materials are being used in the composites sector [1,2]. Natural fibers 

display benefits for the environment like biodegradability, renewability of raw material, and 

reduction in emission of greenhouse gasses [3], and especially bast fibers like hemp display 

comparatively high strength and stiffness compared to many other vegetable fibers [4,5]. 

Besides the fiber characteristics and processing methods, the properties of the composites can 

be significantly influenced by the reinforcement structure, as shown by several studies on flax 

fiber-reinforced composites or hemp fiber reinforced composites [6–15]. Thus, to obtain the 

best properties in the loading direction, the ideal reinforcement should maximize the number 

of fibers aligned in this direction [16,17]. But due to the finite length of plant fibers and the high 

number of selectable process parameters, the production of yarns, rovings and fabrics is 

complex [1] and the consequence of the use of these semi-products appears, sometimes, only 

on the final scale properties of the composites. Madsen et al. [18] in a study on hemps yarns 

produced in two different years, which have not significant differences in linear density and fiber 

size distribution from a textile point of view, resulted in different properties at the composite 

scale. Another biggest problem with the industrial use of bast fibers for high-value applications 

is the high price of semi-finished products. Increasing production volumes to reduce these costs 

results in the use of high-twist yarns to increase tenacity, minimize hairiness and reduce thread 

breakage during weaving process. But it is well known that a high level of twist prevents a good 

impregnation in a composite [19,20]. The higher the yarn twist, the lower the mechanical 

composite properties [6,7,9]. Consequently, the use of low-twist roving from bast fibers is 

preferred. Graupner et al. [1] have recently developed a new staple hemp yarns for high 
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performance composite applications. At industrial scales, pure unidirectional (UD) fabrics in the 

form of tapes have also been developed and commercialized with flax fibers, such as FlaxtapeTM 

by the company Lineo-Ecotechnilin [21,22]. In a previous study, quasi-unidirectional (QUD) 

fabrics from hemp roving were produced by weaving process [15]. This type of fabric has several 

advantages, as to align most of the fibers in a main direction, to minimize the crimp effects, 

compared to pure woven fabrics, but also to reinforce transverse direction with low density of 

yarns. Indeed, in pure unidirectional tapes, fibers are poorly bonded transversely, which can be 

problematic to the handling of the fabric or during the forming stage of the liquid composite 

molding (LCM) process [23,24]. These hemp fibers quasi-unidirectional fabrics were then used 

as reinforcement in composite samples and their tensile properties were compared with those 

given in the literature with unidirectional flax tapes, noncrimp fabrics and quasi-unidirectional 

woven fabrics made of flax fibers. The results highlighted the competitiveness of this hemp-

based quasi-UD composite in terms of stiffness in both material directions compared to these 

products. These QUD fabrics contained, in low density, twisted yarns (222 turns/m) in warp 

direction, which can compress the low-twisted rovings, used in weft direction, in the interlaced 

area and generate some stress concentration. In this study we propose to optimize this QUD 

pattern with the use of only low-twisted rovings in warp and weft direction. Properties identified 

at the fabric and composite scales are compared with those of this previous paper.  

2. Materials and methods 

2.1 Materials 

Two types of hemp rovings, in the form of low-twisted rovings provided by an Italian Company, 

Linificio e Canapificio Nazionale, were used to manufacture quasi-unidirectional woven fabric 

for biobased composites. Their textiles and mechanical properties are listed in Table 1. The first 

roving named R1 was subjected to chemical treatment, while the second roving R2 was not 

treated. The chemical treatment used is a conventional treatment, called mercerization, used in 

the textile industry to improve the mechanical properties of the rovings and thus facilitate their 

weaveability. The linear density of these rovings was measured according to the standard NF 

G07-316 [25], the twist level according to the standard NF G07-079 [26], and the tenacity at 

break according to the standard NF EN ISO 2062 [27].  

The treated roving has lower linear density than the untreated roving, which is induced by the 

applied chemical treatment that decreases the mass of fibers by removing the impurities. This 

treatment leads as a result to higher tenacity and low hairiness. Previous study of Corbin et al. 

[15] has shown that this kind of treatment improves weaveability of rovings without damaging 

fibers and final composites properties. Furthermore, since untreated rovings R2 do not have the 

required strength for preparing the weaving process, treated rovings R1 were used to maintain 

the cohesion of the fabric.  

Table 1: Hemp rovings properties. 

 
Linear density 

(Tex) 

Twist level 

(turns/m) 

Hairiness 

H ± sh 

Tenacity 

(cN/Tex) 

Strain at 

break (%) 

Hemp roving with 

chemical treatment (R1) 
282.4 ± 4.7 38.5 ± 2.5 9 ± 4 25 ± 4 5,3 ± 0,5 
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Hemp roving without 

chemical treatment (R2) 
316 ± 4 39 ± 2 18 ± 7 11 ± 5 2.4 ± 0.3 

 

2.2 Methods  

 Woven fabric manufacturing:  

Quasi-unidirectional woven fabric, later named QUD1, was produced with the two hemp rovings 

R1 and R2 on a manual dobby loom, a Leclerc WeaveBird weaving machine, as shown in Figure 

1. The treated hemp rovings R1 were used in the warp direction, with a very low yarn density 

(0.6 yarns/cm) to maintain and provide cohesion to fabric and to limit the crimping level in this 

direction. In the weft direction, the untreated rovings R2 were inserted using a shuttle by 

packing highly to maximize the fiber content and density in this direction to 10 yarns/cm. Thus, 

the fiber mass fraction in this direction reached 94% and 6% in the warp direction. The QUD1 

fabric was produced with a plain weave pattern. 

 

Figure 1. Weaving machine: a. view of the warp yarn insertion b. weft yarn insertion. 

 

 Characterization of QUD fabric:  

The areal density, thickness and air permeability of the produced fabric were measured on 10 

samples according to the standard NF EN 12127 [28], NF EN ISO 5084 [29] and NF EN ISO 9237 

[30] respectively. Air permeability test is used to measure the air flow rate that pass 

perpendicularly through the fabric with defined area (20 cm²), time (1 minute) and pressure 

drop (200 Pa). The mechanical properties in terms of bending rigidity and tensile strength were 

characterized. Tensile tests were conducted according to the standard NF EN ISO 13934-1 [31] 

on a MTS Criterion 45 tensile machine with a load cell of 10 kN, a gauge length of 200 mm, a 

crosshead displacement rate of 20 mm/min and a preload of 5 N. Fives samples were prepared 

with a length of 300 mm and a width of 50 mm. Only the weft direction of the fabric was 

characterized. The same samples, were firstly used to measure their bending rigidity by a 

cantilever test according to the standard ISO 4604 [32]. Bending modulus was then calculated 

by using the procedure described in the study of Corbin et al. [15]. 

 Composite manufacturing:  

Composite plates based on the developed QUD fabric were produced using the 

thermocompression molding process. A partially biosourced epoxy pre-polymer (GreenPoxy 

56®) and its hardener (SD7561) provided by Sicomin® were used as matrix. The produced plates 
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are composed of two plies both oriented in the same direction of the fabric and which were 

conditioned at least 24h before the manufacturing process at a temperature of 23°C and a 

relative humidity of 50%. The two plies were hand layed-up and impregnated manually in an 

open mold with the epoxy resin following the protocol proposed in the study of Corbin et al. 

[15]. The mold was placed in a hot-press Agila® 100 kN Press following the curing cycle: procuring 

at 40°C for 15 minutes and curing at 60°C for 1 hour, then when the temperature reached 40°C, 

a pressure of 3 bars was applied on the plate. A post-curing step at 130°C was then applied for 

1 hour. After this manufacturing process, the plates were conditioned at 23°C and 50% RH during 

at least four weeks. The fiber and void volume fraction in these composite are equal to 48.8% 

and 1.5% respectively.  

 Composite characterization:  

The mechanical properties of the produced plates were determined from tensile tests. Tensile 

tests were carried out according to the ASTM D3039 [33] standard on a MTS Criterion 45 

machine with a crosshead speed of 1 mm/min. The strain was measured by using an Instron 

2620-601 contact extensometer with a gauge length of 50 mm and a full range of ±10%. The 

tensile modulus of these plates were calculated in the strain range of 0.01 to 0.15%. 

  

3. Results and discussions 

3.1 Fabric properties  

 Textiles properties  

Table 2 presents the textile properties of the produced QUD1 fabric as well as the textile 

properties of the quasi-unidirectional, named later QUD2 as reference for comparison, 

produced during the study of Corbin et al. [15]. This QUD2 fabric was manufactured by using 

twisted hemp yarns (characterized by a linear density of 153 Tex, a twist level of 222 turns/m) 

and a tenacity of 37 cN/tex) in the warp direction and low-twisted hemp roving (R1) in the weft 

direction. Both fabrics were woven with the same weave pattern and warp density, but the weft 

density of QUD2 is two times higher than that of QUD1. This difference is generated during the 

manual weaving process by packing highly the fabric during the insertion step of the weft yarns. 

Therefore, the linear density and the thickness of the QUD2 fabric are higher than that of QUD1. 

The higher number of rovings in the weft direction leads to a heavier and thicker fabric. 

Table 2: Textiles properties of the woven fabrics. 

Fabric properties  QUD1 QUD2 [15] 

Warp yarns Low-twisted rovings (R1) Twisted yarns 

Weft yarns Untreated rovings (R2) Low-twisted rovings (R1) 

Warp density (yarns/cm) 0.6 0.6 

Weft density (yarns/cm) 10 20 

Areal density (g/m²) 424 ± 21 649 ± 3 

Thickness (mm) 2.13 ± 0.06 2.97 ± 0.14 
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Air permeability (L/m²/s) 603 ± 89 424 ± 19 

 

 Mechanical properties  

The tensile properties of the produced reinforcements in terms of maximal load and strain at 

maximal load are shown in Figure 2. The high weft density of these structures leads to a higher 

fibers content in this direction compared to warp direction. Thus, the tensile properties are 

highly unbalanced between the two directions and are maximal in the weft direction. The weft 

density of QUD2 fabric is two times higher than that of QUD1 fabric, which leads to a higher 

maximal load at break for this structure. Furthermore, in order to evaluate the effect of the 

architecture, the maximal load is reported to the number of yarns in the weft direction and the 

linear density of the used roving in this direction. This comparison shows that the maximal load 

of QUD1 is higher than that of QUD2 even if QUD2 has a weft density two times higher than 

QUD1. This can be explained by the presence of twisted yarn in the structure of QUD2 compared 

to the low-twisted roving in QUD1. The presence of twisted yarn leads to a lower interlacement 

area between the two directions of this fabric. In addition, using treated rovings in the weft 

direction of QUD2 resulted on higher strain at maximal load compared to QUD1.  

The bending properties, in terms of bending modulus, of the two structures are presented in 

Figure 2.d. Bending modulus is correlated to fiber content of the fabric, where, higher bending 

modulus is obtained in weft density direction since the fiber content in this direction is much 

higher than in the warp direction. Thus, QUD2 with higher weft density exhibited higher bending 

modulus than QUD1.  

 

Figure 2. Tensile and bending properties of QUD1 and QUD2 fabrics in weft direction. 

3.2 Composites properties  

Table 3 presents the characteristics in terms of mechanical properties and intrinsic composition 

of the two produced composites in the fiber direction. Composite plates developed from the 

above-mentioned QUD fabric QUD1 and QUD2 are designed by QUDH1 and QUDH2 

respectively. Stress and modulus are reported to an equivalent fiber volume ratio of 45% by 

using the rule of mixture to fairly compare their properties. For both composites, quasi-
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unidirectional structure permits to reach higher fiber content in the composite. That result in 

higher global strength and stiffness for these structures in comparison for example to 

composites made of woven reinforcements. However, the transverse direction of these 

composites structure has lower tensile properties (not presented in the present study). 

Furthermore, the stiffness of the QUDH1 composites developed in this study is similar, 

considering the standard deviation, to that obtained for QUDH2 composites. Thus, even if the 

QUD1 fabric is produced by using untreated hemp rovings that have tenacity two times lower 

than that of treated rovings used for the production of QUD2 fabric, properties at composite 

scale are similar. Indeed, the presence of twisted yarns in the structure of QUDH2 composites 

induces disorientation of the hemp rovings within the structure. For the strength at failure of 

these composites, the obtained strength for QUDH1 is higher than the strength obtained for 

QUDH2. A difference of 37% is observed between the two types of composites and this 

difference can be attributed to the presence of the twisted yarns in the warp direction of QUD2 

structure. Indeed, in the study of Corbin et al. [15], the microscopic view highlighted some cracks 

within the warp yarns and fracture profile of the tested samples confirmed that the initiation of 

the failure occurs in the region where the twisted yarns are located. These zones, constitute 

weak points for the composite where most of the strength are concentrated. It can be 

concluded, that even if the rovings present lower properties at the yarn scale, their associated 

composites exhibited good properties compared to composites made from strong rovings. Thus, 

the transverse direction plays an important role in the failure mechanisms of the composite 

materials.  

Table 3: Composites properties. 

Composites plates Stress [MPa] Strain [%] Tensile Modulus [GPa] 

QUDH1 297 ± 25 1.79 ± 0.02 25.2 ± 1.1 

QUDH2 [15] 216 ± 31 1.36 ± 0.17 24.1 ± 0.5 

 

4. Conclusion  

The aim of this work was to produce a quasi-unidirectional hemp fabric by using untreated and 

low-twisted rovings by the manual weaving process. The main challenges, were to combine easy 

handling, fiber alignment, better impregnation by resin and lightness of the fabric. In this 

context, the quasi-unidirectional fabric was produced by using the untreated rovings in the weft 

direction with a high density and only few treated hemp rovings in the warp direction. This 

reinforcement was less heavy and less thick than other quasi-unidirectional reinforcement 

developed within the same project. However, this property still higher compared to 

conventional flax unidirectional fabrics already commercialized on the market. Otherwise, the 

fabrication process of this structure permitted to obtain higher fiber content in the main 

direction of the fabric and low crimping compared to woven structure. Thus, during weaving 

process of quasi-unidirectional fabric, the properties of rovings are less affected. Composites 

plates were then produced by the thermocompression process and characterized by tensile 

tests to compare their properties with previous study. Indeed, using this type of structure, result 
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on composite with high fiber content in the main direction and that leads to higher stiffness and 

strength properties in this direction and poor properties in the transverse direction.  

The experimental results highlighted competitive properties both at fabric and composite scale, 

when compared them to previous development.  
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Abstract: Compounds containing the compostable biobased plastic PHBH and 30 mass% of 

cotton, merino-wool, wood fibres, and hemp fibres, respectively, were created, and foils were 

manufactured using a laboratory hot press. Samples for mechanical characterisation were also 

produced by injection moulding. Samples were submerged in bioactive soil for 16 weeks to 

determine the influence of fibre type on the biodegradation speed in soil. The degradation was 

measured by subsequent excavation and determination of dry mass loss and visual inspection. 

All kinds of natural fibres generally improve degradation speed. The most significant 

improvement was reached by samples containing cotton and wool, which experienced similar 

mass loss, followed by the ones containing hemp fibres. The smallest increase in degradation 

speed was achieved by samples containing wood fibres. Mechanical properties and cost saving 

potential were increased in the samples containing cotton and hemp.  

 

Keywords: Biodegradation; PHBH; 3-Hydroxyhexanoate and 3-Hydroxybutyrate; Home 

Compostable; Natural Fibres 

1. Introduction 

Compostable thermoplastics may solve severe littering and microplastic generation problems in 

a large range of products (Bauchmüller et al., 2021). While the production capacities and 

demand are rising for these types of polymers, the price is still relatively high. Natural fibres are 

often mentioned as a way of reducing material costs, which is only valid if the mechanical 

properties of the composite are not critically reduced. To assess the suitability of a material to 

substitute an existing one without sacrificing performance and at the same time reducing cost 

can be evaluated using material indices, depending on the mechanical load case (Ashby, 2005). 

The cost-saving potential can be quantified by using these indices. 

Depending on the application, an increased rate of material disintegration may be beneficial. 

Due to the entirely different chemical composition of different types of natural fibres, the 

degradability in soil differs greatly. Wool seems to be particularly interesting in this context (Röhl 

& Müssig, 2022). In animal hair, the disulphide bond between cysteine molecules can be broken 

by ceratinolytic microorganisms under the appropriate environmental conditions, and the hair 

can be degraded (Solazzo, 2013). During the biodegradation of wool in the soil, sulphur and 
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nitrogen are made available to the plants and act as fertilisers. Gorecki & Gorecki (2010) have 

shown that 1 g of washed wool per cubic decimetre of soil can increase the fruit yield of tomato 

and pepper plants by up to 30 % (Gorecki & Gorecki, 2010). 

In the context of the presented investigations, the question arose of how the degradation rates 

of the compostable biobased plastic PHBH change through the addition of different natural 

fibres. For this purpose, composite materials with 30 mass% of cotton, merino wool, wood fibres 

and hemp fibres were produced. The degradation rates were investigated after burying the 

samples in bioactive soil.  

 

2. Materials & Method 

Compounds were created according to the recipes in Table 1, using different natural fibres, 

including bast fibres, wood fibres, animal hair and seed fibres. PHBH type Kaneka X331N was 

supplied as a polymer matrix by H&P Moulding Emmen B.V. (Emmen, The Netherlands). The 

current market price for this polymer was given at roughly 10 €/kg. The prices and sources for 

the fibres are listed in Table 1. Prices for Merino wool at the given fineness are taken from the 

Micron Price Guide (AWI MPG, 2022) for Week 35 in 2021. The cotton price is assumed, given 

the current market reports and currency rates (USDA, 2022). 

Table 1: Compositions of the created compounds as well as fibre sources and prices 

Nr. Matrix Fibre Type Fibre content 

in % mass 

Fibre source Fibre Price 

in € / kg 

1 Kaneka X331N Cotton fibres 30 Buckmann Handel 

(Bremen, DE) 

2.4 

2 Kaneka X331N Arbocel 

UFC100 

(wood fibres) 

30 Rettenmeier Holding 

AG (Willburgstetten, 

DE) 

3.3 

3 Kaneka X331N Merino wool 

(20 mic) 

30 

 

Wollknoll GmbH 

(Oberrot, DE) 

9.4 

4 Kaneka X331N Hemp fibres 

(55 mm) 

30 HempFlax Group B.V. 

(Oude Pekela, NL) 

1.0  

5 80 % Kaneka 

X331N + 20 % 

Nuvolve (TPS) 

Merino wool 

(20 mic) 

30 Wollknoll GmbH 

(Oberrot, DE) 

9.4 

6 Kaneka X331N - 0 -  

 

For tensile and impact testing, samples were injection moulded into cold moulds of temperature 

25 °C. The cooling time inside the mould was 30 seconds. For the degradation testing, foils of 

thickness 0.4 mm were produced using a laboratory hot press (LaboPress P200S der Firma Vogt, 

Berlin, DE). The pressing temperature was set to 170 °C at a pressing time of 5 minutes. Before 

pressing, the granulate was placed in the press and was given 5 minutes to warm up. Final 

thickness was achieved using Teflon foil as spacers. Eighteen strips of size 2 x 8 cm² were cut 

from each sample so that 3 samples could be dug up at each sampling point (after 1, 2, 4, 8, 12 

and 16 weeks). The sample's dry mass was measured, and afterwards, the samples were 
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submerged into bioactive soil in an indoor testing facility at room temperature. The soil's 

moisture was checked weekly, and water was added if necessary.  

Mechanical properties were tested on the injection-moulded samples. Tensile testing was 

performed on a Zwick/Roell Z020 universal testing machine (Zwick GmbH and Co., Ulm, DE), 

equipped with a 20 kN load cell, using a testing speed of 2 mm/min. The strain was measured 

using a video extensometer (VideoXtens, Zwick/Roell GmbH, Ulm, DE). The Charpy impact 

strength was measured on unnotched samples cut from the tensile bars using an impact 

hammer with a maximum energy of 2 J (type 5101 (Zwick GmbH, Ulm, DE).  

In order to assess the cost-saving potential of the different compounds in applications limited 

by tensile strength performance, a model was used to determine the cost for a plate under 

uniform load following Ashby (2005). Material indices for the cost-saving potential were derived, 

taking into account raw material and manufacturing costs as well as mechanical properties. For 

this, a compounding cost of 70 ct/kg was assumed. A higher index value resembles a greater 

cost-saving potential. The material index for a plate under uniform load is derived as: 𝑀 =  √𝑅𝑚𝐶𝑣       (1) 𝑅𝑚: Tensile strength 𝐶𝑣 : Cost per unit Volume 

The costs per unit volume takes into account the material density, prices of fibre and matrix, as 

well as compounding costs: 𝐶𝑣 = (𝜑 ∗ 𝐶𝑓 + (1 − 𝜑) ∗ 𝐶𝑚 + 𝐶𝑐) ∗ 𝜌   (2) 

 𝜑 : Fibre mass fraction 𝐶𝑓 : Cost per kg of the fibres 𝐶𝑚: Cost per kg of the matrix 𝐶𝑐 : Cost per kg for compounding 𝜌 : Composite density 

 

3. Results & Discussion 

3.1 Mechanical characterisation 

The results of the mechanical tests are summarised in Table 2. Youngs-modulus was improved 

in all samples compared to the neat matrix. The highest stiffness was reached by hemp fibres, 

with cotton being close below at roughly 6 GPa. This is quite surprising, as common literature 

usually gives a Young's modulus of 10 – 12 GPa for cotton fibres. When modelling the expected 

composite Young's modulus using the Halpin-Tsai model for 2D-randomly oriented short fibres 

(Tsai & Kardos, 1976), the results, even assuming very optimistic fibre lengths of 2 mm, are 

nowhere near the measured values. In ongoing research, this phenomenon will be further 

investigated. 
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Concerning tensile strength, the highest values are reached by the samples containing cotton, 

with an increase of over 50 % compared to the neat matrix. While hemp fibres also led to 

increased tensile strength, even though not as severe as in the cotton samples, all other fibre 

types led to a decrease compared to the neat matrix. 

Promising results were obtained in testing impact strength, where cotton samples gained the 

highest strength. The second highest values were reached by samples containing merino wool, 

even though tensile strength was reduced in these samples, which could be due to the high 

strain potential of these fibres. This effect was not visible in the samples with merino wool and 

the 20 % thermoplastic starch in the matrix, which could be due to reduced deformability of the 

matrix due to TPS presence. In all other samples, impact strength was reduced compared to the 

neat matrix. 

When calculating the material indices for the cost-saving potential, it is clear that cost savings 

can be realised for the samples containing cotton and hemp. This is due to the improved tensile 

strength in combination with the relatively low price for the raw fibres. No cost savings can be 

directly achieved for the samples containing wood fibres. But due to the small difference in the 

material index, this material may still be used to replace the neat matrix if an increased tensile 

stiffness is desirable. Due to the high price of merino wool, combined with a low tensile strength, 

product costs cannot be reduced when using this material. This is to be expected as fine merino 

wool is sought after for use in garments and textiles. A possibility would be to use coarser wool 

types, often discarded and therefore low priced. But as previous investigations have shown 

(Roehl & Müssig, 2022), a drop in tensile strength is to be expected due to low fibre-matrix 

interaction. 

Table 2: Results of the mechanical testing as well as the calculated material index. For materials 

with indices higher than the value of the neat matrix (0.439), cost can be saved by substitution. 

Nr. Young’s Modulus 

in GPa 

Tensile strength 

in MPa 

Impact strength 

in kJ/m² 

Density 

in g / cm³ 

M 

1 – Cotton  6 ± 0.2 42.6 ± 0.5 18.9 ± 3.8 1.26 0.615 

2 – Wood   4.4 ± 0.1 23.7 ± 0.4 6.4 ± 0.5 1.28 0.438 

3 – Wool  3.1 ± 0.1 23.0 ± 0.3 17.9 ± 2.7 1.21 0.377 

4 – Hemp  6.6 ± 0.2 32.8 ± 0.4 10.9 ± 1.4 1.27 0.564 

5 – Wool 

(mod. 

Matrix)   

3.8 ± 0.2 17.2 ± 0.4 7.6 ± 1.1 1.25 0.315 

6 – Neat  2 ± 0.1 27.3 ± 0.6 12.6 ± 2.3 1.19 0.439 

 

3.2 Degradation tests 

The visual disintegration of the submerged pieces is shown in Figure 1. Visually, it seems that 

the highest disintegration was present in the samples containing wool, with only small fragments 

being left after 16 weeks. The second highest disintegration was achieved by cotton samples, 
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followed by hemp. Visually, the neat matrix and the samples containing wood fibres are only 

slightly damaged with an intense colour change and loss of transparency. 

 

Figure 1: Visual inspection of the excavated pieces after the given time period. The first picture 

is brighter due to a different environment. Picture after 1 week of submerging should be used as 

a reference. 

Figure 2 shows the relative mass loss of the samples over the course of 16 weeks. The coloured 

areas show the standard deviation range inside each sample (n=3). It is visible that the largest 

mass loss is achieved for the specimens containing wool, followed by the ones containing cotton. 

These are followed by the samples containing hemp fibres. The standard deviation of the mass 

loss after 16 weeks is very high in the specimens containing cotton and hemp so that no 

significant difference can be stated unless the experiment were to be repeated with more 

specimens, even though the visual inspection seems to undermine the observation that 

disintegration is stronger in the wool specimens. The lowest mass loss was measured in the neat 

matrix, with the introduction of short wood fibres leading only to a slight increase in 

disintegration severity. 
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Figure 2: Relative mass loss of the samples submerged in soil. Coloured areas specify the range 

of the respective standard deviation; 3 specimens were excavated for each date and material. 

 

3.3 Discussion   

The introduction of natural fibres is auspicious for improving the degradation rates of 

compostable thermoplastics. Cotton shows large cost-saving potential due to the high 

mechanical properties achieved in combination with the low cost. A strong influence of fibre 

type on the disintegration rate of the composites was observed. The effect was especially strong 

in the samples containing wool fibres, which is probably due to the nurturing substrate that wool 

gives to ceratinolytic bacteria as well as a large number of cracks and increased surface area due 

to exposed fibres on the surface and a rather weak fibre-matrix interaction. It is also interesting 

to note that the impact toughness was improved relative to the neat matrix. If a cheaper wool 

type could be utilised in composite applications without sacrificing the mechanical properties, a 

cost-saving effect could be implemented while improving toughness and allowing faster 

biodegradation. 

 

4. Conclusion 

It has been shown that the degradability of compostable polymer materials such as 

polyhydroxybutyrate (PHB) can be controlled by the use of natural fibres. Cotton is an attractive 

candidate from different points of view. In addition to good degradability properties, it also 
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showed excellent mechanical properties, especially impact strength. Wool, too, showed exciting 

potential in the studies by improving the degradation rate, and a possible fertilising effect could 

result in unique advantages in an agricultural environment. Due to the high wool prices for the 

textile industry, the use of previously unused wool from waste and residual streams is favoured, 

but the influence of these wool types on the mechanical properties, as well as the possibilities 

for improving fibre-matrix interaction, should be investigated.  
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Abstract: The desire for independence of petroleum promotes the development of novel 

biopolymers as future substitute for conventional polymer materials. Here, industrially produced 

bacterial cellulose was dewatered using an optimized thermo-compression process with a 

subsequent drying step, resulting in mechanically very stable boards with several millimeter 

thickness. The removal of impurities from the bacterial cellulose fermentation by moderate 

bleaching with NaClO and NaOH led to an exceptional flexural stiffness of 22 GPa and a flexural 

strength of 225 MPa. The uptake of moisture induced a reversible plasticization of the material 

with a decrease of flexural and tensile properties, still outperforming most conventional plastics. 

Moreover, the original mechanical properties were regained even after repetitive wetting and 

drying of the material. The mouldability into 3D shapes during dewatering and drying was 

demonstrated. 

Keywords: cellulose nanofibrils; nata de coco; thermo-compression; mouldability 

 

1. Introduction 

The desire for independence of petroleum promotes the development of novel biopolymers as 

future substitutes for conventional polymer materials. However, inefficient processing, 

insufficient material properties as well as a poor price/performance ratio are still reasons for 

limited industrial use of these biomaterials. Yet the advantages of biopolymers are evident. 

Cellulose, for example, has a renewable origin, is biodegradable as well as environmentally 

friendly, recyclable, and CO2-neutral when incinerated. In addition, the chemical structure of 

cellulose macromolecules allows for self-assembly into fibrils and fibers through hydrogen 

bonding, resulting in mechanically high-strength bulk materials. Especially when exceptional 

mechanical stability is required for technical applications, this self-bonding property of cellulose 

is an advantage that standard plastics do not possess. Instead, additional reinforcement must 

be introduced by compounding the plastics with artificial or natural fibers. The self-binding 

property of highly disintegrated cellulose fibers from plants was already discovered at the 

beginning of the 20th century and a process for the production of solid horn-like bodies was 

patented [1]. One century later, advanced fibrillation technology enabled the production of 

boards made from nanofibrillated cellulose from wood pulp with strongly increased mechanical 

properties of 16 GPa for flexural modulus and 250 MPa for flexural strength [2]. 

We are now the first to report the production and characterization of rigid boards from 

industrially produced bacterial cellulose (BC). One advantage of BC over wood-based cellulose 

materials is its inexpensive production by glucose fermentation in large scale with low energy 

requirement as an alternative to the more costly and energy demanding wood pulping process 

with subsequent mechanical disintegration to cellulose nanofibrils (CNF). Without the use of 

750/1602 ©2022 Hoffmann et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

solvents, binders or other chemical additives, rigid boards of several millimeter thickness were 

produced by thermal compression of BC. Different types of industrial BCs and varying processing 

parameters were studied. 

2. Experimental section 

2.1 Materials and board fabrication 

Bacterial cellulose was obtained as Nata de coco from 99 Gold Data Trading Co., Ltd. (Thành phố 

Hồ Chí Minh, Vietnam). It consists of flakes (edge length approx. 10 mm) with a solid content of 

6–7 wt. % and a pH of 1–2 (BC-01). It was rinsed with deionized water for seven days to remove 

residual sugars and proteins from bacteria cultivation (BC-02). Further purification was achieved 

through treatment with 2 wt. % NaOH (aq.) at ambient temperature for 16 h and rinsing with 

deionized water until pH was below 10. This was followed by a treatment with 0.5 wt. % NaClO 

(aq.) for 6 h and extensive rinsing with deionized water (BC-03). Before the preparation of 

boards, both BC-02 and BC-03 were partly dewatered in a sieve basket under a mass of 200 kg 

to a solid content of 5.6–6.3 wt. %. Purified BC pellicles (BC-04) for cosmetic use were purchased 

from fzmb GmbH (Bad Langensalza, Germany).  

For production of rigid squared boards in the size of 100 x 100 x 2 mm³, a corresponding amount 

of BC material was filled into a porous mold (Figure 1a). Sealings and four layers of stainless-

steel fabric covering the holes in the lower and upper part of the mold prevented BC material 

from escaping the mold’s cavity during compression with a laboratory press (4122 12-12H, 

Carver, Inc., Wabash, IN, USA). Initial dewatering was done at ambient temperature under 

10.8 MPa for 30 min, followed by hot pressing at 120 °C under 10.8 MPa for 120 min and 

subsequent drying at 105 °C for 24 h in a convection oven under a 5 kg mass. For BC-02, the 

duration of either the hot pressing or the duration of the oven drying step was varied from 0 to 

120 min and from 0 to 39 h, respectively, while maintaining the other at 120 min or 24 h to study 

the influence of processing parameters on mechanical properties. Plate thickness was 

monitored during hot pressing by measuring the height of the mold cavity and plate mass was 

measured during drying in regular intervals. The dried boards were stored in a desiccator filled 

with silica gel. 

 

Figure 1. Mold used for the thermo-compression of BC boards (a), porous inserts (b) and solid 

body inserts (c) for 3D-moulding of mouse cover.  

2D-molding experiments with BC-02 and BC-04 were conducted after short preliminary 

dewatering at 90 °C and 5 MPa for 2–3 min using the equipment above (targeted board 

thickness of 0.25 mm). Hot pressing at 120 °C and 10.8 MPa was then performed between two 
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stainless-steel plates with a matching repetitive 2D-trapezoid geometry. For 3D-moulding of a 

mouse cover, a specially designed mold with changeable inserts was used in a 150 t laboratory 

press (Gottfried Joos Maschinenfabrik GmbH & Co. KG, Pfalzgrafenweiler, Germany). BC-04 

sheets for a targeted board thickness of 1.2 mm were placed between porous mold inserts, 

where the holes in both insert parts were covered with two layers of stainless-steel wool and 

peel ply fabric (Figure 1b). Dewatering at ambient temperature to a thickness of approx. 10 mm 

took 15 min. Drying was then performed in the mold with solid body inserts (Figure 1c), without 

sealings and one layer of peel ply around the BC molding for escape of water vapor. The height 

of the cavity was slowly decreased from 10 mm to 4 mm over 80 min at 90–100 °C. After 

removing the peel ply, the BC mouse cover was finished by compressing at 120 °C and 100 MPa 

for 15 min with a preceding pressure increase over 15 min. 

2.2. Flexural and tensile properties 

Specimen preparation for mechanical tests (n = 5) was done with a laser cutter (Nova 24, 60 W, 

Thunder Laser USA LLC., Quitman TX, US) with 80 % cutting power and a cutting speed of 

17 mm/s. Three-point flexural testing was conducted following DIN ISO 178 using a universal 

testing machine (Z100, ZwickRoell GmbH & Co. KG, Ulm, Germany) equipped with 1 kN load cell. 

Specimen geometry was 10 x 80 mm² and the span width equaled 16 times board thickness. The 

pre-force was 5 N and testing speed 1 mm/min. Tensile testing followed DIN EN ISO 527-2 using 

a load cell of 100 kN. The dog-bone shaped specimens 1BA were clamped with a pre-load of 5 N. 

The testing speed was 0.25 mm/min for the determination of the tensile modulus and then 

increased to 1 mm/min. If not stated differently, specimens were conditioned for three days 

before testing in a desiccator with silica gel at ambient temperature. Humid conditioning was 

performed either at 50 % relative humidity and 23 °C or at 85 % relative humidity and 20 °C. The 

specimen’s mass change was monitored for calculation of water content. After testing, the 

specimens were dried at 105 °C for 24 h to determine the dry mass.  

To investigate the influence of water uptake and release, tensile specimens were stored in 

weekly alternating climate conditions switching between 85 % in a climate chamber and < 5 % 

relative humidity in a desiccator with silica gel. After each week at dry conditions, five specimens 

were withdrawn, and their tensile properties determined as described above. Deviating, the 

testing speed was 0.5 mm/min after modulus determination. At each change of climate 

conditions, specimen mass and thickness were recorded. After the experiment, all specimens 

were dried at 105 °C for 24 h to determine the dry mass and thickness. 

3. Results and Discussion 

BC has several advantages over plant cellulose nanofibrils. It consists of an exceptionally 

homogeneous, three-dimensional interwoven network of hierarchically organized cellulose 

fibrils that exhibit both high crystallinity and a high degree of polymerization. In addition, the BC 

network has good water holding capacity, excellent mechanical properties and good formability. 

Also known as nata, BC can be produced by fermentation of Acetobacter xylinum using fruit 

juices as nutrient medium. Nata de coco is the term used for BC produced in coconut water as 

nutrient medium. It is a common food in Asian countries such as the Philippines, Indonesia, 

Vietnam, Thailand, or Indonesia [3]. After fermentation, raw nata de coco contains over 90 % of 

water, cellulose fibrils, and impurities including bacteria, proteins, nucleic acids, and residual 

carbohydrates [4]. 
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Partial dewatering or complete drying of nata de coco is an important aspect for its industrial 

processing in order to reduce transport volume and thus costs. Numerous publications therefore 

report on methods to efficiently reduce or remove water from the BC hydrogel [5-11]. 

Furthermore, it has been recognized that in the production of paper-like films for various 

applications, such as packaging or membranes for loudspeakers, the level of impurities in the BC 

has a significant influence on the mechanical properties of the dried material. In general, it was 

found that higher stiffness and strength can be achieved with a higher degree of purity. 

Subsequently, cleaning processes using aqueous solutions of sodium hypochlorite and sodium 

hydroxide were described [12], which were also applied here. However, the use of a bleach can 

also have a negative effect on the mechanical properties due to its influence on the crystallinity 

and molecular weight of the cellulose. Therefore, the solution’s concentration, time and 

temperature for cleaning must be optimized for obtaining maximum properties. 

For our study, four different BC materials were used: commercially available raw nata de coco 

BC-01, rinsed nata de coco BC-02, purified nata de coco (bleached with NaOH and NaClO) BC-03 

and commercial available BC sheets (purified by the company with an alkaline solution and 

sterilized in water) BC-04. 

 

Figure 2. Plate height during thermo-compression (a) and mass loss during oven drying (c) of 

BC boards. Flexural properties after fabrication with varying hot pressing (b) and oven drying 

times (d). The error bars represent the standard deviation. 

With the aim of reducing the time and energy consumption required to produce anhydrous BC 

boards while maintaining the mechanical properties, hot pressing and drying time were varied 

accordingly (Figure 2). When dewatering BC-02 in the porous mold with increasing pressing 

pressure from 0 to 10.8 MPa at ambient temperature, no further dewatering and thus change 

in thickness of the board was observed after 60 min. Only if temperature was increased to 120 °C 

while maintaining the constant pressure of 10.8 MPa, further dewatering and change in plate 

thickness was observed. With increasing dwell time under these conditions, an increase in 

flexural modulus and flexural strength as well as a decrease in strain at break was determined.  
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After 90 to 120 minutes of hot pressing, the sheet thickness of BC-02 did not vary further and 

the mechanical properties changed only insignificantly. This trend is also observed for specimens 

where the duration of hot pressing was kept constant with 120 min while the duration of the 

oven drying step at 105 °C was varied. Specimens continued to lose up to up to 11 % of their 

mass during 24 h of drying and showed maximum flexural modulus (20.5 GPa) and flexural 

strength (206 MPa) after 24 h. Interestingly, a longer drying time of 39 h at 105 °C led to a further 

loss of mass (12 %) but no increase of stiffness or strength. Thus, a hot pressing time of 120 min 

at 10.8 MPa and a drying time of 24 h at 105 °C were chosen for further investigations. 

In order to investigate the influence of impurities, such as proteins or residues of carbohydrates, 

on the mechanical properties of BC, rigid boards were prepared from BC-01, BC-02, BC-03 and 

BC-04 (Figure 3a-d) and their flexural modulus and strength were determined (Figure 3e). In 

general, with decrease of impurities (BC-01 to BC-04) the flexural moduli increased from 18.0 to 

24 GPa, i.e., the material became increasingly stiffer. This can be explained by a maximum 

formation of intra- and intermolecular hydrogen bonding at BC-04, since impurities hindering 

the bond formation are not present here. Moreover, during the fabrication of BC-01 plates, the 

impurities led to cavern formation, which are also a reason for the early failure during flexural 

loading. Flexural strength increased from 141 MPa to 225 MPa from BC-01 to BC-03 due to 

increasing degree of purity. But, for BC-04, the flexural strength (158 MPa) decreased again. In 

these plates, which were pressed from hydrogel sheets and not flakes, early delamination 

between the sheet layers was observed, leading to premature failure. 

 

Figure 3. Different BC materials and resulting boards, as well as their flexural properties: BC-01 

(a), BC-02 (B), BC-03 (C) and BC-04 (d). The error bars represent the standard deviation (e). 

Compared to the above-mentioned impurities, water has by far the greatest influence on the 

mechanical properties of the dried BC boards. By nature, cellulose is hydrophilic and water 

accumulates in several layers on the surface of cellulose [13]. It has been demonstrated that 

even after drying cellulose, a layer of water molecules cannot be removed due to the strong 

hydrogen bonding to the cellulose. Thus, 100 % water-free BC materials are technically not 

feasible. If BC-02 is processed into rigid boards by thermo-compression and the flexural and 

tensile specimens are conditioned at different humidity levels (23 °C/< 5 % RH, 23 °C/50 % RH, 

and 20 °C/85 % RH), a strong influence of water content on the stiffness and strength can be 

observed (Figure 4). Apparently, dried BC material still has a residual water content of 1.3 to 
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1.6 wt. %. At this water content, a flexural modulus of 20.5 GPa and a flexural strength of 208 

MPa, as well as a tensile modulus of 25.0 GPa and a tensile strength of 112 MPa were 

determined. Surprisingly, the conditioning at 50 % RH, only led to a doubling of the water 

content to 2.7 to 2.9 wt. %. The mechanical properties do not significantly deteriorate and a 

flexural modulus of 19.1 GPa and a flexural strength of 199 MPa, as well as a tensile modulus of 

21.5 GPa and a tensile strength of 115 MPa were measured. Apparently, this level of moisture 

is not sufficient to intercalate formed intra- and intermolecular hydrogen bonds considerably 

and thus to plasticize the cellulose. If the moisture (85 % RH) increases further during 

conditioning, the water content in the material rises to 6.0 to 6.9 wt. % and stiffness as well as 

strength decrease to approximately half of their original values. A flexural modulus of 12 GPa 

and a flexural strength of 103 MPa, as well as a tensile modulus of 11.5 GPa and a tensile strength 

of 76 MPa were determined here. In general, even at high water content the BC material is 

outperforming most conventional polymers. 

 

Figure 4. Stress-strain diagrams from flexural (a) and tensile (b) testing of BC-02 boards after 

conditioning at different humidity levels.  

In addition to a single exposure to moisture, the influence of repetitive drying and wetting on 

the BC material is of interest (Figure 5). The experiment clearly showed that the plasticizing 

effect of moisture uptake is reversible. Even over three cycles of wetting and subsequent drying, 

the initial mechanical stability of the rigid boards was maintained. Although both water content 

and thickness of the tensile specimens increased by 5 to 6 % in relation to the dry state during 

the seven-day storage at 85 % RH due to swelling, the absorbed water was completely released 

upon drying and the specimen regenerated to the original thickness and water content. 

With regard to later applications of rigid BC boards, preliminary investigations were carried out 

to study the formability of BC material during the thermo-compression process. For this 

purpose, BC-02 and BC-04 were formed into different two and three-dimensional shapes 

(Figure 6). It was observed that pellicle flakes (BC-02) are only conditionally suitable for forming 

over edges. Pellicle sheets (BC-04) are more suitable here and form edges without cracks or 

flaws. The pellicle sheets can also be used to produce more complex 3D shapes, such as a cover 

for a commercially available computer mouse. For obtaining a smooth surface, the pre-dried 

mouse cover was subjected to a finishing hot-pressing step between polished pressing surfaces 

under increased temperature and pressure. In addition, the introduction of a well-defined 

embossing (Empa logo) was achieved in this step. 
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Figure 5. Change of water content and thickness (a) as well as tensile properties of dried 

specimens (b) after repetitive wetting and drying. The error bars show the standard deviation. 

In terms of mechanical stability and formability, the rigid BC material can be seen as a 

sustainable biobased and biodegradable alternative to conventional plastics made from 

petroleum and a justified use in consumer goods can be considered. Further studies will be 

dedicated to the use of coatings or additives for e.g., water repellency, flame retardancy and 

coloring to broaden the range of possible applications of rigid BC boards. 

 

Figure 6. 2D-shaped boards made from BC-02 (a) and BC-04 (b) and 3D-shaped mouse cover 

made from BC-04 (c). 

4. Conclusion 

Bacterial cellulose or nata de coco (in the case of coconut milk as nutrient medium) contains an 

exceptionally homogeneous network of nanofibrils of high-purity cellulose in a hydrogel. The 

material is produced on an industrial scale by fermentation and is available in various processing 

forms as cut flakes or sheets. By optimized thermo-compression and subsequent drying, the BC 

can be dewatered, resulting in mechanically very stable boards with several millimeter 

thickness. It has been shown that the removal of impurities from the fermentation by moderate 

bleaching with NaClO and NaOH leads to an improvement of the mechanical properties (flexural 

modulus of 22 GPa). The influence of moisture disturbs the inter- and intramolecular hydrogen 

bond network of cellulose fibrils by intercalation of water and leads to plasticization. Flexural 

and tensile modulus as well as strength decrease. However, the incorporation of water is 

reversible. The original mechanical properties are regained even after repetitive wetting and 
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drying. BC hydrogels can be molded into 3D shapes during dewatering and drying. The 

production of a mouse cover was used as an example to demonstrate the potential for later 

technical application. More detailed studies on hydrophobization and the use of additives 

without affecting the internal structure and thus the mechanical stability are in progress. 
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Abstract: New sustainable composites have gained considerable attention in recent years and 

implementing natural fibres as reinforcement in composites is growing faster in engineering 

applications. This work presents the development, processing, and characterisation of a new 

composite material by combining textile polypropylene (PP) and long Fique fibres (a South 

American Andes native fibre). The samples are made out using coated Fique fibres and compared 

with samples of only PP. The consolidation is carried out using hot pressing at 185°C and a 

pressure of 10MPa. Tensile, bending, Charpy and DSC tests are conducted to evaluate the 

thermo-mechanical properties of the new material. The PP-Fique composite with coated fique 

fibres shows a remarkable increment in the mechanical properties in comparison with PP. 

Implementing Fique fibres as reinforcement in PP will reduce the amount of plastic required 

keeping mechanical performance. 

Keywords: Fique Fibres; Hot Pressing; textile polypropylene; Composites; thermo-mechanical 

properties 

1. Introduction 

Agro-based structural materials are growing in different industrial applications and natural fibres 

are gaining attention due to their low cost, low density, minimal health hazards, biodegradability 

and specific mechanical properties [1-3]. Natural fibres are widely used in geotextiles, sorbents, 

filters, structural and non-structural parts and among others. Being implemented in industries 

such as packaging, building, furniture, sport and automotive [4,5]. The use of natural fibres in 

composites materials is growing by 6% annually, being wood fibres the most used followed by 

more sustainable fibres such as jute, sisal, kenaf and hemp [6,7]. Natural fibres can even replace 

some synthetic fibres, having distinct advantages over glass fibre in application with low loading 

requirements. Natural fibres have comparable strength to glass fibre and a similar specific 

modulus [8,9]. As an example, Flax fibres have a tensile strength of 600 to 2000 MPa and Young’s 
modulus ranging between 12 to 100 GPa, being comparative with E-glass and having 40% lower 

density [10]. 

Fique Fibres are relatively unknown natural fibres native to the South American Andes and 

obtained from the leaves of the fique plant. Fique fibres are mainly made of cellulose, 

hemicellulose and lignin with average contents of 52.3, 23.8 and 23.9% respectively [11]. 

Colombia produces approximately 30.000 tons of fique fibres per year and despite Fique fibres 

showing good mechanical properties for engineering application, the use of Fique fibres as a 
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reinforcement of composite materials has not been widely investigated [12-14]. Fique fibres are 

mainly found in the Colombian market as ropes, cordages, textiles and sackcloth for agricultural 

products such as coffee sacks and the cost of processed fique fibres vary between US$0.36 to 

US$0.45 per kg [15]. 

On the other hand, plastic is widely applied across all areas, and it represents one of the most 

important elements of modern life. More than 300 million tons of plastic materials are produced 

every year with most discarded-on land fills, in the ocean or incinerated [16,17]. Polypropylene 
is the second plastic more used after polyethene and represents 20% of the market and 

continues to grow [18]. Polypropylene is a thermoplastic, with good stiffness, low density, 

chemical resistance and low cost and it is used in different applications such as automobile 

bumpers, boat hulls, household goods, containers and among others [19-21]. 

Plastic waste causes global environmental and health problems such as pollution and loss of 

biodiversity. This project proposes a new composite material using polypropylene fabric and 

natural Fique fibres as reinforcement. The use of Fique fibres allows an increment in the flexural, 

tensile and impact properties of the polypropylene, reducing the cross-section area and 

therefore the amount of material needed in certain applications. 

2. Materials 

Fique fibres and polypropylene fabric are provided by the Colombian company Compañia de 

Empaques. The fibres are obtained from the leave of the Fique plants through mechanical 

decortication, cleaned in water at room temperature for 12 to 15 hours and dried naturally by 

the sun. During the production process, a vegetal oil is sprinkled to reduce friction and the fibres 

are aligned to obtain a continuo yarn. On the other hand, PP corresponds to a plain 

homopolymer PP fabric. The PP yarns are flat tape of PP with a width of 2.5mm and a thickness 

of 41µm manufactured in a drawing process. Table 1 shows some properties of the Fique fibres 

and PP tapes in tension.  

Table 1: Summary of the mechanical properties.   

Property Fique Fibres PP Tapes 

Young modulus [GPa] 9.3 GPa (SD: 3.2GPa)a 6.7 GPa (SD: 0.3 GPa)b 

Tensile strength [MPa] 340 MPa (SD: 106) a 382 MPa (SD: 6MPa) b 

Elongation at break [%] 3.8% (SD: 1.5) a 24.9 (SD: 2.0) b 
a Average value taken from [22] 
b Measured during this work 

3. Composite manufacturing 

3.1 Fique laminates and coating process 

To produce the unidirectional laminates of Fique, the continuo yarn is manually combed to 

remove impurities and reduce waviness. Groups of yarns are placed next to each other and tied 

using a fique fibre as a warp, unidirectional fique laminates are obtained as Figure 1a shown. 

For the coating, virgin pellets of the homopolymer PP are used, the pellets are diluted in Xilol in 

a proportion of 20ml of Xilol per 1g of PP. The pellets of PP and the Xilol are mixed at 120°C for 

25 minutes, time enough to make the PP diluted completely. Then, the unidirectional Fique 

laminates are introduced in the bath for 10 minutes as Figure 1b shows. Microscopy images of 
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the Fique fibre after coating indicate that the fibres are completely coated by the PP showing 

that the coating process is implemented properly, see Figure 1c.  

 
a) 

 
b) 

 
c) 

Figure 1. a) Unidirectional laminates, b) coating process, c) microscopy image of a fibre coated 

with PP. 

3.2 Processing temperature  

To determine the temperature of the consolidation process using hot pressing, a differential 

scanning calorimetry (DSC) test is carried out on the Fique fibres and the PP. According to the 

DSC, two exothermic reactions are identified. The first reaction is produced by the degradation 

of hemicellulose, starting at 260°C with a peak at 295°C and the second reaction is produced by 

the degradation of the cellulose, starting at 360°C with a peak at 390°C. Because lignin is a 

complex polymer it has a wide range of thermal degradation temperatures (115°C - 500°C) 

[22,23]. The DSC results of PP show an endothermic reaction at 165°C which corresponds to 

melting point. Considering that the processing temperature should be enough to melt the PP 

but not too high to degrade the Fique fibres, 185°C is set as the processing temperature. 

3.3 Hot pressing 

The consolidation of composites is conducted in a Wickert hot pressing machine. For the 

process, rectangular steel moulds are used, the layers are introduced in the mould at room 

temperature (~25°C) and compressed to reach 10MPa. The layers are heated up to 185°C at a 
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rate of 10°C per minute and kept at that temperature for 15 minutes. Then the layers are cooled 

down using a water-cooling system until a temperature of 90°C. At this temperature, the 

pressure is released and finally, the material is removed from the mould at 60°C.  

Preliminary consolidations show that uncoating fibres generate clusters with poor penetration 

of the PP inside of the fibres while coated laminates show a better distribution of fibres in the 

composite. Figure 2 shows micrographs of uncoating and coating Fique fibres used as 

reinforcement in the PP laminate. 

 
a) 

 
b) 

Figure 2. microscopy image of a laminate with a) uncoated fibres b) coated fibres. 

4. Tests and results 

4.1 Fique Fibres Tensile tests 

For the tensile tests, the samples are manufactured according to the method described in 

section 3.3. A rectangular mould is used with dimensions of 160x140x3mm, height, width and 

thickness respectively. The stacking sequence for PP-Fique laminates is 

[PP2/Fique/PP/Fique/PP/Fique /PP2], while for the laminates of only PP, 35 layers are used to 

keep similar thickness, [PP35]. After hot-pressing, the samples are cut using a laser cutting 

machine, obtaining dog-bone samples with a test length of 45 mm (SD:1.0mm), test width of 

12.7mm (SD:0.1mm) and a thickness of 3.0 mm (SD: 0.1mm), see Figure 3.  

 

Figure 3. Samples for tensile tests PP reinforced with coated Fique fibres 

The tensile tests are conducted in a computer-controlled Instron 3382 universal servo-electric 

test machine with a displacement control crosshead speed of 2 mm/min. Figure 4a shows the 

results of only PP samples. The first part of the stress-strain curves (red rectangle in Figure 4a) 

has high stiffness with a Young modulus of 2.8 GPa (DS: 0.1GPa). After 3.2% (DS: 0.3%) of strain, 

the modulus decreases considerable reaching 78.9MPa (SD:15.1MPa). In the final section of the 

curves, the samples have high deformation with a brittle final failure. The maximum average 
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stress and strain are 70.0MPa (SD:10.0MPa) and 51.5% (SD: 7.6%). On the other hand, Figure 4b 

show the results of the tensile tests of PP reinforced with coated fibres. The samples have an 

average Young modulus of 6.0GPa (SD: 0.5GPa), a strength of 90.4MPa (SD: 7.7 MPa) and the 

strain at the maximum stress corresponds to 3.3% (SD: 0.3%).  

Figure 4. Strain-strain curve obtained from tensile tests a) samples made of only PP, b) PP 

reinforced with coated Fique fibres. 

4.2 Bending tests 

For the bending tests, the samples are manufactured according to the method of section 3.3, 

using a rectangular mould of 190x120x3mm in height, width and thickness respectively. For the 

bending tests, 48 layers of PP are used, [PP48], and the stacking sequence for PP-Fique laminates 

corresponds to [PP2/Fique/PP/Fique/PP/Fique/PP/Fique/PP2]. After hot-pressing, the samples 

are cut using a laser cutting machine, obtaining rectangular samples, see Figure 5a. The samples 

have a width of 14.8mm (SD: 0.4mm), a length of 170mm (SD: 1.2mm) and a thickness of 3.6mm 

(SD: 0.1mm). The tests are carried out using a three-point bending fixture as Figure 5b shown. 

The loading and support noses have a diameter of 10mm and the distance between the support 

noses is 60mm. For the tests, a displacement control crosshead speed of 2 mm/min is used. 

 
a) 

 
b) 

Figure 5. a) Samples for bending tests PP reinforced with coated Fique fibres b) three-point 

bending test.  

 
a) 

 
b) 
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Figure 6 shows the results of the bending tests. Despite the high dispersion obtained in the 

results using coated Fique fibres, the flexural strength and the Young modulus increase in 

comparison to the composites of only PP. The average flexural strength and the Young modulus 

of only PP are 51.4 MPa (SD: 3.0 MPa) and 2.0 GPa (SD: 0.2) respectively. On the other hand, for 

the PP composites reinforced with the coated Fique fibres, the strength is 81.5 MPa (SD: 17.8) 

and the Young modulus is 5.8 GPa (SD: 0.5). 

 

 

b) 

 

c) 

Figure 6 Bending tests results, a) only PP, b) PP reinforced with coated Fique fibres c) PP 

reinforced with uncoated Fique fibres. 

4.3 Charpy impact tests 

The samples correspond to an unnotched prismatic rectangular shape of 15mm in width, 50mm 

in length and 3mm in thickness with the same stacking sequence used for tensile tests. For the 

tests, a pendulum with a mass of 0.48kg with a drop high of 330mm and angle of 107.46 is used. 

The velocity of the pendulum just before the impact corresponds to 2.9m/s. The amount of 

energy dissipated for the Only PP samples is 275.1 J/m (SD: 21.6 J/m), while energy dissipated 

by the samples of PP reinforced with coated Fique fibres corresponds to 454 J/m (SD: 87.6 J/m).  

 

5. Discussion and conclusions 

Table 2 summarises the mechanical properties measured in tension, bending and impact tests. 

At the end of Table 2, the improvement in properties between results using only PP and the 

composites of PP reinforced with coated Fique fibres is shown. It is possible to see that despite 

the high dispersion found during the tests, the coated Fique fibres used as a reinforcement of 

PP laminate can contribute to obtain a better performance of the material reducing the amount 

of plastic needed in low loading applications. 

 

Table 2: Summary of results. 

 

 Tensile Test Bending Test Charpy Test 

Strength 

[MPa] 

Y. Modulus 

[GPa] 

Strength 

[MPa] 

Y. Modulus 

[GPa] 

Energy  

[J/m] 

Only PP 70.0 

(DS: 10.0) 

2.8  

(DS: 0.1) 

51.4  

(SD: 3.0) 

2.0  

(SD: 0.1) 

275.1 

(SD: 21.6) 

PP & Coated 

Fique 

90.4  

(SD: 7.7) 

6.0  

(SD: 0.5) 

81.5  

(SD: 17.8) 

5.8 

(SD: 0.5) 

454 

(SD: 87.6) 
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Improvement 

[%] 

29.0 111.5 58.5 187.6 65.0 

 

The high variation in the results using fique fibres is produced because the manufacturing 

method is not completely standardised, especially the production of the laminates, being not 

available in the market a laminate of Fique fibre with high quality.  The coating proposed in this 

work contributes to obtaining a better dispersion of the fibres in the composites, avoiding dry 

zones related to fibres agglomeration. 
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Abstract: Several studies have been carried out over recent years to investigate the mechanical 

behaviour of vegetal fibre-based composites. Composite structures are submitted to static, 

cyclic and dynamic loads during their life cycle. Low Velocity Impact (LVI) is one of the most 

important loadings applied on composites. This study focuses on damage, repair and 

environmental aspect of thermoplastic biocomposite plates. The composite used is a 

combination of woven flax fibres and Elium®188 thermoplastic resin developed by Arkema. Two 

stacking sequences [0/90] and [±45] have been considered. Quasi-static tests reproducing the 

impact conditions allowed a comparison between the dynamic and quasi-static response of the 

plates. Furthermore, bending tests were carried out to assess the residual performance. 

Different impact – repair cycles have been applied on a sample at two kinetic energies. The 

sample without fibre breakage has a similar behaviour whatever the number of cycles but on 

contrary with broken fibres the stiffness coupon decrease. 

 

Keywords: biocomposites; flax fibres; thermoplastic matrix; recyclability; dynamic behaviour 

1. Introduction 

A large number of composites using synthetic and non-synthetic fibres with different thermoset 

and thermoplastic matrices have been already investigated. But, thanks to their eco-friendly 

property and low cost production with interesting physical and mechanical properties natural 

fibres are gathering a growing scientific and economic interest [1]. 

Thus, some studies have been conducted over recent years to investigate the mechanical 

behaviour of plant fibre-based composites. Moreover, composite structures are loaded under 

static, cyclic and dynamic loads during their life cycle. However, low Velocity Impact (LVI) is one 

of the most important loadings and it is difficult to set up these parameters because of its 

random nature. Understanding the behaviour of composite when subjected to LVI loading is 

necessary for designing structures as it is a common issue and damages are usually not apparent 

to the naked eye.  

Finally, this study focuses on the LVI damage and the reparability of thermoplastic biocomposite 

plates. For this purpose, impact tests were carried out and post-impact bending tests as well. 

Moreover, to demonstrate repairability, two batches of impact tests were conducted with and 

without fibre breaks.  

2. Material, manufacturing and samples 

2.1 Material 
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The material used in this study is a biocomposite made of thermoplastic matrix with flax fibres. 

Fibres are available as woven twill flax fabrics. The matrix is an innovative liquid thermoplastic 

matrix named Elium®188, recently formulated by Arkema company. 

Plates, of dimensions 1000×750 mm2 and a thickness which ranges from 4.5 - 4.8 mm, were 

manufactured by CMP Company using Vacuum Resin Infusion (VRI) (figure 1). This latter is usable 

although it used thermoplastic matrix because of the very low resin viscosity. 

The flax twill fabric has an area density of 360 g/cm2 and is produced and provided by Depestele 

Company. 

Two stacking sequences were considered for this study: [0/90]6 and [±45]6. 

 

Figure 1. biocomposite plate 

2.2 Impact samples 

Samples with dimensions of 100 x 150 mm2 were cut from the previous plates according to 

Airbus standard AITM 1-0010 [2]. However, a main difference in our study is in the boundary 

conditions as discussed below. 

Two batches have been prepared according to both stacking sequences. 

2.3 repair method 

An in-house thermocompression device (Figure 2) was designed in our laboratory to 

manufactured thermoplastic-based composites. But, in our case, it had been used to repair the 

impacted plates using a temperature of 200 °C and a very low pressure to avoid changing the 

dimensions and more especially the thickness of the plates. 

Samples were put in between the two aluminium trays and we just added an weight of 5 kg on 

the upper plate. 5 minutes was enough to make flat again the impacted samples. 
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Figure 2. Conventional hot press. 

3. Devices 

3.1 drop tower 

Low velocity impact (LVI) means that the velocity ranges from 1 m/s to 10 m/s [3]. The falling 

weight impact setup, (so called drop tower), is the most efficient device to reproduce low energy 

impacts. 

Our drop tower (Figure 3) consists of two parts. The first one is the dropping mass and the 

second one is the boundary conditions. As mentioned previously, the boundary conditions we 

used are not like in the standard. We clamped the sample on two metallic supports closed to 3 

points bending configuration.  

Displacements (centre of the impacted plate and position of the striker) were measured using 

laser sensors and the force by a piezoelectric sensor. 

 

Figure 3. Scheme of the Drop Tower. 

The mass of the striker was around 1 kg and we used 3 heights: 1, 2 and 3 m. Moreover, one 

batch of samples with the stacking sequence [0/90]6 was aged at 75%HR at room temperature. 

3.2 Quasi-static tests 
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Quasi-static tests have been done to compare results to dynamical tests. To ensure the same 

experimental conditions in both cases, the plates were clamped with a similar support and the 

same hemispherical tip used for impact applied the quasi-static loading (Figure 4). 

 

Figure 4. Quasi-static device. 

Finally, conventional 3 points bending tests were conducted to estimate the residual resistance. 

This test was chosen over the compression after impact (CAI) because in the thermoplastic-

based composites delamination is not the main damage mode during an impact due to the 

ductility of the matrix. 

4 Results and discussion 

Post-impact visual inspections revealed an indentation on the impacted face which increase with 

the energy of impact for all impacted specimens even at 1 meter height. 

The back face, as expected, exhibits a damage shape according to the stacking sequence ( figure 

5). 

1 m 2 m 3 m 1 m 2 m 3 m 

(a) (b) 

Figure 5. Damage evolution from 1 to 3 m (a) [0/90]6, (b) [±45]6. 

Optical microscopy observations confirm that no large delamination occurred during the impact 

loading. It is why CAI is probably not the best test to estimate the residual properties. But we 

observed cracks inside the yarns or often at the border with the surrounding matrix (figure 6). 
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Figure 6. Crack in a yarn. 

The force versus time curves for the 3 different energy levels for the 3 batches ([0/90]6, [±45]6 

and ([0/90]6 aged) are shown at Figure 7. Curves exhibit significant oscillations which can be 

mainly due to the vibration of the specimen according to its eigen modes [4]. 

it can be observed that, for both stacking sequences, the contact duration between the sample 

and the striker during impact increases slowly with respect to time. This phenomenon is due to 

the decrease of the stiffness because of the growth of the macro-crack located at the back face 

as illustrated in the figure 5. Thus, it is well known that the contact duration depends strongly 

on the striker mass and on the stiffness of the impacted structure. It can be noted that the 

maximum force increases slightly with the incoming energy too. The maximum force increases 

slightly too with the incoming energy as expected. 

Post-impact bending tests were preferred to compression as discussed above to evaluate the 

residual properties. The results (figure 8)Erreur ! Source du renvoi introuvable. for both 

orientations. Indicate that the performance of the stacking [0/90]6 is much more sensitive to 

specimens [±45]6 compared to the refence one. It is well known that he fibres angle has a 

strong influence on the mechanical responses and of course a angle of 0° increases strongly the 

young modulus but then these fibres break this latter decreases strongly too. This explanation 

is confirmed by the damage induced by the impact (figure 5). Effectively, we can observe that 

the crack for the [0/90]6 is transverse to the span creating a strong effect on the sample 

stiffness contrary to the [±45]6 for which the damage is more located at the centre of the 

specimen. 

  

(a) (b) 
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(c) (d) 

Figure 7. Load versus time during impact for around (a) 8 J, (b) 15 J, (c) 22J, (d) max force 

evolution versus impact energy. 

  

(a) [±45]6 (b) [0/90]6 
Figure 8. Residual performance after impact compared with the quasi-static test (called REF). 

Finally, several cycles impact – repair have been done on the [0/90]6 composite with two levels 

of the incoming energy (0,5 and 1 m). The main objective was to prepare samples with and 

without broken fibres on the back face but matrix cracks can exist. 

The curves figure 9 show the evolution of the force versus time according to the number of 

cycles. In the case of the sample with broken fibres (a) the stiffness of the sample decreases with 

the number of cycles: the maximum force decreases and the contact duration increase. On the 

contrary, if the sample doesn’t contain broken fibres (b) it can maintain the same stiffness even 

after several cycles impact-repairs (figure 9 – b). Moreover, we observed that the macro-cracks 

increase slightly with the number of cycles in both cases but the repair was sufficient to ensure 

constant mechanical properties in the case (b). 
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Figure 9. Force vs Time curves for the multiple impact - repair cycle on [0/90]6 plate loaded at 

1m (a) and 0.5m (b). 

5 Conclusion 

This paper dealed with behaviour of flax/Elium composites LVI loading. The experiments have 

to main objective to determine the behaviour of plates, to identify damages and the reparability 

of thermoplastic bio-composite plates. Visual observations allowed to determine the damage 

mechanisms which was mainly microcracks and plastic deformation.  

Quasi-static tests have been conducted and had showed that specimens exhibit, barely the same 

response excepted of oscillations representing the vibratory response in case of the impacted 

specimens. Bending tests have been performed to evaluate the residual strength after impact in 

place of compression because specimens did not develop large delamination. 

The repair of the plates was successful for the impacted plates without broken fibres. Repetitive 

impact and repair cycles have shown that the force and time of impact are a function of the 

stiffness. 
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Abstract: In trees, reaction wood, different from the main wood tissue, is formed in branches in 
order to carry high bending moments and actuate the branch towards upward growth. In conifer 
species, such as pine and spruce, compressive wood is formed on the lower side of the branch, 
whereas the upper side is similar to normal wood, prevalent in most parts of the tree. This study 
explores the function of the compression wood, and shows how it contributes significantly to the 
flexural strength of the branch, and also serves as a moisture-driven actuator for branch bending. 
From a composite material perspective, the wood branches show an elegant way to design a 
beam with high flexural strength and an active bending function in a natural material with a 
limited number of building blocks (cellulose fibrils in a lignin/hemicellulose matrix). The cellular 
material is light, strong and stiff in bending, even in the presence of moisture.  

Keywords: Wood; Bending; Actuation; Design; Composite beam  

1. Introduction 

Wood material in tree branches have evolved to carry load, transport nutrition and to grow in a 
given direction. In conifers, typically recognized by their needles and cones, such as spruce and 
pine, the branches are composed of two different types of tissues, namely compression wood 
and opposite wood, where the latter is very similar to the normal wood found in the bulk of the 
tree. It can be assumed that the special features of compression wood are designed in such a 
way to improve the functions particular to branches, i.e. to carry bending moments [1] and grow 
in a suitable direction with respect to gravity [2]. This work explores, both by simple models and 
some experiments, the mechanisms behind a significant increase in flexural strength and the 
ability to hydraulically actuate branch growth by bending. It has been found that the 
compression wood has a suitable combination of stiffness, strength and hygroexpansion 
coefficient for the branch to carry bending moment and to deflect by swelling in the fibre 
direction. Finally, parallels to these findings are drawn in structural design in bending of 
composite components and in reinforced concrete beams. Potentials of moisture-induced 
actuation are also presented, which could have applications in e.g. climate-controlled devices. 

Beam theory can be used to predict bending stresses, curvature, maximum moments etc. The 
relatively well-defined geometry of slender conifer branches makes beam theory an attractive 
option for such predictions, considering the alternative with finite element modelling which 
would have to be repeated for each new geometry and material composition. The input would 
then only be the stiffness, strength and hygroexpansion coefficients of the two phases 
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(compression wood and early wood) and the cross-sectional geometry. The axial stiffness, i.e. 
Young’s modulus and axial strength (different in tension and compression) are available in 
literature for Norway Spruce, but the hygroexpanion coefficients need to be determined 
experimentally, which constitute the experimental part of this study, described in the following 
section.  

 

Figure 1. X-ray CT cross section of a Norway spruce branch, where the slightly darker, i.e. 
denser, region below with pith constitutes mainly of compression wood. The diameter of the 

branch is about 2 cm.  

2. Experimental methods 

Norway spruce samples were taken from branches with an approximate diameter of 2 cm. The 
samples were cut into cubes with a length of 5 mm from each side. The samples were taken 
from opposite sides of the branch, i.e. containing mostly compression wood on the lower side, 
and opposite wood on the upper side. The samples were stored and equilibrated in chamber 
with relative humidity of 45%. This serves as the reference state, from which the hygroexpansion 
behavior was characterized for higher levels of relative humidity, corresponding also to higher 
moisture contents. These were 75% and 98% relative humidity, respectively. Equilibration was 
assured by measuring the mass on a sensitive balance on several occasions. The dimensional 
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changes were not measurable with micrometer gauges. The precision of X-ray micro-CT was 
needed to measure these small strains.  

 

 

Figure 2. A stack of wooden cubes in the X-ray micro-CT, encapsulated in plastic foil with salt 
equilibration at given levels of relative humidity. 

Several samples were stacked on top of each other in the measurement chamber in an X-ray 
micro-CT Skyscan 1172, as shown in Figure 2. In this way, the data from multiple samples could 
be generated in one scan. The samples were not constrained to any significant degree by the 
adjacent samples. The stack was sealed in plastic foil, inside which constant humidity conditions 
prevailed. The irradiation was kept low enough so that the samples did not heat up during the 
data acquisition.   

In Figure 3, a cross section of a cubic sample is shown. Out of this plane, the samples are well 
oriented along the grain of the sample, but the radial and tangential directions of the annual 
rings are not consistently in line with the axes of the cube, despite the small dimensions of the 
sample. The hygroexpansion values obtained for the radial and tangential directions along the 
cube faces must therefore be regarded as radially and tangentially dominated values only. A 
numerical model must be used to back-calculate the corresponding values for the polar 
orthotropic wood samples.  
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Figure 3. The hygroexpansion of wood cubes was measured with image analysis of cross-

sections from rotated 3D images. This example shows a 5 mm cube where the radial expansion 
was measured. The same procedure was used for the longitudinal and tangential expansions.   

3. Results and discussion 

3.1 Flexural strength 

Based on input values of the longitudinal Young’s moduli of compression and opposite wood 
and values of the longitudinal strength in compression and tension of the same tissues, the 
maximum pure moment can be calculated for a given percentage of compression wood. The 
values and beam model is presented in Ref. 1. This maximum bending moment can be 
normalized with the maximum bending moment obtained for the case of neat opposite wood 
cross section. It turns out that the results are independent of the aspect ratio of any elliptical 
cross section. The curve in Figure 4 presents the failure envelope if the relative amount of 
compression wood is varied from the lower side of the branch. Low maximum moments are 
found if the branch wood consist of only opposite wood or only of compression wood. 
Somewhere between these to extremes, a maximum value is found. The discontinuities in the 
curve present transitions from one failure mode to another. The green zone indicates 
percentages of compression wood found in the literature for real branches. Indeed, the 
maximum value falls in this domain. It can thus be assumed that the wood branch in designed 
in such a way through the compression wood, to optimize its bending strength, which is the 
most prevalent type of loading from its own weight, snow loads etc. In addition to increased 
bending strength, the compression wood can also have the function to push growth in the 
upward direction through moisture-induced actuation, which is addressed in the following.  
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Figure 4. The maximum moment normalized with pure opposite wood moment with respect to 
percentage compression wood, where the green band corresponds to compression wood 

fractions found experimentally in cross-sections. 

3.2 Moisture expansion 

At this state in the ongoing studies, we will limit ourselves to present the hygroexpansion 
coefficients of the compression wood and opposite wood materials. Such values have not been 
presented before, to our knowledge. The actuating bending mechanism of a two-phase beam 
will be presented in further detail at the conference, and is the intended topic of a forthcoming 
publication. In Figure 5 below, the results from two branches are shown. For the bending 
mechanism, the longitudinal values (in the branch direction, blue colour) are of most interest. 
The hygroexpansive strain is calculated with respect to the initial state with a relative humidity 
of 45%. It can be noticed that the hygroexpansion is consistently significantly higher for 
compression wood than for opposite wood, for both levels of relative humidity. This proves that 
the swelling compression wood on the lower side of a branch can actuate the branch in a 
concave and upwards deflecting growth, as seen in growing trees where the branches strive 
upwards towards the canopy.  

The structure of the compression wood with high microfibril angles and circular cross section 
with not middle walls attached to adjacent fibres also promote swelling in the longitudinal 
direction compared with the structure of opposite wood.  
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Figure 5. An example of hygroexpansion of two specimens of opposite wood (OW) and 
compression wood (CW) at 75% and 98% relative humidity, compared with the initial state at 
relative humidity of 45%.  
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Abstract: Suture joints are the key factor for the exceptional balance of stiffness, strength, 

toughness and energy dissipation typical of many biological systems as the cranium, ammonite 

fossil shells and carapace of the turtle. In the literature, many works discuss this aspect, with a 

particular attention on the role of the suture’s geometry on the overall behavior. However, in 

very few investigations the viscoelasticity of the suture's components has been taken into 

account. To provide a contribution in this limitedly explored research area, this paper presents 

explicit expressions for the effective properties of viscoelastic hierarchical suture joints with a 

general trapezoidal waveform. The example of a self-similar hierarchical structure with eleven 

levels of hierarchy is considered, from which optimal levels of hierarchy have been identified. A 

parametric analysis also reveals that particular suture’s morphologies lead to an auxetic 

behavior. These results, suggesting a possible idea for bioinspired devices, are reported here for 

the first time. 

Keywords: viscoelasticity; hierarchy; suture joints; effective properties; auxeticity 

 

1. Introduction 

Suture joints with different geometries are commonly found in biology as in the carapace of the 

turtle, the woodpecker beak, the cranium, the seedcoat of the Portulaca oleracea and Panicum 

miliaceum and ammonite fossil shells, among others. From a mechanical point of view, suture 

joints are composite structures typically including two interdigitating stiff components, the 

teeth, joined by a thin compliant interface layer. This configuration allows the biological system 

not only a high level of flexibility to accommodate the vital functions, but also an excellent 

balance of stiffness, strength, toughness and energy dissipation [1-3]. These fascinating 

performances, however, are strongly affected by the suture's geometry that, in nature, varies 

among and within species as a result of an evolutionary process. Starting from the pioneering 

contributions in [4-6], where the geometric characterization of different types of biological 

suture joints is reported, several existing studies confirm this aspect. [7], for example, explains 

how the high sinuosity and complexity of the suture lines in ammonites lead to a decrease in 

stresses and deformations. [1,8], in addition, discuss the role of geometry on the suture's 

effective properties including stiffness, strength and fracture toughness. By focusing on the 

wavy-patterned suture joints of the common millet (Panicum miliaceum) seedcoat, [3,9] 

illustrate the important role played by suture interfaces in resisting indentation loads. An 

extension of the theory in [1,8] to the case of hierarchical suture joints is presented in [10], 
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where analytical relations between the effective properties and the geometric and mechanical 

features are derived. Finally, the fracture resistance and damage tolerance of composite 

materials with a wavy configuration is investigated in [11], while the damping performances of 

suture structures with a viscoelastic interface layer are considered in [2]. From the suggested 

examples, it can be said that, in the literature, many works deal with the mechanical 

characterization of suture joints. Surprisingly, very few investigations concern suture joints 

where one or both phases display a viscoelastic behavior, as it happens in biology. Also, in spite 

of the proven benefits distinguishing the biological hierarchical sutures, a limited number of 

studies are currently available on this topic. To make a contribution to this incomplete research 

area and to provide some useful tools for practical applications, this paper focuses on the effects 

of adding hierarchy into a two-dimensional viscoelastic suture joint having a general trapezoidal 

configuration. The work is organized in 4 sections, including this introduction. Initially, based on 

the elastic-viscoelastic correspondence principle, in Section 2 the modelling technique leading 

to closed-form relations for the effective moduli and damping properties is illustrated. Some 

considerations about the influence of the suture's geometric and mechanical characteristics on 

the effective properties are presented in Section 3, where it emerges that particular suture’s 

configurations lead to an auxetic behavior. Optimal levels of hierarchy are also identified. As a 

conclusion, Section 4 summarizes the main findings. 

2. Effective properties of viscoelastic hierarchical suture joints: basic concepts 

and assumptions 

2.1 Problem statement 

Let us focus on Figure 1, where a schematic representation of a suture joint with a general 

trapezoidal profile is reported. This system can be represented as a composite material including 

two trapezoidal interdigitating stiff phases, the teeth, joined by a thin compliant element, the 

interface layer, along the seam line. Both the teeth and the interface layer are assumed to be 

homogeneous and perfectly bonded at the slant interfaces. Their mechanical response is linear 

elastic, in the case of the teeth, and viscoelastic, in the case of the interface layer. Regarding the 

latter, the Kelvin-Voigt model [2] has been used. 

2.2 Effective properties 

Closed-form relations for the effective in-plane Young's moduli, shear modulus and Poisson's 

ratios accounting the viscoelastic effect can be obtained in the frequency domain by applying 

the elastic-viscoelastic correspondence principle, according to which the effective properties 

can be derived as in the elastic case just by replacing the elastic material parameters with their 

frequency-dependent complex counterparts. For the examined viscoelastic interface layer, they 

are given by 

being 𝐺𝐺𝐿𝐿 and 𝐸𝐸𝐿𝐿 the layer’s shear modulus and Young’s modulus, 𝜂𝜂 and 𝜉𝜉 the layer’s viscosity 

coefficients for the shear and normal deformations modes, 𝜔𝜔 the circular frequency.  

With reference to Figure 1, it emerges that the effective Young’s moduli in the 𝑇𝑇1 and 𝑇𝑇2 

directions and shear modulus are expressed, respectively, by  
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                                                                                                       (2)                                    

 

 

 

and 

 

 

 

 

where the parameters 𝐴𝐴𝑆𝑆 and 𝜆𝜆𝑆𝑆 are, on order, the amplitude and wavelength of the suture 

profile, ℎ𝐿𝐿 the thickness of the interface layer, 𝛼𝛼𝑆𝑆 and 𝛽𝛽𝑆𝑆 the angles that define the suture's 

geometry, i.e., trapezoidal, rectangular, triangular and anti-trapezoidal, 𝐸𝐸𝑇𝑇 and 𝐺𝐺𝑇𝑇  the Young's 

modulus and shear modulus of the teeth. The quantities 𝛹𝛹, 𝛷𝛷1, 𝛷𝛷2 introduced in Equations (3), 

(4) are reported in Appendix A. 

 

 

 

 

 

 

 

 
 

Figure 1. Schematic representation of a trapezoidal suture joint indicating (a) the most relevant 

geometric parameters and the geometric profiles corresponding to different values of the 

angles 𝛼𝛼𝑆𝑆,𝛽𝛽𝑆𝑆,𝜗𝜗𝑆𝑆: (b) trapezoidal, (c) rectangular, (d) anti-trapezoidal, (e) triangular. 

 

As it can be seen, the effective moduli listed in Equations (2)-(4) are complex quantities, with 

(⋅)′and (⋅)"denoting, on order, the storage and loss moduli of the suture joint, whose ratio 

defines the loss tangent  

            

              

a useful parameter giving a measure of the ratio of the energy lost to the energy stored in a 

cyclic deformation [12]. Finally, regarding the effective Poisson’s ratios, it emerges  
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with 𝜈𝜈𝑇𝑇 and   , in turn, the Poisson’s ratio of the teeth and the interface layer, 𝛷𝛷3 and 𝛷𝛷4 in 

Appendix A. 

2.3 Hierarchical extension 

Let us consider the viscoelastic suture joint in Figure 1 and let us imagine to modify its 

architecture by replacing the interface layer with a structural element having the same 

composite configuration of the starting system, i.e., two stiff components articulated via a thin 

suture layer. If we iterate this modification at successively smaller length scales, we obtain the 

novel class of viscoelastic hierarchical suture joints in Figure 2, where the general case of a 

hierarchical suture element having n levels of scale is illustrated.  

Figure 2. Viscoelastic hierarchical suture joint: schematic representation and principal 

geometric parameters in the case of a self-similar triangular configuration 

 

By assuming [13] that the size of the layer’s microstructure is fine enough to be negligible with 

respect to the underlying large architecture, it is possible, at each hierarchical level, to treat the 

interface layer as a continuum with effective properties given by Equations (2)-(4), (6), (7). This 

assumption, in conjunction with the elastic-viscoelastic correspondence principle, allow us to 

obtain closed-form relations for the effective properties of a viscoelastic hierarchical suture 

having a general number of hierarchical levels n. Such relations, in particular, have the same 

form of Equations (2)-(4) and (6), (7) with the two set of parameters  𝐴𝐴𝑆𝑆, 𝜆𝜆𝑆𝑆,𝛼𝛼𝑆𝑆,𝛽𝛽𝑆𝑆 , ℎ𝐿𝐿  and  

                                            substituted by  𝐴𝐴𝑆𝑆[𝑛𝑛]
, 𝜆𝜆𝑆𝑆[𝑛𝑛]

,𝛼𝛼𝑆𝑆[𝑛𝑛]
,𝛽𝛽𝑆𝑆[𝑛𝑛]

, ℎ𝐿𝐿[𝑛𝑛]
  and  𝐺𝐺𝑇𝑇[𝑛𝑛]

, 𝐸𝐸𝑇𝑇[𝑛𝑛]
, 𝜈𝜈𝑇𝑇[𝑛𝑛]

,  
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𝐺𝐺𝐿𝐿[𝑛𝑛−1] ≡ 𝐺𝐺12[𝑛𝑛−1]
, 𝐸𝐸𝐿𝐿[𝑛𝑛−1] ≡ 𝐸𝐸1[𝑛𝑛−1]

, 𝜈𝜈𝐿𝐿[𝑛𝑛−1] ≡ 𝜈𝜈12[𝑛𝑛−1]
 that specify the geometric, the first, and 

mechanical, the second, characteristics of the level-[n] suture. Note that in approximating the 

layer with an equivalent continuum, the effective properties in the longitudinal direction 𝑇𝑇1 

have been considered.  

3. Discussion 

3.1 How the effective properties are affected by the suture’s characteristics 

This section aims at understanding how the suture's geometric and mechanical parameters 

affect the effective properties in the not-hierarchical case. The analysis involves a suture joint 

having wavelength 𝜆𝜆𝑆𝑆 = 15 mm, amplitude 𝐴𝐴𝑆𝑆 = 15 mm and where the teeth and the 

interface layer have, respectively, the following mechanical properties: 𝐸𝐸𝑇𝑇 = 10GPa, 𝜈𝜈𝑇𝑇 =

0.3,𝐺𝐺𝑇𝑇 = 2 GPa and 𝐸𝐸𝐿𝐿 = 10−2𝐸𝐸𝑇𝑇,𝐺𝐺𝐿𝐿 = 10−2𝐺𝐺𝑇𝑇, 𝜈𝜈𝐿𝐿 = 0.3, 𝜂𝜂 = 𝜉𝜉 = 5𝑃𝑃𝑠𝑠 ⋅ 𝑇𝑇. Finally, a teeth 

volume fraction of 𝜙𝜙𝑇𝑇 = 0.75 has been selected. As illustrated in Figures 3 and 4, four different 

configurations have been investigated, corresponding to different values of the ratio 𝛼𝛼𝑆𝑆 /𝛽𝛽𝑆𝑆 = -

0.6, 0.3, 0, 1, providing, in turn, a suture joint with an anti-trapezoidal, trapezoidal, rectangular 

and triangular profile (Fig. 1).  

In general, Figures 3(a,b,c) suggest that increasing the tooth tip angle 𝛽𝛽𝑆𝑆 leads to an increase in 

the normalised Young's modulus 𝐸𝐸ʹ1/𝐸𝐸𝑇𝑇 , which is more significant for 𝛼𝛼𝑆𝑆/𝛽𝛽𝑆𝑆 = 1, and to a 

rapid decrease in the normalised Young's modulus 𝐸𝐸ʹ2/𝐸𝐸𝑇𝑇 . A slightly different trend emerges in 

the case of the normalised shear modulus 𝐺𝐺ʹ12/𝐸𝐸𝑇𝑇 : an initial rapid increase for small values of 𝛽𝛽𝑆𝑆, followed by a peak region and a final decrease. Analogous considerations can be derived by 

focusing on the loss tangent tan 𝛿𝛿1, tan 𝛿𝛿2, tan 𝛿𝛿12 illustrated in Figures 3(d,e,f), from which it 

emerges a large increase provided by even a small increase of 𝛽𝛽𝑆𝑆. Regarding the effective 

Poisson's ratios 𝜈𝜈12 and 𝜈𝜈21, Figure 4 shows a 'Poisson's switch' from positive to negative values 

obtained by varying the angle 𝛽𝛽𝑆𝑆. However, the value of 𝛽𝛽𝑆𝑆 at which the 'Poisson's switch' 

occurs is affected by the parameter 𝛼𝛼𝑆𝑆 /𝛽𝛽𝑆𝑆 , being located, for example, at 𝛽𝛽𝑆𝑆 = 20∘ for 𝛼𝛼𝑆𝑆/𝛽𝛽𝑆𝑆 = −0.6 and at 𝛽𝛽𝑆𝑆 ≈ 47∘ when 𝛼𝛼𝑆𝑆/𝛽𝛽𝑆𝑆 = 0.3 (Fig. 4a). These findings, in accordance with 

[14], reveal the possibility to obtain a large control in the effective properties of suture joints 

and, in particular, an auxetic behavior can be obtained just by tailoring the geometric 

characteristics of the two constituents. 
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Figure 3. Viscoelastic suture joints: the influence of the tooth tip angle 𝛽𝛽𝑆𝑆 into the (a), (b), (c) 

effective moduli and (d), (e), (f) loss factors. 

 

 

 

 

 

 
 

 

 

Figure 4. The influence of the tooth tip angle 𝛽𝛽𝑆𝑆 into the effective Poisson’s ratio of viscoelastic 

suture joints. 

 

3.2 Hierarchical suture joints: parametric analysis and optimal values 

Motivated by the findings of Section 3.1 where, interestingly, even an auxetic behavior can be 

achieved for particular values of the tooth tip angle, in this section the analysis is extended to 

the case of structural hierarchy. Our investigation deals with a self-similar viscoelastic 

hierarchical suture joint having up to 11 levels of hierarchy and, considering its abundant 

784/1602 ©2022 Ongaro et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

7 / 9 ©2022 1  Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

presence in biology, a triangular configuration with a constant value of teeth volume fraction, 𝜙𝜙𝑇𝑇[𝑖𝑖] ≡ 𝜙𝜙𝑇𝑇 = 0.75, at all levels. The starting element of the examined system, the level-[1] in 

Figure 2, has the same amplitude, wavelength and mechanical characteristics of the not-

hierarchical suture considered in Section 3.1. The outcome of the analysis is summarised in 

Figure 5, where the effective stiffness (𝐸𝐸1[𝑖𝑖])′/𝐸𝐸𝑇𝑇 , (𝐸𝐸2[𝑖𝑖])′/𝐸𝐸𝑇𝑇 , (𝐺𝐺12[𝑖𝑖])′/𝐸𝐸𝑇𝑇 and loss tangent tan 𝛿𝛿1[𝑖𝑖], tan 𝛿𝛿2[𝑖𝑖], tan 𝛿𝛿12[𝑖𝑖]
 are plotted versus the number of levels, and in Figure 6, where the effective 

Poisson's ratios 𝜈𝜈12[𝑖𝑖], 𝜈𝜈21[𝑖𝑖]
 are plotted versus the tooth tip angle 𝛼𝛼𝑆𝑆 = 𝛽𝛽𝑆𝑆. Note that, according to 

the assumption of self-similarity, 𝛼𝛼𝑆𝑆 is constant at all levels. Regarding the effective moduli, 

Figures 5(a,b,c) suggest that, generally, the benefit obtained by adding orders of hierarchy is 

limited to a number of levels n<5. A different trend can be observed in Figures 5(d,e,f) where, in 

the case of the loss tangent, introducing hierarchical levels leads to a significant improvement 

only for particular values of 𝛼𝛼𝑆𝑆. For example, if we focus on the loss tangent tan 𝛿𝛿2[𝑖𝑖] in Figure 

5(e), we can see that hierarchy is detrimental for 𝛼𝛼𝑆𝑆 = 30∘, 40∘ while, for 𝛼𝛼𝑆𝑆 = 60∘, adding 

hierarchy leads to an improvement up to the second level that coincide with the optimum level 

of this particular configuration.  

 

Figure 5. Viscoelastic hierarchical suture joints: (a), (b), (c) effective moduli and (d), (e), (f) loss 

factors vs number of levels. 
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Finally, in terms of 𝜈𝜈12[𝑖𝑖], 𝜈𝜈21[𝑖𝑖]
 in Figure 6, it emerges an auxetic behavior for particular values of 𝛼𝛼𝑆𝑆. A large variability in the values of 𝜈𝜈12[𝑖𝑖] and 𝜈𝜈21[𝑖𝑖]  can also be obtained just by modifying the 

number of hierarchical levels. 

 

 

 

 

 

 

 

Figure 6. The influence of the tooth tip angle 𝛽𝛽𝑆𝑆 into the effective Poisson’s ratio of viscoelastic 

hierarchical suture joints. 

3. Conclusions 

This paper deals with the analysis of viscoelastic hierarchical suture joints having a general 

trapezoidal waveform. Initially, based on the elastic-viscoelastic correspondence principle, 

closed-form expressions for the effective properties and loss factors are presented for both the 

not-hierarchical and hierarchical arrangement. A strong influence of the suture's geometric and 

mechanical characteristics on the effective behavior can be observed and a parametric analysis 

has been established to thoroughly investigate this aspect. We found that for particular suture’s 

configurations it is possible to obtain not only an improvement in the effective stiffness and loss 

moduli but also a negative value of the Poisson's ratios, revealing the system's auxetic response. 

The example of a self-similar hierarchical suture with eleven orders of hierarchy is also 

presented. It emerges that introducing hierarchy leads to an enhancement of the effective 

moduli and loss factors, together with the existence of optimal levels of hierarchy. As far as we 

know, in the context of suture joints, the two fundamental ingredients of hierarchy and 

viscoelasticity are simultaneously considered here for the first time. 
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Abstract: Glass fibers are the most widely applied reinforcing fibers in polymeric composites and 

provide stiffness, strength as well as thermal and chemical resistance. Such glass fibers are 

available with suitable sizings to be chemically compatible to the selected polymer matrix. In 

light of the increasing use of biobased polymers, the challenging point of composite recycling is 

addressed in this work. A new approach for the development of biodegradable glass fiber 

reinforced composites is presented, based on both a degradable matrix and hydrolytically active 

glass fibers that also includes the use of biobased and degradable sizings. In our work, we 

successfully treated degradable glass fibers with silanes and biocompatible film formers with the 

aim to enhance the fibers’ tensile strength, but also to show the effect of the sizing process on 

the fibers’ degradation. The biobased sizings increased the single fiber tensile strength, however, 

the film formation on the surface needs to be further improved. 

Keywords: hydrolytically active glass fibers; biobased polymers; biodegredation; 

biocomposites; sizing. 

1. Introduction 

Today, glass fiber reinforced composites find use in many fields ranging from application in 

lightweight structures in automotive and transport to wind turbines or construction. However, 

with the development of biodegradable, biocompatible or bioactive glass compositions by Larry 

Hench in 1969 the application of glasses in medical fields and the creation of sustainable 

polymeric composite materials with the possibility of composite recycling came into view [1]. 

Bioactive glasses interact with water by dissolving the glass structure and releasing ions. The 

Bioglass® created by Hench is a SiO2-Na2O-CaO-P2O5-system that is bioresorbable and shows 

bioactive properties through the degradation products promoting bone growth [2]. Applications 

of this glass and similar glass compositions developed in the wake of Henchs’ discovery are used 

primarily in orthopaedics, dentistry, and oral and maxillofacial surgery [3]. Because of the 

potential angiogenetic properties of the glasses, they can also be used for wound healing in a 

textile form [4]. A main focus when using bioactive glasses is the development of novel bone 

scaffold materials using the osteogenic properties of this new group of materials.  However, for 

this specific approach bioactive glasses have only been used in the form of granules, pastes or 

short fibers which cannot be loaded during the healing process. Significant advantages could 

arise from a load bearing bioactive glass containing bone scaffold material. To make such a 
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mechanically strong composite possible, the glasses would have be processed in the form of 

continuous fibers. Currently, no continuous fibers made from bioactive glass compositions on 

the market, but they have been successfully fabricated as described previously [6]. 

By using these glasses as a reinforcing phase in plastic matrices, it should be possible to 

selectively rebond the composite and cleanly separate the matrix from the fibers when they are 

released from the matrix into an aqueous phase. With the development of biodegradable glass 

fibers, a fully degradable system could be achieved and thus application in medicine as well as 

lightweight construction can become feasible. Especially for the use in construction, this could 

pave the way for fully sustainable “green” composite alternatives. However, for the 
development of such a system it is indispensable to develop a suitable biodegradable and 

biobased sizing in order to improve the mechanical properties of the composite while keeping 

the system fully biocompatible. A scheme presenting the development process of a sizing for a 

fully degradable composite material is shown in Fig. 1. 

 

Figure 1. Scheme for the development of a biobased sizing for degradable glass fibers  

The fiber-matrix-adhesion is very important for mechanical performance of each composite. The 

properties of this interface are mainly determined by the sizing applied to the fibers prior to 

composite manufacturing. The sizing has three main functions: improving the tensile strength 

of the fiber by bridging defects on the surface of the glass fiber network, protecting it from 

degradation as well as during processing and optimizing the fiber-matrix-adhesion [5]. The latter 

is especially important in order to be able to provide strength and stiffness to the overall 

composite. If a fully degradable composite is targeted, the sizing must furthermore be biobased 

and biodegradable and has to be water-based.  

Accordingly, the aim of this work was to develop a suitable biodegradable and biobased sizing 

for degradable glass fibers drawn from biocompatible glass compositions to improve the fibers’ 
tensile strength and to show the influence of the sizings on the fibers’ degradation process. This 

will provide the basis for manufacturing of an adjustable biodegradable glass fiber reinforced 

composite. 

2. Materials and methods 

2.1 Fiber manufacturing 

The fibers were produced at TU Freiberg by melt spinning, i. e. by downdrawing them from 

bushing tips as described previously [6]. Composition 18-06 (65 SiO2:1,5 B2O3:18,4 Na2O:15 
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CaO:0,1 MgO, in wt%) had been chosen because of its good mechanical properties and slow 

degradation rate in aqueous media. 

2.2 Sizing compositions 

The sizing consisted of three ingredients. A silane acting as networking agent, a biobased film 

former and water as a solvent.  

Four different silanes supplied by Evonik Industries AG were chosen as networking agents: 

Dynasylan® GLYMO ((3-Glycidyloxypropyl)trimethoxysilane - GPTMS), Dynasylan® DAMO (N-(2-

Aminoethyl)-3-aminopropyltrimethoxysilane), Dynasylan® AMEO (3-Aminopropyltriethoxy-

silane; APTES) and Dynasylan® PTMO (Propyltrimethoxysilane). As filmformers three 

biopolymers were used: chitosan, starch (from potatoes) and gelatin (from bovine skin). Starch 

and gelatin were supplied by Sigma-Aldrich while chitosan was provided by BioLog Heppe GmbH 

in the form of a 2 % solution. 

Chitosan was chosen for its very good cohesion and adhesion as well as antibacterial properties. 

As a by-product of the fishing industry, its production proves to be environmentally friendly. 

Gelatin exhibits excellent film forming abilities and is one of the best materials to imitate natural 

collagen. Finally, starch is the most readily available and least expensive material with the 

smallest environmental footprint, also showing good film forming properties. As film formers 

chitosan, gelatin and starch were examined.  

2.3 Single fiber dip-coating 

For the single fiber dip coating, sizings were prepared in low volumes. For the preparation of the 

sizing water was placed in a beaker and the silane was slowly added under stirring. The silanes 

were added with an amount of 2 wt% and their hydrolyzation was carried out for 0,5 to 1 hour 

in water. After the hydrolyzation of the silane, the film former was added at 1 wt%. This low 

amount of film former is ascribed to the high viscosity of the chitosan solution and for the sake 

of comparability the other film formers were used in the same amounts. For chitosan, acetic 

acid was added to the watery solution of the silane and the chitosan was slowly added to the 

solution under stirring. For starch and gelatin, the silane solution was heated and the film 

formers in the form of powders were weighed in and added to the solution under stirring.  

Simultaneously, a metal frame was prepared and mounted with single glass fibers. This frame 

could then be dipped into the sizing solution at a fixed speed of 80 mm/min and was kept in the 

solution at the lowest point for 1 minute. During dipping the sizing solution was constantly 

stirred. The starch and gelatin sizings were kept at an elevated temperature during the 

immersion process. After dipping, the fibers were dried at room temperature for 24 h. 

2.4 Fiber characterization using single-fibre-tensile tests and SEM/EDX analysis 

The fiber samples were mechanically tested by single fiber tensile tests with a FAVIMAT from 

TexTechno Herbert Stein GmbH & Co. KG. The determination of the mechanical parameters 

provides information about the distribution of the coatings and their efficiency in healing defects 

in the fiber surface. The device also allows for the measurement of fiber diameters through the 

vibroscopic method by exciting vibrations of the fibers and measuring their resonant frequency.  
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The fractures strength of the samples are analysed through a Weibull distribution. This statistical 

method is reasonable since the defects on the glass fiber surface are also spread randomly. The 

homogenous healing of defects by the sizing can therefore be analysed. As a result, the Weibull 

modulus and the characteristic strength of the fibers are acquired. The Weibull modulus is a 

measure of the distribution of surface defects on the fiber. The higher the modulus, the more 

homogenous the distribution of surface defects.  

Finally, the surface of the sized fibers was analyzed by Scanning electron microscopy (SEM) with 

enery-dispensive X-ray (EDX) detection to evaluate the film homogeneity and to identify 

individual elements. The fibers were embedded in an epoxy resin (Epofix) to fix them, then 

embedded in Epofix for a second time and grinded. The surface was then sputtered with carbon. 

SEM-EDX investigations were done in an UltraPlus device (Zeiss, Germany) with an EDX detector 

XFlash 5060F (Bruker, Germany) with an excitation voltage of 6 keV at different positions with 

different magnifications. 

3. Results and discussion 

3.1 Single fiber tensile tests 

The samples included fibers sized with both networking agent only and with the combinations 

of networking agents and biobased film formers. 

Figure 2. Weibull diagrams of the sizings showing the highest tensile strengths (left) and 

comparison between the fracture strength of the unsized glass 18-06, the fibers sized with 

various silanes and with full sizing compositions (right) 

In comparison to the unsized fibers, enhanced mechanical properties could be achieved both 

through the sizing with networking agent (silane) only but also in combination with a film former. 

For the silanes the highest value for the fracture strength could be achieved with 3-

aminopropyltriethoxysilane (APTES) at 1300±228 MPa. The overall improvement of the tensile 

strength of the fibers can be explained by the formation of a siloxane network by the silane 

molecules. This network closes the defects that occur in the silica network on the fiber surface. 

The defects can therefore no longer act as a weak point in the fiber structure. A relative 

improvement of up to 30 % could be observed. Consequently, the homogenous healing of the 

defects in the glass structure led to significantly higher Weibull moduli in all samples, increasing 

from 3.35 (glass 18-06 unsized) to up to 7.53 (sizing Gelatin+PTMS). The silanes therefore 

exhibited the same functionality on degradable glass as on AR- or E-glass, where they are 
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commonly applied in sizing formulations. The fiber surface is – on a molecular level – rather 

rough due to the occurrence of defects mentioned. Hence, it is likely that the silanes are present 

as covalently bond monolayers on the fiber surface [7].  

By combining the networking agents with the biobased film formers, fracture strenghts of 

consistently above 1300 MPa were achieved. However, through the application of the film 

formers the Weibull modulus didn’t change significantly in comparison to the silane only sized 
fibers. The biopolymers do not contribute to the healing of defects on the fiber surface but 

reinforce them mechanically by forming of a thin film that strengthens the fiber longitudinally.  

A relative mechanical improvement of 40 % could be observed. This is comparable to the effects 

silanes can have on other glasses such as AR-glass fibers [8]. These improvements, however, are 

not correlating with the results of the trials with the silanes alone, as can be seen especially with 

PTMS. The decisive factor for the effects of the film formers is how they interact with the silane 

layer present on the fiber surface. The biopolymers can be either chemically or physically 

bonded to the layer beneath. For some combinations, mechanisms for copolymerization of the 

silane and the polymer are known. The epoxy ring of GPTMS reacts with the primary amine of 

chitosan in low pH conditions and the hydroxyl group of starch can copolymerize with the 

primary amine of APTMS [9]. The covalent bonding between the two sizing components explains 

the good mechanical improvement of the fiber in these both cases. Nevertheless, the film 

former must not be chemisorbed in all cases. For other combinations, the interface between 

silane and the polymer can be described as an interpenetrating network, presenting a 

physisorbed gradient interface which can also lead to good mechanical improvements [5, 7].  

The fiber diameters do not change significantly in either the silane-only application or the full 

sizing formulas. The slight decrease (from 18.6±2.1 μm to 17.4-18.1 μm) could also be ascribed 

to the storage time of the degradable glass fibers. The non-decreased diameters suggest that 

the water-based sizing treatment of degradable fibers has not significantly weakened the fiber 

due to degradation. However, it is of importance to note that the trials were conducted with 

glass 18-06, which degrades slowly. Tests with other, more hydrolytically active glasses will 

further reveal the effects of a water-based sizing on the glass fibers.  

3.4 SEM-EDX imaging 

SEM/EDX experiments were done to assess the quality of the sizing film and to identify individual 

elements. Two examples are shown below. 

In general, the sized fibers feature a very homogenous and smooth surface area with minimal 

or no inhomogeneities. A polymeric film on the fiber surface cannot be unequivocally 

determined with this method. However, a smooth fiber surface is a good indicator considering 

the degradation tendencies of the fiber. Apparently, the sizing process, involving a contact with 

water, did not visibly degrade the fiber. As the silane is certainly bound to the fiber surface in 

form of a nanoscale layer, it is not detectable using SEM. The biopolymeric film former, however, 

becomes visible when its weight share is increased from 1 wt% to 5 wt%, as shown in Fig. 3 – 

right. 
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Figure 3. SEM image of APTMS (2 wt%) sized fibers (left) and SEM/EDX result of fibers sized 

with starch + APTMS (5 wt% + 2 wt%; right) 

The carbon originating from the starch molecules could be identified and is distributed unevenly 

across the fiber surface in the form of small agglomerates. Because of the polar character of the 

glass fiber surface and the nonpolar character of starch, a direct coupling of the starch polymers 

to the silica surface seems unlikely. Rather, the silane is covalently bonded to the silica network 

of the glass and offers its organic functional group to the biopolymer molecules, forming a 

copolymer [9]. These results also show that optimizing the sizing composition using 

characterization methods such as SEM/EDX is necessary to obtain the desired properties.  

4. Conclusions 

The fiber/ matrix interface has a significant influence on the mechanical properties of 

composites. Particularly in biodegradable composites, major attention must be paid to the sizing 

that mediates adhesion between fiber and matrix, as it is also released during degradation. In 

this study, aqueous sizing compositions based on common industrial silanes and bio-based film 

formers were investigated on 18-06 type biodegradable glass fibers. It was observed that the 

silanes were responsible for an increase in the fracture strength of the glass fibers. A relative 

increase of tensile strengths of up to 40 % could be achieved in comparison to unsized fibers. 

Especially the combinations of Chitosan + GPTMS, Gelatin + PTMS and Starch + N-(2-

Aminoethyl)-3-APTMS proved to be effective. It was also important to show that with this glass 

composition, the surface finish is not affected by the dip coating process. However, it is 

conceivable that with more hydrolytically reactive glass compositions, dissolution of the fiber 

surfaces already occurs during sizing. Future studies are still needed to detect the sizing 

components on the glass surfaces satisfactorily and to analyze the effects of the sizing process 

on the stability of the degradable glass fibers. 
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Abstract: An experimental investigation was performed to study the effect of humidity on the 

mechanical properties of non-dry flax/polyester biocomposites. A better understanding of the 

relationship between environmental factors, particularly humidity, and mechanical properties 

allows to assess the long-term durability of these materials. This work aims to provide a better 

insight into the effect of humidity, 55%, 65%, and 85%(RH), on the evolution of the flexural 

properties of flax/polyester biocomposites. Composites with three different unidirectional fibres, 

±45 fabrics from two different suppliers, and 0/90non-crimp fabric are prepared by Vacuum 

Assisted Resin Infusion (VARI) process. Flexural test results show that a 14% - 25% reduction in 

modulus of unidirectional NFCs is observed due to the increasing humidity from 55%RH to 

85%RH. Furthermore, at 85%RH, the modulus of composites made of non-dry ±45 fabrics and 

0/90 fabrics is decreased 27-34% and 21% respectively in comparison with 55%RH. 

Keywords: Bio-Composites; Humidity Effect; Flexural Properties; Fibre Architectures 

1. Introduction 

In recent years, the use of natural fibres especially flax fibres as a suitable alternative to glass 

fiber in fiber-reinforced polymer (FRP) is more attractive. Lightness and a lower environmental 

impact are two crucial factors that can distinguish Natural Fibre Composites (NFCs) from 

synthetic fibre reinforced polymers[1].  Among various types of natural fibres, bast fibres 

especially flax ones are so attractive and used in industry due to their high specific stiffness. But 

their applications have been limited due to the nature of these materials[2]. They interact with 

humid environments because of the hydrophilic properties of the natural fibre reinforcements 

mainly explained by their complex multi-scale structure and biochemical composition.  Although 

the effect of humidity and water absorption on the mechanical properties of NFCs have been 

investigated by many researchers[3], few researchers have embedded non-dried fibre in their 

composites. Lu et al[1]. found that the durability of these materials increases by making 

composites with non-dried fibres, because the pre-swollen fibres swell and shrink less in in-use 

humidity conditions. Hence, in order to have a better understanding of the effect of humidity 

on the NFCs with non-dried fibre, some biocomposites with different fibre architectures (UD, 

±45, 0/90 non-crimp fabric) and partially bio-based polyester resin are prepared. Using a 

partially bio-based resin combined with a cobalt-free accelerator enhances the environmentally 

friendly character of NFCs[1]. The results of this work not only depict the effect of humidity on 

NFCs with different architectures but also reduce the concern over the biocompatibility of  NFCs.  

2. Materials and Methods: 
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2.1. Materials 

As described in Table 1 different fibres with various fibre architectures were used as the 

reinforcement to make flax fibre reinforced composites. Furthermore, the partially bio-based 

polyester resin(1580 IB, Polynt) with peroxide curing agent (Butanox LPT-IN, Nouryon), cobalt 

free accelerator (Nouryact CF-12N, Nouryon), and an inhibitor (NLC-10, Nouryon) were used for 

the matrix preparation. The proportions of resin/accelerator/peroxide/ inhibitor were 

100/1/2/0.4 wt% respectively. 

Table 1. Flax fibre characteristics 

Fibre architechtures Areal weight (g/m2) Suppliers 

Non-crimp UD fabric 420 Terre de lin 

Quasi-UD 280 Bcomp 

UD tape 200 Lineo 

0/90 Non-crimp fabric 800 Terre de lin 

±45 Non-crimp fabric A 750 Terre de lin 

±45 Non-crimp fabric B 350 Bcomp 

 

2.2. Natural fibre composites manufacturing method 

All fabric layers were conditioned at 65% RH to have a non-dried fibre prior to the manufacturing 

of the NFCs. Biocomposite plates were prepared using the vacuum-assisted resin infusion (VARI) 

technique with a theoretical volume fraction of 35%-40%. 

2.3. Flexural test  

Flexural tests in the longitudinal direction of the fibres were conducted in accordance with ASTM 

D790 standard, with a test span of 64 mm. Three-point bending tests were performed on a 

universal testing machine (Instron 5567) with a 1 kN capacity load cell. All flexural tests were 

done after sample conditioning for at least 14 days in the standard salt solution boxes with 

different humidity conditions of 55%, 65%, and 85% RH. 

3. Results and discussions 

3.1. Flexural test and moisture effect 

Table 2. summarizes the flexural properties of the various NFCs at 55% RH. Since fibre volume 

fraction (FVF%) is a potential variable in the composite manufacturing methods such as VARI, 

the longitudinal flexural properties were linearly normalised to the FVF%. Hence, Fig 1. depicts 

the normalized flexural properties of Unidirectional NFCs. As shown in Fig 1. flexural strength 

and modulus of UD Tape are higher than for the rest of unidirectional NFCs. The lower flexural 

properties of  NFCs with quasi-UD and Non-crimp UD fabric could be due to the twisted fibre 

and stitched fibre in both NFCs respectively. These effects on the mechanical properties of NFCs 

have been evaluated by various researchers[4][5] and also it could be confirmed by Micro-CT 

evaluation. The stitches could make a resin-rich area and cracks could propagate in this area. So 
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the mechanical properties of these composites might be reduced. This effect will be addressed 

by Micro-CT test results in future work.  

 

Figure 1. Normalized flexural properties of Unidirectional NFCs, according to the rule of 

mixtures  

Furthermore, Fig. 2 represents the flexural properties of NFCs after conditioning at different 

relative humidity conditions. As shown in Fig 2.a, the flexural modulus of NFCs with Quasi-UD at 

55% RH is 24.23 GPa, while this property at 85%RH is 18.14 GPa. Hence a 25% reduction in 

flexural modulus due to the increasing humidity from 55%RH to 85%RH is observed.  Moreover, 

the drop in modulus in the rest of unidirectional NFCs is about 14%. Thus, the maximum 

reduction in flexural modulus in NFCs is seen with the Quasi-UD. It might be due to the twist 

effect or micro impregnation issues with certain yarns. As shown in Fig 2.b, the flexural modulus 

of NFCs with ±45 Non-Crimp fabric B (somewhat twisted fibre) is 25% greater than the flexural 

modulus of NFCS with ±45 Non-Crimp fabric A, the type of stitches in both fabrics might be the 

reason for this behaviour. Furthermore, the drop in modulus after conditioning at 85% in the 

first composite with twisted fibre is about 7% higher than in the second type of composite. 

Hence, the effect of twisted fibre or micro impregnation issues could be some hypotheses for 

this downward trend.  
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Figure 2. (a) Humidity effect on the flexural modulus of NFCs (a)UD and 0/90 fabrics, (b) ±45 

fabrics 

Table 2. Flexural properties of NFCs with different architectures (at 55 %RH and RT) 

Fibres Mean Strength (MPa) Mean Modulus (GPa) 
Strain to 

Failure (-) 
FVF (%) 

Non-Crimp UD Fabric 182.38 ± 7.96 20.18 ± 0.24 0.023 ±0.002 41.3 

Quasi-UD 242.41 ± 2.79 24.23 ± 0.79 0.029 ± 0.001 40.8 

UD Tape 234.3 ±  5.62 21.92 ± 0.58 0.024 ± 0.001 37.6 

 ±45 Non-Crimp fabric A 81.45 ± 4.51 4.73 ± 0.15 0.033 ± 0.004 43.1 

 ±45 Non-Crimp fabric B 80.56 ± 6.20 6.29 ± 0.36 0.036 ± 0.004 43.8 

 0/90 Non-Crimp fabric 162.12 ± 5.94 8.92 ± 0.76 0.035 ± 0.003 36.7 

 

Fig 3. shows the theoretical and experimental flexural properties of NFCs with ± 45 fabrics which 

were obtained from ESAComp software. ESAComp results, which were obtained based on 

Classical Laminate Theory(CLT), represent that the flexural modulus ratio( Exp/Theo (%)) of NFCs 

with ±45 fabric A is 54% whilst this value for NFCs with Non-Crimp UD fabric is 73%, and these 

values are the lowest ratios in comparison with the rest of ±45 fabric and UD biocomposites. 
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Since these two types of fabrics are stitched fabrics, it might be indicative of the effect of the 

stitches. Moreover, the fibre alignment should be another important factor so further research 

is required to evaluate the effect of fibre misalignment on the mechanical properties of NFCs. 

 

Figure 3. Experimental and theoretical flexural modulus of NFCs 

4. Conclusions 

The reduction in E-modulus at high humidity is remarkably lower than usually reported in the 

literature[6], where reductions up to 50% are seen. Quasi-UD flax fibre reinforced epoxy 

composites showed a higher decline in flexural modulus when subjected to the higher relative 

humidity in comparison with the rest of unidirectional NFCs. The significant drop in flexural 

modulus of “Non-Crimp UD Fabric ”  and “±45 Non-Crimp fabric A” depict the effect of stitches. 

Moreover, fibre misalignment could be a crucial factor to demonstrate other reduction 

parameters of flexural properties.  
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Abstract: Sustainable energy technologies require the development of sustainable composites 

using novel methods and materials with a minimal environmental impact. Piezoelectric effect-

based mechanical energy harvesting (MEH) and sensing offer great potential as a sustainable 

technology for low-grade mechanical energy harvesters and self-powered sensors. Herein, we 

utilize ZnO to functionalize the delignified wood surface for MEH and vibration sensing 

applications, where wood act as robust support to well adhered piezoelectric ZnO nanoparticles. 

This surface functionalization strategy is a reasonable substitute for the bulk ZnO films, which 

offer optimal utilization of active material at relatively low content. The wood/ZnO composite 

device is utilized for vibration sensing and MEH. The device (25 cm2) resulted in a peak to peak 

output voltage of ~15 mV and a peak to peak current of ~2.2 nA under the influence of 

mechanical vibrations from the periodic motion of a linear motor operating at the acceleration 

of 50 ms-2. The scalable fabrication approach signifies the practical use of wood-based 

composites for piezoelectric mechanical energy harvesting. 

Keywords: Sustainable bio-based composites; mechanical energy harvesting; ZnO; wood 

composites,  

 

1. Introduction 

This work reports the utilization of ZnO surface-functionalized wood veneers as a 

mechanical energy harvester and vibration sensor. Mechanical energy harvesting is realized via 

the piezoelectric effect, where employed devices are known as piezoelectric nanogenerators 

(PENG). PENGs play a significant role in the development of sustainable technology as they can 

utilize waste mechanical energy from wind, sound, waves, human physiological motions, or 

machines and infrastructures vibrations converting into electricity for running small portable 

electronics or the array of sensors for the Internet of Things (individually identifiable smart 

devices connected over the internet). Additionally, PENGs can also act as self-powered 

mechanical sensors, flexible electronic skin, wearable sensors for technological applications, or 

human health monitoring.1  

 Wood is a ubiquitous material that is majorly comprised of cellulose, hemicellulose, and 

lignin.2 The presence of these chemical motifs and their rich functionalities in wood provide a 

platform for various modifications for numerous technological applications.3 Recently, 

delignified balsa wood was explored for mechanical energy harvesting and sensing applications, 

where piezoelectric properties in the wood were attributed to crystalline cellulose.4 

Delignification using hydrogen peroxide or selective fungal decay of wood not only enhances the 
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cellulose content but also the compressibility of the wood leading to enhanced energy 

generation, which resulted in the output voltage of 0.84 V under 22.2 kPa stress, and 0.87 V at 

10 N force (45 kPa) stress.5,6  However, these reports were limited to the balsa wood only, and 

fungal treatment takes about ten weeks, making it an unfavorable process from the scalability 

point of view. Previously, cellulose piezoelectricity was improved by the ZnO coating.7 However, 

cellulose films are prepared via a bottom-up approach in which cellulose fibers of the wood are 

broken down using chemical or physical methods and then reassembled to form a cellulose 

macroscopic structure. On the other hand, in a top-down approach, wood structure and/or its 

compositions are engineered to obtain functional properties without compromising its original 

hierarchical anisotropic structure. Usually, the top-down approach requires less energy 

consumption, making it a more eco-friendly process.3 

In this row, we functionalized wood surfaces with ZnO nanoparticles coating to 

demonstrate their potential application in mechanical energy harvesting and vibration sensing. 

The functionalization of wood with ZnO has been vastly explored, due to several advantages 

such as enhanced moisture resistivity, photostability, fire retardancy, and antibacterial 

properties of the wood substrate.8,9 ZnO adheres well to wood or cellulose due to the higher 

binding affinity of Zn2+ toward the oxygen atom in hydroxyl or carboxyl functionalities.8,9 The 

surface functionalization strategy is unique to previous approaches to composite preparation, 

wherein active piezoelectric particles embedded in a polymer matrix can hinder their effective 

utilization.10 However, surface functionalization of wood with ZnO nanoparticles coating ensures 

the effective utilization of active material, and a similar output can be achieved at lower ZnO 

content. Additionally, this method is independent of the wood substrate, as ZnO 

functionalization of wood has been utilized for numerous wood species.8 Moreover, wood 

functionalization by ZnO can be achieved at a larger scale, which signifies its potential for large-

area applications such as wooden floors.  

 

2. Results and discussion  

The birch wood veneers were treated in a bleaching solution (6 wt % hydrogen peroxide, 1 

wt % trisodium citrate dihydrate, and 1 wt % sodium hydroxide in deionized water) at 65 °C for 

2 h and washed 2 to 3 times using deionized water. The bleaching treatment partly removes the 

lignin and modifies its chromophores while retaining the structural integrity of the wood 

veneers. Figure 1a shows the Fourier Transformed Infrared (FTIR) spectroscopic analysis of 

native wood (NW) and delignified wood (DW), where peaks intensities at 1460, 1505, and 1595 

cm-1 corresponding to lignin were reduced slightly owing to only partial removal/modification 

of lignin. This treatment does not destroy the aromatic backbone of lignin such that the 

structural integrity of the wood is not compromised. The intensity of the peak at 1734 cm-1 

disappeared due to the deacetylation of hemicellulose. Additionally, the intensity of the peak 

near 1233 cm-1 reduced due to the modification of C-O bonds in hemicellulose and lignin. 

Further, wood veneers were solvent exchanged from water to ethanol, and ZnO nanosol was 

prepared by dropwise addition of ethanolic sodium hydroxide in a zinc acetate dihydrate 

solution at 65 °C. The delignified wood was further functionalized with ZnO by ZnO nanosol 

infiltration under vacuum followed by drying at 110 °C for 3 min. These steps were subsequently 

repeated four times to ensure the homogenous coverage of ZnO on the wood surface. The ZnO 

content was found to be ~7 wt% as determined by thermal gravimetric analysis in oxygen. Figure  
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Figure 1: (a) FTIR spectra of native and delignified wood. The peaks changed due to lignin and 

hemicellulose modification are shown in dark brown and grey, respectively. The data was 

obtained using PerkinElmer spectrum 100 FT-IR equipped with an MKII Golden Gate, a single-

reflection accessory unit with a diamond ATR crystal (Graseby Specac Ltd., UK). SEM images of 

ZW. (b) X-ray diffraction pattern of DW and wood/ZnO (c) Overview of wood structure along 

with the fiber direction, (d) Fiber surface shows ZnO nanoparticle coating and zoom-in image in 

inset shows the ZnO nanoparticle morphology. The data were obtained using a Field Emission 

Scanning Electron Microscope (Hitachi S-4800, Japan). 

1b shows the X-ray scattering diffraction pattern of DW and wood/ZnO. The inset image shows 

the ZnO crystalline planes (100), (002), and (101).11 Figures 1c and 1d show the Scanning Electron 

Microscopy (SEM) images of ZnO functionalized wood veneers. Since the wood veneers were 

cut along the fiber direction, ZnO deposition was majorly limited to only the fiber surface or in 

the exposed lumens. The wood surface shows the exposed fiber lumen and fiber surfaces (Figure 

1c). After ZnO functionalization, small granular ZnO nanoparticles can be observed on the fiber 

surface as shown in Figure 1d. The ZnO particle size ranges from 20 - 40 nm as shown in the inset 

image of Figure 1d. 

A device or PENG was fabricated by attaching two electrodes at the top and bottom of 

the wood/ZnO veneer (5 x 5 cm2) followed by soldering two copper wires. Finally, the whole 

device was encapsulated in an insulating matrix (Figure 2a) to eliminate other contributions 

during the testing. In the practical environment, mechanical energy is abundant in the form of 

vibrations. Every running machine, equipment, and infrastructure like wooden floor, flyover, etc. 

produces vibrations. These vibrations have a unique frequency associated with them, which can 
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change under external stimuli or malfunction, and they can be used as a mechanical source for 

mechanical energy harvesting or sensing. For a demonstration, we utilize the device for vibration 

sensing. The vibrations were produced by the periodic movements of the linear motor (Linmot, 

USA) operating at an acceleration of 50 ms-2. Figure 2b shows the device mounted on the linear 

motor. The output voltage and current were recorded using Keithley's DMM 7510. When the 

linear motor was at the rest, no signal was observed and marked as “Off” in Figure 2c. When the 

periodic motions of the linear motor started, the signals appeared, which is marked as “On” in 
Figure 2c. The vibrations act as a mechanical input, which mechanically deforms the wood/ZnO  

 

Figure 3: Vibration sensing and mechanical energy harvesting from ZnO functionalized wood.  

(a) Schematic illustration of the piezoelectric nanogenerator fabricated from wood/ZnO. (b) A 

linear motor setup for producing the vibrations, and images show the device mounted on the 

linear motor setup. (c) The vibration sensing ability of wood/ZnO device, where the vibrations 

are produced by a linear motor operating at the acceleration of 50 ms-2. (d) Fast Fourier 

Transformed analysis of voltage signal showing frequency range of vibrations. Mechanical 

energy harvesting from vibrations produced by the periodic motion of the linear motor, (e) the 

output voltage, and (f) output current. 
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substrate. In a response to the mechanical deformations, the wood/ZnO produces electrical 

signals owing to its piezoelectric properties. Hence, the wood/ZnO device act as a self-powered 

vibration sensor. The Fast Fourier Transformed (FFT) analysis of output signals (Figure 2d) 

revealed that at the acceleration of 50 ms-2, the prominent frequency of the linear motor setup 

vibration was ~5.8 Hz. Additionally, these low-grade vibrations were also used for mechanical 

energy harvesting. The device resulted in an output voltage of ~15 mV (Figure 3e) and a current 

of ~2.25 nA (Figure 3f) from these vibrations. Hence, low-cost, scalable wood/ZnO composites-

based piezoelectric nanogenerators demonstrated their potential in mechanical energy 

harvesting and vibration sensing toward the development of sustainable technologies. 

 

3. Conclusions 

We report the wood/ZnO sustainable composite-based vibration sensing and 

mechanical energy harvesting devices. The wood/ZnO composite can be prepared by surface 

functionalization of delignified wood veneers. This method offer advantages of effective 

utilization of active material along with scalability potential. A device fabricated from the 

wood/ZnO composite (25 cm2) demonstrated its potential as a self-powered vibration sensor. It 

could sense low-frequency vibrations produced by the periodic motions of the linear motor. 

These vibrations were also utilized as a mechanical input for MEH, which resulted in an output 

voltage of ~15 mV and a current of ~2.2 nA. Thus, low cost, easy to prepare wood/ZnO offer 

potential for their application in mechanical energy harvesting and sensing application, where 

they can be employed under wooden floors. 
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Abstract: The BioLam project, currently being developed by Instituto Superior Técnico and 

pultrusion company Clever Reinforcement Ibérica, envisages the development of more 

sustainable carbon-FRP (CFRP) laminates. The main goal of the project is to develop a bio-based 

resin system and replace its current petrochemical-based thermosetting counterpart in the 

production of pultruded CFRP laminates for the strengthening of reinforced concrete structures. 

This paper presents an overview of the BioLam research project, namely of the various tasks. The 

paper presents, in more detail, (i) results of mechanical characterisation tests of pultruded CFRP 

laminates, produced with a bio-based resin already developed and a conventional counterpart, 

and (ii) preliminary results of durability tests on those two types of laminates after 1 and 3 

months of accelerated hygrothermal ageing. 

Keywords: Construction; Sustainability; Bio-polymers; Composites; CFRP laminates; Strengthening. 

1. Introduction 

Approximately one third of global CO2 emissions are attributed to the construction industry; 

thus, increasing its efficiency and introducing innovative and more sustainable materials are key 

strategies to reduce the environmental impacts of this sector [1,2]. Fibre reinforced polymer 

(FRP) composites have gradually gained acceptance in construction due to their several 

advantages over conventional materials [3]. However, their polymeric matrix is usually derived 

from petrochemical sources, generating significant environmental impacts and undesirable 

dependency from crude-oil. Over the past century, the price of both petrochemical monomers 

and petro-based products gradually raised due to increasing consumption and decreasing raw 

material availability. One way to reduce the dependence from petroleum is to favour the use of 

renewable raw materials [4,5]. 

Pultruded carbon fibre reinforced polymer (CFRP) laminates are now often used in the structural 

strengthening of civil engineering infrastructure, such as bridges and buildings ( 

Figure 1). They have a typical fibre volume of 70% and their resin matrix is usually made of 

petrochemical-based vinyl ester or epoxy resins. In this context, there is an opportunity to 

improve the sustainability of CFRP laminates by using resins obtained from bio-based materials, 

the so-called bio-resins, provided that they present similar performance to conventional 

polymeric resins [2,5]. 

The most promising path for the development of bio-composites for structural applications is 

the synthesis of polymers from renewable raw materials, such as vegetable oils or biomass [6]. 
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Lignocellulosic biomass is an abundant renewable resource, composed mainly of cellulose, 

hemicellulose, and lignin. Phenolic compounds from biomass can be incorporated in the 

polymeric chain at a competitive cost, increasing the bio-content, improving fire performance 

and, consequently, the sustainability and performance of resins and composites in which they 

are incorporated [7,8]. 

  
 

Figure 1. CFRP laminates and sheets strengthening of bridge and building structures [9]. 

The ongoing BioLam project aims to address the above-mentioned challenge – the aim of this 

project is to develop a bio-based polymeric resin system able to replace current petroleum-

derived resins, and use it in the development of CFRP laminates for structural strengthening in 

civil engineering applications. In particular, the bio-based CFRP laminates to be developed 

should provide comparable mechanical and structural performance to existing conventional 

CFRP laminates produced with vinyl ester or epoxy resins, a more competitive price, better fire 

properties and superior environmental sustainability. 

The BioLam project is led by the company S&P - Clever Reinforcement Ibérica, specialized in the 

manufacturing of pultruded CFRP laminates used in structural strengthening, in consortium with 

Instituto Superior Técnico, through its research units CERIS and CERENA, specialized respectively 

in the development and implementation of FRP materials and structures, and the synthesis and 

processing of polymers. The project includes the following articulated tasks: 

• Preliminary study of strategies for synthesizing bio-resins and preliminary assessment 

of their viability; 

Experimental assessment of high potential bio-resins; 

• Production of specimens and prototypes; 

• Experimental characterization of the selected bio-resin(s) and the corresponding CFRP 

bio-laminates; 

Application of CFRP bio-laminates in the strengthening of reinforced concrete 

structural members and their experimental characterization; 

• Life cycle analysis (LCA) of bio-laminates compared to current solutions. 

The following sections of the paper provide a brief overview of the activities involved in the 

abovementioned tasks. Further details are given about (i) the results of mechanical 

characterisation tests of pultruded CFRP laminates produced with a bio-based resin already 

developed and with a conventional epoxy-based resin (CVE), used as reference, and 

(ii) preliminary results of durability tests on those two types of laminates after 1 and 3 months 

of hygrothermal ageing. 
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2. Preliminary study of strategies for synthesizing bio-resins and their viability 

This task has been carried out via two routes: (i) development of a bio-phenolic resin obtained 

directly from raw biomass; and (ii) adjustment of a bio-polyester resin, previously developed at 

IST in the scope of the EcoComposite project [10,11], in light of the requirements for 

manufacturing (pultrusion) and outdoor exposure of CFRP laminates. 

Regarding the first route, although more disruptive and innovative (TRL 2), after an initial 

research period, this was suspended due to logistical and technical difficulties in obtaining 

liquefied biomass at a large enough scale. Moreover, the laboratorial effort to produce the 

organosolv lignin (liquefied biomass after separation treatments) did not show to be promising 

as the amount of material produced was quite low, not enough to produce resin plates for 

laboratory testing. 

The second route is currently being pursued via modification (TRL 7) of the polymeric chain of a 

bio-based polyester (BUPE) resin recently developed at IST and already tested in the pultrusion 

process [10]. This resin was produced by synthesising monomers (diacids and diols) derived from 

renewable raw materials - 1,3-propanodiol, isosorbide, fumaric acid, and phthalic anhydride - 

and using a mixture of styrene and HEMA as a reactive diluent. Currently, efforts are being made 

to improve the initial viscosity and pot life of the bio-based resin, as well as to increase its 

resistance to hydrolysis and/or plasticization. 

3. Experimental assessment of high potential bio-resins 

3.1. Requirements for the processing, physical and mechanical properties of bio-resins 

In the development (adjustment) of the modified bio-based polyester (BUPEM) resin, 

requirements concerning the target values for the resin gel time at 180°C (DIN 16945) and 

apparent viscosity (ASTM D4287) were set. The gel time target value is 80 s, similar to that of 

the conventional epoxy-based resin that is currently in use. The viscosity target value is 500 cP, 

considered as acceptable for resin processing in pultrusion; in fact, higher viscosities can 

increase the production time and cause risk of voids and formation of defects in the composite 

part [12]. 

Pure resin specimens of the BUPEM resin are being produced and their physical and mechanical 

properties assessed to verify the resin requirements for the pultrusion process. Standard 

experimental procedures are used to determine the hardness (ASTM D2583), density (ASTM 

D792) and water absorption (ASTM D570) of the bio-resins, and also the mechanical behaviour 

in tension (ASTM D638) and shear (ASTM D5379/D5379M). The following target values were set 

for the main control properties: (i) Barcol hardness of 15-30, (ii) maximum water absorption of 

1%, (iii) tensile strength above 50 MPa, (iv) tensile modulus above 2.5 GPa, and (v) tensile strain 

at failure above 2.5%. 

3.2. Pilot application in the pultrusion of bio-laminates 

A first pilot production of bio-laminates by pultrusion was carried out using the original BUPE 

resin described previously (Figure 2). A new production will be carried out at a later stage, after 

the successful development and characterisation of the BUPEM resin. Regarding the bio-
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laminates produced in the first pilot production, the following tests were performed to 

determine and compare their mechanical properties with those of their conventional 

counterparts: tensile (ASTM D638, ASTM D7565/D7565M) and interlaminar shear (ILS) (ASTM 

D5379/D5379M) tests. In both cases, the laminates have cross section of 1.4 x 20 mm2, 

comprising a (unidirectional) fibre volume content of 66%. The results of these tests for the first 

pultrusion iteration with BUPE resin have suggested a good adhesion between the bio-resin and 

the carbon fibre rovings, as the mean value of ILS strength (ILSS) of the bio-based CFRP laminate 

was only 10% lower compared to the conventional laminate (Table 1 and Table 2, respectively). 

  
 

Figure 2. Pilot production of pultruded CFRP bio-laminates using the BUPE resin. 

 
 

Table 1. Interlaminar shear tests of BUPE-

laminates 

Table 2. Interlaminar shear tests of CVE-

laminates 

 Interlaminar shear strength (MPa) �̅� 40,4 

 1,1 

ν 2,7% 
 

 Interlaminar shear strength (MPa) �̅� 44,9 

 1,8 

ν 4,0% 
 

 

The results of the tensile tests of BUPE and CVE laminates are shown Table 1 Tables 3 and 4 

respectively. The short-term mechanical properties in tension (strength, MAX, modulus of 

elasticity, E, and strain at failure, U) of both types of laminates were very similar. For instance, 

the mean value of the tensile strength of the bio-laminates was slightly (4%) higher, the modulus 

of elasticity was slightly (4,5%) lower, and the deformation capacity was higher (10%) when 

compared to the conventional counterpart, demonstrating the potential of the bio-based resin 

to be used in a high-structural-performance composite product. 

Table 3. BUPE-laminates tensile tests Table 4. CVE-laminates tensile tests 

 σMax (MPa) E (GPa) U(%) �̅� 2030,8 165,8 1,4 

 171,0 4,0 0,1 

ν 8,4% 2,4% 9,9 
 

 σMax (MPa) E (GPa) U (%) �̅� 1946,8 173,6 1,3 

 44,5 3,7 0,1 

ν 2,3% 2,2% 10,2 
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4. Strengthening of structural members using bio-laminates 

In the final part of the project, a proof-of-concept will be carried out aiming at assessing and 

demonstrating the structural efficiency of the CFRP bio-laminates through: (i) CFRP-concrete 

bond tests (double lap and pull-out); and (iii) flexural tests of CFRP-strengthened reinforced 

concrete beams. The results will be compared to those using conventional CFRP laminates. 

4.1. Double-lap tensile tests 

The interface between FRP composites and a concrete substrate is expected to transfer the 

loads from the concrete to the FRP composite, so the system performance is highly influenced 

by the properties of the adhesive layer [13]. The objective of these tests is to evaluate the 

structural effectiveness of the CFRP bio-laminates, namely by assessing the adhesion between 

concrete specimens and CFRP bio-laminates bonded with epoxy adhesive by means of double-

lap tensile tests. Tests will be performed also using conventional CFRP laminates to compare 

their mechanical behaviour and failure modes. The following parameters will be measured: 

(i) the load and cross-head displacement of the test machine; (ii) the slip along the bonded 

length of the CFRP laminates, measured at the beginning and end of the bonded length; and 

(iii) the axial strains at the centre and along the bonded length of the CFRP laminates. 

4.2. Pull-off tests 

Pull-off tests between concrete blocks and CFRP laminates bonded with epoxy adhesive will be 

carried out according to ASTM D7522/D7522M. The direct tension will be applied by means of 

a standard pull-off test fixture to measure the bond strength between the CFRP and the concrete 

substrate to determine the maximum tensile load (stress) that the CFRP–epoxy-concrete 

interfaces can resist. These tests will be performed both with BUPE and CVE CFRP laminates to 

compare their relative performance. 

4.3. Flexural tests on CFRP-strengthened reinforced concrete beams 

This task comprises flexural tests on reinforced concrete beams (lightly to moderately 

reinforced), before and after strengthening in bending with CFRP laminates, both conventional 

and bio-based. These tests will serve mostly as a proof of concept of the bio-based CFRP 

laminates to be developed. Full scale four-point bending tests will allow determining the load 

vs. midspan deflection responses of the beams and assessing the contribution of the CFRP 

strengthening system in terms of cracking load, ultimate load, maximum deformation, and 

failure modes. 

5. Durability 

The durability of the BUPE and CVE CFRP laminates is being assessed through hygrothermal 

ageing followed by mechanical tests at predetermined periods (up to 12 months). The 

specimens are being immersed in tap water at three different temperatures of 20, 35 and 50°C. 

Moreover, to evaluate the photo-degradation of the CFRP laminates, they will be placed in a 

QUV chamber and mechanically tested after 750 h, 1500 h and 3000 h of exposure. The 

mechanical characterization tests consist of tensile (ASTM D638, ASTM D7565/D7565M) and in-

plane shear (ASTM D5379/D5379M) tests. Mechanical tests were already performed after 1 and 
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3 months of hygrothermal ageing (with the CFRP laminates in wet condition); additional tests 

will be performed after 6 and 12 months, to determine and predict (extrapolate) the long-term 

behaviour of the CFRP laminates [14]. The same hygrothermal aging and mechanical 

characterisation tests will be performed for bio-based resin BUPEM, presently under 

development (adjustment). In addition, tests will also be performed to assess the durability of 

the CFRP-epoxy-concrete bond; for this purpose, double lap tensile test specimens will be 

subjected to the same hygrothermal exposure. 

Figure 2 shows the results of the tensile tests for the BUPE and CVE CFRP laminates before and 

after 1 and 3 months of hygrothermal ageing at 20, 35 and 50 °C. The results after 1 month of 

immersion indicate that the bio-based resin matrix suffered severe hygrothermal degradation, 

particularly at 35 °C - for this exposure condition, the tensile strength decreased 39% compared 

to its initial capacity. However, the BUPE resin may have experienced significant (competing) 

post-curing at 50 °C - for this highest immersion temperature, the decrease of tensile strength 

after 1 month of immersion was only 5%. On the other hand, the conventional VE resin was able 

to maintain the tensile strength of the CFRP laminate after immersion at 20°C, at 35°C the tensile 

strength of the CFRP laminate experienced a small (5%) increase (due to post-curing), and at 

50 °C the tensile strength decreased 14%. After 3 months of immersion at 20, 35 and 50 °C, the 

reductions in tensile strength were 15%, 17% and 19% for the bio-laminate and 7%, 18% and 1% 

for the conventional laminate, respectively. These results seem to indicate that the 

hygrothermal degradation of the BUPE resin is more severe than that experienced by the 

conventional epoxy-based resin. Results of future tests will allow confirming these initial trends. 

 

Figure 2. Tensile test results after 1 and 3 months of hygrothermal aging at 20, 35 and 50 °C for 

BUPE and CVE CFRP laminates 

Figure 3 shows the results of ILS tests for the BUPE and CVE CFRP laminates before and after 1 

and 3 months of hygrothermal ageing at 20, 35 and 50 °C. The CVE CFRP laminates did not 

present significant degradation of the ILSS; compared to the initial condition, after immersion 

at 20 and 35 °C, the ILSS even increased (between 14% and 24%, after 3 months), possibly due 

to the effects of post-curing, while after immersion at 50 °C it remained roughly unchanged. On 

the other hand, hygrothermal ageing had a clear detrimental effect at the fibre-matrix interface 

of the BUPE CFRP laminate, and such degradation is increasing with the immersion duration - 
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after 3 months, compared to the initial condition, the ILSS decreased 33%, 28% and 47% 

respectively for 20, 35 and 50 °C. The magnitude of these reductions is indicative of a severe 

effect of hydrolysis and/or plasticization on the fibre-matrix interface of the BUPE CFRP 

laminates. The above-mentioned adjustments (ongoing) on the BUPE resin aim at improving its 

resistance to moisture. 

 

Figure 3. ILS test results after 1 and 3 months of hygrothermal aging at 20, 35 and 50 °C for 

BUPE and CVE CFRP laminates 

6. LCA of bio-laminates compared to current solutions 

The environmental impacts of bio-resins and bio-laminates will be compared with those of 

materials currently used by S&P. A “cradle-to-gate” approach will be considered, evaluating all 
impacts from the acquisition of raw materials to the final product at the gate of the factory. The 

assessment of impacts will be based on (i) the “carbon footprint”, which considers carbon 
dioxide emissions during all stages of production, and (ii) embodied energy, which considers all 

energy consumption incurred to produce the laminates. Based on this analysis, it will be possible 

to identify the raw materials and production stages with the greatest environmental impacts, 

allowing a critical assessment in terms of their environmental sustainability. 

7. Final remarks 

This paper presented an overview of the ongoing BioLam research project, whose main goal is 

to develop bio-based CFRP laminates to strengthen civil engineering structures. The paper 

presented a brief description of the main tasks and challenges of the BioLam project. 

Initial results of mechanical characterisation tests of pultruded CFRP laminates, produced with 

a bio-based polyester resin already developed and a conventional epoxy-based counterpart, 

showed the short-term potential of the bio-based CFRP laminates developed so far. On the other 

hand, the preliminary results of durability tests of those two types of laminates revealed the 

occurrence of more severe hydrolysis and/or plasticization on the bio-based CFRP laminates 

compared to their conventional counterparts. These preliminary results point out the need to 

introduce changes in the structure of the polymeric bio-based resin recently developed at IST. 
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Abstract: There is potential to increase the sustainability of fiber-polymer composite products 

since they are typically manufactured from raw materials derived from non-renewable resources. 

This paper presents a study about the development, mechanical and thermo-mechanical 

characterization of a glass fiber-reinforced polymer (GFRP) composite produced by vacuum 

infusion using a bio-based unsaturated polyester (UP) resin developed in-house; this resin 

contains over 50 wt.% of bio-content and has a reactive diluent using 50 wt.% less styrene 

compared to typical oil-derived counterparts. The main development stages of the bio-based 

resin and the resulting GFRP composite are presented, as well as the evaluation of their tensile-

compressive behavior and glass transition temperature (Tg). The bio-based UP resin and GFRP 

composite showed similar (and in some cases even better) tensile-compressive and Tg properties 

compared to those produced with a conventional UP resin. Thus, our approach of combining 

glass fibers with a bio-based UP resin (containing high bio-based content) to manufacture more 

sustainable GFRP composites for high-performance applications was validated at a high 

technological readiness level. 

Keywords: bio-based resin; bio-based composite; bio-based GFRP; vacuum infusion  

1. Introduction 

The use of high-performance thermoset matrices derived from renewable raw materials for the 

manufacturing of fiber-polymer composites can be considered as a significant advancement 

towards a more sustainable composites industry [1–3]. However, despite the efforts to develop 

new bio-based resins, currently, most bio-based thermosets commercially available for 

manufacturing composites – suitable for applications in various industries, such as naval, 

automotive, energy, and consumer products – still have reduced incorporation (about 30-35%) 

of sustainable raw materials [4–6]. In addition, although new commercial bio-based resins have 

recently been made available [7], the composites market for structural applications still lacks 

bio-based thermosets with processing characteristics suitable for current manufacturing 

techniques, such as vacuum infusion and pultrusion, and that present the required mechanical 

and thermomechanical properties (after curing) for load-bearing composite structures. 

In this context, there are challenges to be overcome for the development of more sustainable 

UP resins with potential to achieve, at the same time: (i) mechanical and thermomechanical 

behavior suitable for structural applications, (ii) processing characteristics compatible with 

typical techniques used to manufacture large-scale fiber-polymer composite parts, such as 

vacuum infusion and pultrusion, and (iii) having high bio-content from raw materials derived 
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from renewable sources. In addition, the characterization of relevant mechanical and 

thermomechanical properties of bio-based composites developed to date is still scarce, namely 

in what concerns the compressive, interlaminar shear and in-plane shear properties, and the 

glass transition temperature (Tg) from DMA tests; this last information is essential for the 

structural design of bio-based GFRP composites, since the determination of Tg by DMA is more 

relevant (compared to DSC) to determine the stiffness reduction of fibre-polymer composites 

caused by the temperature increase – in fact, DMA is the method specified in the future 

European Technical Specification for the “Design of Fibre-Polymer Composite Structures” [8]. 

This paper presents the manufacturing, mechanical and thermo-mechanical characterization of 

a bio-based GFRP composite, produced by vacuum infusion, combining glass fibers and a bio-

based UP resin recently developed in-house [9], which was synthesized using monomers derived 

from renewable sources. The cured bio-based resin has a bio-based mass content of more than 

50%, while containing less volatile organic compounds in the liquid resin compared to typical 

conventional petroleum-based alternatives. Thus, the main innovation of this study is the 

development of a bio-based GFRP composite with (i) high bio-based content that meets or 

exceeds the one of previously referenced works, and (ii) tensile-compressive properties and Tg 

capable of competing with those of its conventional counterparts, manufactured with 

petroleum-derived UP resins. For this purpose, an experimental campaign was conducted 

towards the manufacturing and subsequent mechanical and thermomechanical characterization 

of bio-based and conventional GFRP composites, which were produced and tested under the 

same conditions. 

2. Experiments 

2.1 Materials 

Bio-based UP resin (Resin-B) was used as a matrix for glass fiber impregnation during the 

production of a bio-based GFRP composite (GFRP-B). Resin-B was produced by synthesizing 

monomers derived from renewable raw materials. The bio-based polyester prepolymer 

obtained from the polycondensation reaction was subsequently incorporated using a mixture of 

styrene and 2-hydroethyl methacrylate (HEMA) as a reactive diluent (RD) [9] – see Figure 1. 

The main features of Resin-B are the following: (i) the replacement of maleic anhydride and 

ethylene glycol (both petroleum-derived) by fumaric acid, isosorbide and 1,3-propanediol 

(renewable source-derived); (ii) suitable viscosity (750 cP at 23 °C) for the vacuum infusion 

technique; and (iii) mechanical and thermomechanical properties that match or exceed those of 

its petroleum-derived counterparts. For a comparison, a conventional petroleum-derived UP 

resin (Resin-C) with viscosity of 300 cP at 23 °C, obtained from Scott Bader, under the 

commercial designation of Crystic U 904 LVK™, was also used to produce a conventional GFRP 
composite (GFRP-C).  

Finally, both Resin-B and Resin-C were post-cured at 100 °C for four hours, and their mechanical 

and thermomechanical characterization was performed under identical conditions. Table 1 

shows the tensile-compressive and Tg results obtained for the cured resins, namely the mean 

values of: (i) strength (𝜎𝑡,𝑚𝑎𝑥  and 𝜎𝑐,𝑚𝑎𝑥), modulus of elasticity (𝐸𝑡 and 𝐸𝑐) and strain at failure 

(𝜀𝑡,𝑚𝑎𝑥 and 𝜀𝑐,𝑚𝑎𝑥) in tension (𝑡) and compression (𝑐); and (ii) the Tg based on the onset value 

of the storage modulus decay. 

816/1602 ©2022 Garrido et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

 

Figure 1. Main steps to obtain the Resin-B used in this study (more details can be found in [9]). 

Table 1: Mean values of tensile-compressive and Tg properties of Resin specimens. 

Specimen 
𝜎𝑡,𝑚𝑎𝑥  𝐸𝑡 𝜀𝑡,𝑚𝑎𝑥 𝜎𝑐,𝑚𝑎𝑥 𝐸𝑐  𝜀𝑐,𝑚𝑎𝑥 Tg 

[MPa] [GPa] [%] [MPa] [GPa] [%] [°C] 

Resin-B 60.7 3.0 1.9 131.5 4.5 5.2 75 

Resin-C 62.1 3.4 2.4 119.4 3.8 5.3 65 

 

The glass reinforcement comprised: (i) unidirectional fiberglass mats (WR-500) with 500 g/m2, 

obtained from Castro Composites (Spain); and (ii) bidirectional (0°/90°) fiberglass mats (G-Sheet 

E 90/10, Type A) with 440 g/m2, obtained from S&P Clever Reinforcement Ibérica. 

2.2 Composites manufacturing 

The fiber architecture of the GFRP-B and GFRP-C composites consisted of six layers of 

unidirectional (UD) fiber mat and four layers of bi-directional (BD) fiber mat, arranged in the 

following symmetrical and balanced layup: [U/B/U/B/U]S. The composites were produced by 

vacuum infusion (see Figure 2). 

A steel mold (base plate) was coated with a release agent, followed by a breather layer, peel ply, 

the fiber mats and infusion mesh (resin distribution medium), topped with an additional layer 

of peel-ply, a breather fabric, and the vacuum bag. The UD glass fibre mats and the infusion 

mesh mats were positioned according to the percolation direction of the resin to allow a better 

impregnation between fibrous layers. After impregnation, the composites were pre-cured at 

room temperature for 24 hours. The GFRP-B and GFRP-C composites were then cut using a CNC 

milling machine (Figure 2) to obtain the specimens required for the tensile-compressive and Tg 
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characterization tests – with dimensions according to each test standard (cf. section 2.3). Before 

testing, the GFRP specimens were also post-cured at 100 °C for four hours.  

 

Figure 2. Composites manufacturing: a) infusion process (representation for GFRP-B plate);  

b) produced plates; and c) cutting plates to obtain specimens for characterization tests. 

2.3 Characterization 

Tensile tests: according to parts 1 and 4 of ISO 527 in specimens with 25 mm by 300 mm (without 

end tabs), using an Instron 8800D universal test machine (UTM) under displacement control at 

a loading rate of 2 mm/min, and a video-extensometer (high-definition SonyTM video camera, 

model XCG 5005E, Fujinon – Fujifilm HF50SA-1 lens) to measure deformations. 

Compressive tests: according to ASTM 6641/D6641M standard in specimens with geometry of 

25 mm by 147 mm, using a combined loading compression (CLC) test fixture in a UTM under 

displacement control at a rate of 1.3 mm/min, with strain monitoring by video-extensometer. 

Dynamic mechanical analysis (DMA): according to parts 1 and 5 of ISO 6721 using a dynamic 

mechanical analyzer from TA Instruments, model DMA Q800. The specimens with geometry of 

10 mm by 60 mm were tested with a strain amplitude of 15 µm, and constant frequency of 1 Hz. 

The temperature range was -30 °C to 150 °C with an increment rate of 2 °C/min. The Tg was 

defined from the onset value of the storage modulus decay.  

Calcination tests: according to ISO 1172, where the samples (3 for each type of resin) were 

heated in a muffle furnace up to 700 °C, and the weight of the residual fibers (no inorganic filler 

was added to the resin matrix) was used to calculate the fiber mass fraction. 

The experimental programme included also in-plane shear tests and interlaminar shear tests. 

Full details about these tests, not described herein, are available in [10,11]. 

3. Results and discussion 

3.1 Tensile and compressive behavior 

Figure 3 presents representative stress-strain curves that allow comparing the axial behavior of 

GFRP-B and GFRP-C composites under tensile and compressive stresses; this figure also includes, 

as a reference, representative stress-strain curves of the corresponding resins Resin-C and Resin-

B, obtained in [9]. For both GFRP-B and GFRP-C tensile specimens, the curves present the typical 
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tensile behavior of fiber-polymer composites, with an initial linear branch, followed by a gradual 

loss of stiffness for higher strains, until the occurrence of brittle tensile failure. 

Regarding GFRP-B and GFRP-C compressive specimens, the behavior was approximately linear 

up to failure, which also occurred in a brittle way. However, compared to the tensile response, 

higher scatter was found within each series and the compression stress-strain curves are not as 

“linear”. This was considered to stem from the smaller gauge length used in the compression 

tests, which affects the precision of the strain calculations made from the video-extensometer 

measurements. 

 

Figure 3. Representative nominal axial stress-strain curves of GFRP and resin specimens: (a) 

tensile and (b) compressive. 

Table 2 summarizes the resulting mechanical properties in tension and compression of both 

GFRP-C and GFRP-B specimens. Very similar tensile properties were obtained for both types of 

GFRP composites: (i) the modulus of elasticity of GFRP-B (20.6 ± 0.7 GPa) was about 6% lower 

compared to GFRP-C (21.9 ± 0.9 GPa); (ii) the tensile strengths were nearly identical at 538.1 ± 

23.6 MPa and 533.0 ± 16.5 MPa for GFRP-B and GFRP-C, respectively; and (iii) the tensile strain 

at break of GFRP-B (3.0 ± 0.1%) was approximately 10% higher compared to GFRP-C (2.7 ± 0.2%). 

Although a direct comparison is not possible (due to differences in fiber content and 

architecture), these results generally match or exceed those found in the literature (for example, 

the ones reported by Hosseini et al. [12]). 

Table 2: Tensile and compressive properties of GFRP specimens (mean ± standard deviation). 

Specimen 𝜎𝑡,𝑚𝑎𝑥  [MPa] 𝐸𝑡 [GPa] 𝜀𝑡,𝑚𝑎𝑥 [%] 𝜎𝑐,𝑚𝑎𝑥 [MPa] 𝐸𝑐  [GPa] 𝜀𝑐,𝑚𝑎𝑥 [%] 

GFRP-C 533.0 ± 16.5 21.9 ± 0.9 2.7 ± 0.2 169.6 ± 10.8 25.1 ± 0.3 0.7 ± 0.1 

GFRP-B 538.1 ± 23.6 20.6 ± 0.7 3.0 ± 0.1 210.4 ± 27.8 24.9 ± 2.2 0.8 ± 0.1 

 

The above-mentioned results, as well as the curves depicted in Figure 2 attest the mechanical 

potential of GFRP-B composite compared to its petroleum-derived counterpart regarding the 

mechanical behavior in tension, as well as the effectiveness of the bio-based Resin-B in 

distributing stresses among glass fibers, one of the main roles of the polymer matrix of 

composites subject to tension. Regarding the compression results, which are also summarized 
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in Table 2, prompt the following comments: (i) the modulus of elasticity in compression of GFRP-

B (24.9 ± 2.2 GPa) matched that of GFRP-C (25.1 ± 0.3 GPa); (ii) the compressive strength of 

GFRP-B (210.4 ± 27.8 MPa) was 24% higher compared to GFRP-C (169.6 ± 10.8 MPa); and, 

accordingly, (iii) the strain at break in compression of GFRP-B (0.8 ± 0.1 %) was also 14% higher 

than that of GFRP-C (0.7 ± 0.1 %). 

Comparing the tension vs. compression behavior, it is worth referring also that while the values 

of the tensile strain at break of the resins and the corresponding composites are relatively 

similar, that is not the case for the values of the compressive strain at break, which are much 

lower in GFRP composites than in their corresponding resins. This is mainly due to the resins’ 
capability to deform plastically in compression, which is a behavior not exhibited by the 

composites. 

It is worth noting the magnitude of the relative differences between the average values of 

compressive strength of both types of composites, despite the relatively high scatter of this 

property, e.g., coefficient of variation (CoV) of 13% for GFRP-B. The higher performance of GFRP-

B in terms of compressive strength may be due to the higher strain at break and shear strength 

(not reported here, but available in [10,11]) of the bio-based resin, which in both cases were 

11% higher compared to the conventional resin. The failure of composites in compression 

involves delamination and fiber kinking (as observed here). Delamination typically occurs due to 

transverse tensile stresses (from the Poisson effect) and, therefore, induce tensile strains in the 

matrix – such strains at break were higher in Resin-B. On the other hand, fiber kinking depends 

strongly on the shear strength of the polymer matrix, which was also higher in Resin-B. This may 

(at least partly) explain the higher compressive strength of GFRP-B. 

3.2 Thermomechanical behavior 

DMA was used to determine the thermomechanical properties of the composites, which are 

particularly relevant for high-performance civil engineering applications, especially those 

located outdoors in temperate to warm climates, where the temperature-dependence of 

mechanical properties is quite relevant. The Tg is a common indicator of such performance. 

Figure 4 presents the results of DMA tests, namely the storage modulus (E') as a function of 

temperature, for the GFRP-C and GFRP-B composites and their corresponding resins. It is worth 

referring that the GFRP-C composite included a slightly higher fibre mass fraction (64 wt.%) than 

GFRP-B (60 wt.%). 

The E' curves of both types of resins and their composites present a well-defined and sharp drop 

with temperature increase across the glass transition region. In this respect, the E' of both 

groups of curves (composite-resin) are quite consistent, and the small relative differences 

between the resins and the corresponding composites may be attributed to (i) variability in 

estimation of the onset value of the E' decay, and (ii) the effects of the fibre reinforcement in 

the response measured from DMA tests. The results obtained prompt the following comments: 

(i) the E' reduction of the Resin-B is very similar to that of the Resin-C; however, for the former 

resin, the reduction is steeper and occurs for slightly lower temperatures, resulting in Tg 

estimates of 66 °C and 75 °C for Resin-B and Resin-C, respectively; (ii) the same is observed for 

the corresponding composites, with GFRP-C presenting slightly (10%) higher Tg (71 °C) than 

GFRP-B (64 °C). 
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Figure 4. Storage modulus curves of GFRP and resin specimens. 

Overall, the DMA results show that the Tg presented by GFRP-B is slightly lower compared to 

GFRP-C, however it is still considered suitable for civil structural applications, particularly 

considering the recent European Technical Specification for the “Design of Fibre-Polymer 

Composite Structures” [8], which recommends a minimum Tg of 60 °C. 

4. Conclusions 

This study assessed the prospects of using an innovative bio-based unsaturated polyester resin 

in the manufacturing of high-performance GFRP composites for civil engineering structural 

applications, providing an alternative to traditional petroleum-derived composites. 

The production of the GFRP composites was successful, and the bio-based resin proved to have 

the potential to be used in the vacuum infusion technique. The mechanical characterization 

results showed that the tensile and compressive properties of the bio-based GFRP composite 

are equivalent to those of its petroleum-derived counterpart, demonstrating bio-based resin’s 
capability to impregnate the glass fibre reinforcement and provide adequate fibre-matrix 

adhesion in the cured product. In addition, although the Tg of the bio-based GFRP composite 

was slightly lower than its conventional counterpart (about 10%), it was still above the 60 °C 

threshold enabling its use in civil engineering structural applications. 

The overall results presented here validate the use of the bio-based GFRP composite for high-

performance structural applications, providing an alternative to conventional oil-based 

thermoset composites which is partially based on renewable resources. Further studies are 

ongoing, addressing different aspects of the bio-based GFRP composite, namely the 

quantification of its environmental performance, as well as its long-term durability. 
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Abstract: One of the major challenges towards the development of bio-based resins derived 

from renewable resources is the need to ensure suitable long-term performance and durability, 

as many applications of fibre reinforced polymer (FRP) composites require relatively long service 

lives under often harsh environmental conditions. This study presents the results of an ongoing 

assessment of the durability in hygrothermal ageing of a glass-FRP (GFRP) composite produced 

by vacuum infusion using a novel partially bio-based unsaturated polyester (UP) resin. 

Accelerated ageing was carried out in water immersion in isothermal conditions at temperatures 

of 20 °C, 35 °C, and 50 °C for periods of up to 180 days. Its effects were assessed through 

(i) mechanical characterisation in tension, compression, and interlaminar shear, as well as 

(ii) thermo-mechanical characterization using dynamic mechanical analysis (DMA). The results 

obtained so far highlight the occurrence of significant hydrolysis of the bio-based UP resin, as 

well as the need for the further development and improvement of this bio-based UP resin. 

Keywords: Bio-based resin; unsaturated polyester resin; bio-based GFRP; vacuum infusion; 

hygrothermal ageing. 

1. Introduction 

The demand for fibre reinforced polymer (FRP) composites has been steadily increasing across 

several different industries due to their various advantages over conventional alternatives, such 

as lightness, high specific strength and stiffness, the possibility of achieving application-tailored 

material properties, among others [1]. FRP composites are generally produced with petro-based 

polymer resins (epoxy, unsaturated polyester (UP), vinyl ester), reinforced with synthetic fibres, 

such as carbon or glass, which are produced through relatively energy-intensive processes. 

However, the increasing volatility in the availability and cost of petroleum as feedstock poses a 

threat to the steady supply of petro-based raw materials. Moreover, the sustainability and the 

reduction of the environmental impacts of the composites industry are motivating a search for 

more environmentally friendly materials. 

In this context, the development of bio-based polymer resins, fully or partially derived from 

renewable resources, is one of the most promising routes [2-6]. Recently, a novel bio-based UP 

resin with over 50% of renewable content (wt.%) has been developed at IST by replacing petro-

based chemical monomers with bio-based alternatives [7]. The potential for using this resin in 

the development of glass fibre reinforced polymer (GFRP) composites has been shown [8], and 

the short-term performance of these composites was found to be competitive with respect to 

conventional (oil-based) GFRP. However, the durability and the need to assess the life cycle 

performance of these bio-based products are two major concerns limiting their widespread 

applicability. In fact, the existing data regarding long term durability of bio-based resins and their 

FRP composites is still very scarce. Considering the detrimental effects of already well-known 
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degradation mechanisms caused by exposure to moisture of GFRP composites (e.g., leaching, 

etching, plasticisation, swelling, hydrolysis, micro-cracking, fibre-matrix debonding, among 

others [9]), it is imperative to assess the durability of novel bio-based GFRP composites when 

exposed to hygrothermal ageing. 

This paper presents the preliminary results of an ongoing durability assessment of a bio-based 

GFRP composite produced by vacuum infusion with the bio-based UP resin previously developed 

at IST. Accelerated ageing of the composites involved hygrothermal exposure, and the induced 

degradation was assessed through mechanical and thermomechanical characterization after 

predefined periods of ageing. To provide a basis for comparison regarding the durability 

performance of the bio-based GFRP, the same procedures were adopted for a conventional 

GFRP composite comprising a petro-based UP resin and similar glass fibre architecture, and 

produced with the same manufacturing method. 

2. Experimental program 

2.1 Materials 

Bio-based UP resin: A bio-based UP resin developed in-house at IST was used to produce the bio-

based GFRP composite. This orthophthalic polyester resin was produced by synthesizing a UP 

prepolymer from bio-based renewable monomers (di-acids and diols) in a polycondensation 

reaction, which was subsequently incorporated with a mixture of reactive diluents (RD) (60 parts 

of bio-UPE pre-polymer: 40 parts of RD). The main building blocks used in the prepolymer were 

obtained from phthalic anhydride (PA), fumaric acid (FA), 1,3-propanediol (PDO), and isosorbide 

(ISO), whereas the reactive diluent contained equal parts of 2-hydroxy ethyl methacrylate 

(HEMA) and styrene (a carcinogenic compound), where the content of styrene was reduced 

compared to typical petro-based UP resin counterparts [7]. For curing, peroxide (PMEK, 2%) was 

used together with octoate cobalt (1%) as initiator. A petro-based orthophthalic UP resin was 

adopted for comparison with the bio-based UP resin, with the selected product being obtained 

from Scott Bader under the commercial designation of Crystic U 904LVKTM. The cure initiation 

for this resin was also achieved using PMEK (1%). 

Glass fibre mats: Two types of glass fibre (E-type) mats, (a) unidirectional (0°) and (b) bi-

directional (0°/90°), were used in the fibre layup. The unidirectional and bi-directional glass fibre 

mats were obtained from S&P Clever Portugal and Castro Composites (Spain), respectively. The 

areal weight of the unidirectional glass fibre mat was 440 g/m2, containing 90% in 0° direction 

and 10% in 90° direction for stitching. The density and tensile strength in the main direction 

were 2.6 gm/cm3 and 3740 N/cm respectively. The bi-directional mat had areal weight of 

500 g/m2 with 54.5% fibre in warp and 45.5% in weft. The density and tensile strength of the 

warp and weft were 2.4 gm/cm3 and 2.0 gm/cm3, and 1440 N/cm and 1200 N/cm, respectively. 

Both fibre mats comprised yarns of 1200 tex. 

2.2 Production of GFRP composites 

The fibre architecture of the GFRP composites consisted of six layers of unidirectional (UD) fibre 

mat and four layers of bi-directional (BD) fibre mat, arranged in the following symmetrical and 

balanced layup: [U/B/U/B/U]S. The vacuum assisted resin infusion method (VARIM) was used for 

the production of composite laminates. A steel mould (base plate) was coated with a release 

agent, followed by a breather layer, peel ply, the fibre mats and infusion mesh (resin distribution 
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medium), topped with an additional layer of peel-ply, a breather fabric and the vacuum bag. The 

resin infusion was carried out at a continuous pressure (vacuum) of 0.95 bar at room 

temperature. After impregnation, the composites were pre-cured at room temperature for 

48 hours followed by post-curing at 100°C for four hours. The resulting GFRP composite 

laminates had nominal thickness of 4.6 mm. 

2.3 Ageing environments 

GFRP composites are typically exposed to diverse environments in different applications, 

including indoor, outdoor, aquatic, and saline conditions, with varying temperature, humidity, 

and UV radiation. Exposure to moisture with elevated temperature is one of the most critical 

conditions for environmental ageing of GFRP materials. In this study, hygrothermal ageing 

environments were selected to investigate the susceptibility to degradation of the bio-based 

GFRP composite laminate. For both bio-based and petro-based GFRP, the laminates were 

immersed in tap water and placed in a thermal chamber at 20 °C. For accelerated hygrothermal 

ageing, composite laminates were additionally immersed in water at elevated temperatures of 

35 °C, and 50 °C. Before ageing, the GFRP laminates were cut in a CNC router to dimensions of 

35 cm by 25 cm; the test specimens were later extracted from such laminates, thus minimizing 

the length of exposed cut sections during ageing (which are preferable points for water ingress). 

The effects of hygrothermal ageing were assessed through mechanical and thermomechanical 

analyses, as described in the following section. 

2.4 Experimental procedures 

Dynamic mechanical analysis (DMA): The thermomechanical behaviour of the composites was 

assessed according to parts 1 & 5 of ISO 6721 standard using a specimen geometry of 10 mm by 

60 mm, a strain amplitude of 15 µm, and constant frequency of 1 Hz. The temperature range 

was -30 °C to 150 °C with an increment rate of 2 °C/min. The glass transition temperature (Tg) 

was determined from the onset of the storage modulus decay. 

Tension: According to parts 1&4 of the ISO 527 standard, the tensile properties of the material 

were determined in specimens with geometry of 25 mm by 300 mm (without end tabs), using a 

universal test machine (UTM) with load capacity of 100 kN at a displacement rate of 2 mm/min. 

Compression: To determine the compression properties, a combined loading compression (CLC) 

test setup was used and the geometry of the specimens was 25 mm by 147 mm according to the 

ASTM 6641/D6641 M standard. Tests were carried out mounting the CLC fixture in a UTM under 

displacement control at a rate of 1.3 mm/min. 

Interlaminar shear: The ISO 14130 standard was used to determine the apparent interlaminar 

shear strength of the GFRP composites by the short beam method, in specimens with geometry 

of 46 mm by 23 mm; tests were performed under displacement control at a rate of 1 mm/min. 

At least five specimens were considered for each series of mechanical tests and two specimens 

for each series of DMA tests. The specimens were tested in a saturated condition, being kept in 

water until immediately before testing. In this paper, and regarding the mechanical properties 

of the aged materials, only the strength values and their retention over ageing time are 

presented and discussed. 
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3. Results and discussion 

3.1 Initial properties 

The mechanical and thermomechanical properties of both bio-based and petro-based GFRP 

composites are provided in Table 1. In the table and following discussion, GFRP_G represents 

the bio-based GFRP, while GFRP_C indicates the petro-based GFRP. 

Table 1: Initial properties of bio-based and petro-based GFRP (average ± SD values when applicable). 

Properties GFRP_G GFRP_C 

Tg (onset modulus) (°C) 55 72 

Tension    

σt (MPa) 538.1 ± 23.5 533.0 ± 16.5 

Et (GPa) 21.6 ± 0.8 22.3 ± 0.8 

Compression    

σc (MPa) 205.7 ± 19.5 173.3 ± 18.2 

Ec (GPa) 25.5 ± 1.0 24.7 ± 1.9 

Interlaminar Shear   

σsbs (MPa) 21.0 ± 2.5 21.0 ± 0.7 

 

The DMA tests indicated a lower Tg value for the bio-based GFRP. Both composites exhibited 

relatively similar properties, particularly in tension and interlaminar shear. The compressive 

strength of GFRP_G was around 20% higher than for GFRP_C. 

3.2 DMA 

Figure 1 shows the retention (%) of Tg after 1, 3, and 6 months of immersion in water at 20°C, 

35°C, and 50°C with respect to the unaged material, for both GFRP_G and GFRP_C composites. 

It is noticeable that for GFRP_G there was a significant initial reduction of Tg after 1 month 

irrespective of the immersion temperature, while GFRP_C was less affected. For GFRP_G, after 

1 month the retentions were 50%, 50%, and 54% for water immersion at 20°C, 35°C, and 50°C, 

respectively; for GFRP_C, these figures were 88%, 90%, and 86%. However, after this initial 

degradation in both types of materials, the properties recovered slightly after 3 months and did 

not experience further significant changes. After 6 months, the retentions of Tg for the GFRP_G 

composite were 62%, 60%, and 62% for water immersion at 20°C, 35°C, and 50°C, respectively; 

for GFRP_C, these figures were 90%, 89%, and 94%. The initial steep reduction in Tg was mostly 

attributed to the initially dominant hydrolysis reaction in the ester chains in combination with 

water absorption and leaching of plasticizers. The inversion of property reduction after 3 months 

can be attributed to additional post-curing phenomena, which competed with the hydrolysis of 

the polymer chain. Moreover, the much more severe degradation of GFRP_G is attributed to the 

inherent hydrophilicity of some of the constituent materials of the bio-based resin, such as 

HEMA, ISO, and PDO. 
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Figure 1: Retention of glass transition temperature for bio-based (GFRP_G) and petro-based 

(GFRP_C) GFRP composites during hygrothermal ageing 

3.3 Tensile strength 

The retention (%) of tensile strength is shown in Figure 2 for GFRP_G and GFRP_C composites 

under hygrothermal ageing at 20 °C, 35 °C, and 50 °C temperatures. For both types of 

composites, the tensile properties reduced sharply (20-30%) after 1 month, with continued 

reductions up to 3 months for GFRP_G irrespective of temperature. After 6 months of 

immersion, the tensile strength of GFRP_G did not present significant additional variations, with 

the exception of water immersion at 50 °C, for which it decreased an additional 6% after 6 

months of immersion. The tensile strength of GFRP_C was less affected comparing to GFRP_G 

and, after the steeper initial degradation after 1 month of immersion, this property was found 

to have some recovery and fluctuation within a relatively small range, presumably due to the 

aforementioned post-curing phenomena. After 6 months, the retentions in tensile strength of 

GFRP_G were 64%, 65%, and 56% for hygrothermal immersion at 20°C, 35°C, and 50°C 

temperatures, respectively; for GFRP_C, these figures were 88%, 84%, and 91%. In both 

composites, but particularly for GFRP_G, comparing to the retention of glass transition 

temperature, which is a matrix-dominated property, lower reductions were observed in tensile 

strength, which agrees with the fibre-dominated nature of this property. However, due to the 

proneness to hydrolysis of the bio-based resin, the reductions in tensile strength were higher 

for GFRP_G composites compared to their conventional counterparts. 

 
Figure 2: Retention of longitudinal tensile strength for bio-based (GFRP_G) and petro-based 

(GFRP_C) GFRP composites during hygrothermal ageing 
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3.4 Compressive strength 

Figure 3 presents the evolution in retention (%) of compressive strength for GFRP_G and GFRP_C 

under hygrothermal immersion in water at 20 °C, 35 °C, and 50 °C. There was a global reduction 

trend noticed for both types of composite laminates. However, the reductions were significantly 

more severe for GFRP_G, showing a clear agreement with the retentions of Tg shown previously, 

with both properties being markedly matrix-dominated. In GFRP_G, the initial reduction was 

steep and it increased with temperature. Further reductions were observed after 3 months of 

ageing, however at a slower rate. After 6 months of ageing, the strength values seem to have 

recovered slightly or stabilized. The initial abrupt degradation was attributed to hydrolysis of the 

polymer matrix, possibly in combination with micro-cracking and some fibre-matrix debonding. 

This degradation pattern was attenuated or recovered slightly over time due to post-curing. The 

retentions in compressive strength for GFRP-G in water immersion at 20°C, 35°C, and 50°C were 

35%, 32%, and 28%, respectively, after 6 months of exposure. 

For GFRP_C, initially the reductions in compressive strength were lower comparing to GFRP_G. 

However, the trend of strength reduction significantly increased with temperature and exposure 

time up to 3 months, with the exception of the material exposed at 35°C. After 6 months of 

ageing, the compressive strength of GFRP-C somewhat stabilized, showing small variations, and 

the retentions in compressive strength in water immersion at 20°C, 35°C, and 50°C were 85%, 

85%, and 81%, respectively. However, it is worth referring that the scatter in results increased 

significantly for this ageing period, possibly indicating some variability in the degree of 

degradation as well as post-curing experienced by these laminates.  

 
Figure 3: Retention of longitudinal compressive strength for bio-based (GFRP_G) and petro-

based (GFRP_C) GFRP composites during hygrothermal ageing 

 

3.5 Interlaminar shear strength 

The retention (%) of interlaminar shear strength as a function of time and temperature in 

hygrothermal ageing is provided in Figure 5. The results obtained are in agreement with those 

shown previously for the compressive strength for both types of composites. There was a 

general trend of initial reduction, more pronounced for the bio-based composite. For GFRP_G, 

the reductions observed were more severe with increasing temperature, and continued until 3 

months of ageing. The reasons for these reductions should be identical to those highlighted 

previously (plasticization, hydrolysis, matrix micro-cracking and debonding along the fibre-

matrix interface). For GFRP_C, these degradation mechanisms were less severe and, after an 
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initial reduction, some property recovery was observed after 3 months of ageing and continued 

after 6 months with only small variations being observed. It is worth noting that, as for the 

compressive strength, the GFRP_C_3M_35°C series showed significant property increase. This 

suggests that for this combination of ageing time and temperature, the post-curing of the oil-

based resin outweighs the hygrothermal degradation that is experienced. However, for longer 

time periods or higher exposure temperatures, this balance reverts and resin degradation 

becomes more relevant, hence the reduction in the strength retention. 

 
Figure 5: Retention of interlaminar shear strength for bio-based (GFRP_G) and petro-based 

(GFRP_C) GFRP composites during hygrothermal ageing 

For GFRP_G, the retentions of interlaminar shear strength due to hygrothermal ageing at 20°C, 

35°C, and 50°C were 42%, 35%, and 30%, respectively, after 6 months; for GFRP_C, these figures 

were 95%, 95%, and 87%. 

4. Conclusions 

This paper presented the results of an ongoing study about the durability of a bio-based GFRP 

composite under hygrothermal ageing, involving water immersion at 20 °C, 35 °C, and 50 °C. The 

bio-based GFRP composite was produced using a bio-based resin developed in-house with over 

50% of renewable content (wt.%). A conventional oil-based GFRP composite was also produced 

using a similar production technique (VARIM) and fibre architecture, and it was aged following 

the same procedures to provide a direct basis of comparison. So far, both materials were aged 

for 6 months with periodic assessment of their thermomechanical and mechanical properties 

after 1, 3 and 6 months. The variations in their glass transition temperature, tensile strength, 

compressive strength and interlaminar shear strength were presented and discussed. 

Hygrothermal ageing induced much more severe degradation in the bio-based GFRP composite 

than in the conventional GFRP composite, for all properties assessed. As expected, this 

degradation was accentuated for higher exposure temperatures. Although both composites 

presented initial degradation of all properties assessed, the rate of reduction of their properties 

was generally reduced after 3 months. Slight property recovery or stabilization was noticed after 

6 months of ageing in the bio-based composite, with this also being noticed for the conventional 

GFRP after 3 months of ageing. These experimental observations can be attributed to early-

stage irreversible hydrolysis reactions, as well as leaching and plasticization of the polymer 

matrices. These degradation phenomena may have also caused micro-cracking and fibre-matrix 

debonding. These degradation mechanisms were particularly severe for the bio-based resin, 

evidencing its proneness to hydrolysis. The property recovery observed for later ageing periods 
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can be attributed to post-curing phenomena, stemming from residual bonding over time of 

unreacted bonds within the polymer chain. Among the strength properties of the bio-based 

GFRP, those which are fibre-dominated, such as tensile strength, were significantly less affected 

comparing to matrix-dominated properties, such as glass transition temperature, and 

compressive and interlaminar shear strengths. Therefore, the more severe degradation of the 

bio-based composite was most likely caused by hydrolysis reactions affecting the bio-based UP 

resin, mainly due to its hydrophilic constituents, such as HEMA, ISO, and PDO. These results are 

particularly useful, being instrumental in the further development and improvement of this bio-

based UP resin; they also provide valuable information on the durability properties of bio-based 

resins and monomers. 
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Abstract: Man-made fibres from bio-based polymers such as regenerated cellulose or 

polylactide offer a sustainable approach to producing composites by reducing the CO2 footprint. 

Regenerated cellulose fibres have several advantages for their usage in high-performance 

composites due to their defined surface properties and diverse availability. However, it must be 

considered that the incompatibility issues between the hydrophilic reinforcing fibres and 

hydrophobic polyolefin matrix affect the fibre/matrix adhesion and decrease the composite 

performance. In the present research, industrially developed continuous regenerated cellulose 

fibres and polyethene (potentially of bio-based origin) are used to manufacture fibre-reinforced 

composites by introducing an intermediate step of UV irradiation of a semi-finished sample. This 

approach assumes that a cross-linked transition layer can be formed at the interface between 

UV transparent matrix and UV adsorbing fibres, thus avoiding petrochemical adhesion 

promotors. The performed mechanical tests confirm the potential of the proposed fabrication 

toward high-performance adhesives-free bio-based composites.  

Keywords: Bio-based composites; UV irradiation; Adhesive-free composites 

1. Introduction: 

Over the decades, composites material application has been increased in a wide range of 

applications, including aerospace, automobile, sports, and marine applications. The majority of 

the composite industry is dominated by petrochemical materials, i.e., carbon fibres and fossil-

fuel-based polymer materials. Despite their excellent mechanical properties, commercial 

composites cause major environmental issues in mechanical recycling and utilisation through 

thermal recycling (1). Due to the increased concern over environmental issues, great efforts 

have been made over the decades to use natural fibres (for example, flax, hemp, and kenaf) in 

composites manufacturing (3). 

In practice, natural fibre-reinforced plastics are sometimes difficult to process, partly due to the 

fluctuating properties of the fibres. In contrast to natural fibres, such as flax, hemp or kenaf, bio-

based regenerated cellulose fibres have several advantages for their usage in high-performance 

composites due to their defined surface properties and diverse availability as textile pre-product 

(continuous fibre, staple fibre, fleece, fabric). Despite their advantages over natural fibres, bio-

based cellulose fibres as reinforcement in polyolefin matrix result in poor fibre/matrix adhesion, 

which is a significant drawback that inhibits the extended use of these fibres (2). This poor 

fibre/matrix interaction is due to the hydrophilic character of the cellulose fibres and the 

hydrophobic nature of the polyolefin matrix (3–6). In the past, extensive studies have been 

carried out to improve the fibre/matrix adhesion by modifying the fibre surfaces (7, 8), adding 
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additives (9–11) or treating the entire composite structures (12, 13). Overall, a maximum 

improvement of fibre/matrix adhesion through these additives and surface modifications by a 

factor of 1.5 - 2 is reported by Müssig et al. (4). Despite optimising the fibre/matrix adhesion in 

composites, there is often a sharp transition in stiffness at the thin fibre/matrix interface. 

Therefore, achieving gradient transition of mechanical properties, i. e., tensile, shear and elastic 

properties, is also important, along with optimising the compatibility between the fibre surface 

and the matrix. In nature, plant structures often have a gradient transition between 

strengthening elements and the surrounding matrix. These gradients result in good damping 

behaviour and high toughness of the plant structure (14). In technical composites, this is usually 

achieved by an adhesive, an intermediate layer between fibre and matrix (15), consisting of a 

sizing agent to protect fibres and adhesion promotors. 

In an earlier study by Bahners et al. (3), a decrease in the wettability of the hydrophilic viscose 

fibres and an increase in their affinity towards matrix polymer were achieved by deposition of a 

hydrophobic organic thin layer on reinforcement fibres through photo-polymerisation. Thin 

coatings have been deposited on the fibre surfaces by UV induced polymerisation of allylene or 

acrylates such as diallyl phthalate (DAP) and pentaerythritol triacylate (PETA). The improved 

composite performance has been attributed to the activation of functional end groups that 

interact with cellulose's OH groups and the non-polar chain of polyolefin. The single fibre pull-

out test, the measurements of the interfacial shear strength (IFSS), as well as fatigue analysis 

showed that a significant improvement in fibre-matrix adhesion achieved was achieved by the 

deposition of a thin layer on the fibre surface through UV irradiation. According to the state of 

the art, the use of additives or modifiers, which are typically petrochemical, is still required to 

improve the mechanical performance of the regenerated cellulose/polyolefin composites (3). 

To respond to the trend toward reduction of CO2 footprint and reduction of petrochemicals in 

industrial fabrication, a concept of adhesives-free composites has been proposed.  

The aim of this research is to develop an intermediate transition layer through UV activation of 

the interface between UV transparent matrix and UV absorbing fibres and subsequent cross-

linking of the matrix polymer. Accordingly, the effect of UV radiation on the fibre/matrix 

adhesion of regenerated cellulose fibres embedded in polyolefins without further adhesion-

optimising additives was investigated. The fibre/matrix adhesion was characterised by the single 

fibre fragmentation tests.  

2. Experimental 

2.1 Materials 

In this research, single fibres made of viscose regenerated cellulose fibres (Danufil®- Kelheim 

Fibres GmbH, Kelheim, DE)  of fineness  28 dtex, and 3,3 dtex were used. As a matrix polyethene 

(NR 000491 Lupolen, LyondellBasell Industries, Rotterdam, NL) was used. 

2.2 PE Sheet Production 

To produce thin PE sheets of thickness 100 – 200 µm, 4,5 g of PE granulate were placed between 

Teflon sheets and then compressed in a hydraulic press (Typ LaboPress P200S der Firma Vogt, 

Berlin, DE) at a temperature of 180 °C and a pressure of 40 bar for 5 minutes. The press was then 

automatically cooled down to 40 °C in 5 minutes by maintaining 5 bar pressure. 
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2.3 Specimen preparation 

The fabrication process of the single fibre fragmentation specimens for bio-based/thermoplastic 

model composites is described below in a stepwise approach. 

(1) The produced PE sheets were cut into a rectangular shape with dimensions of 145 mm x 

105  mm, and then a total of ten single fibres were fixed onto the PE sheet at a distance of 

15 mm with a Tesa tape (Tesa SE, Norderstedt, DE) as shown in Figure 1a. Both ends of the 

single fibres are fixed on the PE sheets to ensure fibre alignment during the press 

processing. 

                                   (a)                                                                                (b) 

 

Fig 1: Single fibre composite fabrication and fragmentation sample geometry according to 

Graupner (16). 

(2) The PE sheets with fixed fibres were placed in an oven for 24 h at 60 °C to reduce the 

moisture content from the fibres. 

(3) Once the drying process was completed, it was made sure all the fibres were parallel to 

each other along the length axis of the PE sheet, and a second PE sheet was placed on the 

top of the fibres. 

(4) The two PE sheets were placed between two Teflon foils (oil type 0903 AS; Böhme 

Kunststofftechnik GmbH + Co. KG, Schwarzenbek, DE) pressed in a hydraulic press at a 

temperature of 180 °C for 5 min under a pressure of 10 bar. Later the press was cooled 

down to 40 °C, and the samples were released from the Teflon sheets. 

(5) Only straight fibres were considered to cut the tets specimens from the model composite 

sheets. These test specimens are prepared with dimensions, as shown in Figure 1b. The 

final specimen thickness was measured by a slide gauge. 

2.4 UV Irradiation 

The irradiation of the model composites was performed using a broadband UV lamp with a main 

emission band from 250 to 300 nm (UVACUBE 2000, Dr Hönle, Munich, DE). With the lamp 

emitting at a constant specific power of 50 W/cm (total emitted optical power per length of 

tube) and a constant lamp-to-sample distance of 10 cm, the irradiation dose was varied only by 

variation of exposure time. Inert conditions were realised by flooding the irradiation zone with 

argon at a pressure slightly above normal to prohibit competitive reactions with oxygen and 

ozone radicals.  
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2.5 Single fibre fragmentation test (SFFT) 

Single fibre fragmentation testings were carried out using the Zwick/Roell universal testing 

machine Zwick/Roell, Ulm, DE) type Z 020 operating with a load cell of 500 N and a testing speed 

of 2 mm/min. The gauge length was set to 16 mm. The test was finished before the specimen 

was destroyed, i.e., the specimens were strained up three times the strain of the single fibres. 

Before testing, all the test specimens were climatised for at least 24 h at 23 °C and 50 % relative 

humidity (17). The fragment lengths of the individual specimens were measured under a 

polarisation microscope ADL-601-P (Bresser GmbH, DE). The measured fragment lengths allow 

the calculation of both the critical fragment length Lfc in mm according to Feih et al. (18) (Eq. 1). 

The critical fragmentation lengths were compared directly as an indicator for fibre/matrix 

adhesion. Therefore, the diameter and tensile strength are assumed to be equal for every tested 

fibre. A good fibre/matrix adhesion should lead to lower critical fragmentation lengths and vice 

versa. 

 𝑳𝒇𝒄 = 𝟒𝟑  ∗ �̅� =  𝟒𝟑  ∑ 𝒍𝒊𝒏𝒏𝒊=𝟎                               (1) 

With Lfc = critical fragment length in mm, I ̅= average fragment length in mm, n = number of 

measurements and li = single fragment length in mm. 

3. Results and discussion 

3.1 Influence of UV irradiation on fibre/matrix adhesion 

 

3.1.1 Critical fragmentation length 

To investigate the influence of the UV irradiation on the fibre-matrix adhesion between PE-

Danufil 3,3 dtex, single fragmentation tests were conducted on the untreated specimens and on 

the specimens that were UV irradiated for 3 min and 8 min. These specimens were subjected to 

tensile stress until 69 % strain, i.e., three times the strain of the viscose fibres of fineness 3,3 

dtex, which is 32 %.  

 

Fig 2: A fragmented viscose fibre in a polyethene matrix after the fragmentation test 

Critical fragmentation lengths of the UV treated and untreated samples were determined at 16 

mm gauge length based on the equation (1). The determined mean values and standard 

deviations are shown in Figure 7. From the investigation, the shortest critical fragmentation 

length of 0.24 mm was measured for 8 min UV irradiated specimens, followed by 3 min UV 

irradiated specimens with 0.30 mm, and then the highest critical fragmentation length of 0.52 

834/1602 ©2022 Ghafafian et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

 

 

mm has seen in the untreated samples. The fragmentation results show that UV irradiation 

decreases the critical fragmentation length indicating an increased fibre/matrix adhesion. The 

effect depends on irradiation dose, as could be demonstrated by increasing the irradiation time 

from 3 min to 8 min. Compared to untreated specimens, 3 min and 8 min treated specimens 

showed a 43 % and 53 % decrease in critical fragmentation length. The critical fragmentation 

length results show that the UV irradiation significantly influences the fibre/matrix adhesion in 

the PE-viscose composites. Graupner et al. (19) investigated the fibre/matrix adhesion of 

cellulose fibres in different matrices, i.e., PLA, PP, and MAPP. A critical fragmentation length of 

2.5 mm has been observed in cellulose and PP samples, which was improved to 1.46 mm by 

modifying the matrix with the coupling agent maleic anhydride. The PP matrix modification with 

maleic anhydride resulted in a 41.6 % decrease in the critical fragmentation length. However, in 

this research, 8 min UV irradiation on the cellulose fibres embedded in the PE matrix without 

any additional coupling agents resulted in a 53 % decrease in critical fragmentation length. This 

states that UV irradiation has a higher influence on the fibre/matrix adhesion than modifying 

the matrices with coupling agent maleic anhydride. This proves that UV irradiation could 

become an alternative to coupling agents in achieving better performances in bio-based 

composites.   

 

 

 

 

 

 

 

 

 

Fig 3: Fragmentation lengths of viscose fibres embedded in a polyethene matrix. The untreated 

(un) sample is compared with the samples UV irradiated on both sides for 3 and 8 min. The box 

plots show the median in a box between the first and last quartile. Whiskers show the lowest 

and highest values, which are 1.5 times the interquartile range. 

The results show that UV exposure and exposure time positively affect fibre/matrix adhesion,  

comparable to conventional adhesion promoters. An explanation of the observed phenomenon 

is seen in a mechanism proposed in a paper by Bahners et al. (20), where model composites 

made of PET fabric and PE matrix were UV irradiated with a mercury broadband lamp. As the PE 

matrix was entirely transparent for UV irradiation between 200 nm and 300 nm, the UV photons 

penetrate the matrix and are strongly absorbed at the PE/PET interface. Using a peel test, the 

authors observed a significant difference between the irradiated sample and non-irradiated 

sample after peeling the PE matrix from the PET fabric; a residual of PE film bonded to the PET 

fibres was observed, which was the result of cross or interlink formation formed at the interface 
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between PE and PET. This cross-linking at the PE/PET interface was created by the radicals 

generated on the PET through the penetration of photons by UV irradiation (19). Müssig et al. 

(3) described that direct UV irradiation on viscose fibres results in increased affinity of the non-

polar groups. At the same time, a decrease in the moisture content in the viscose fibres proves 

that viscose fibres are highly absorbable to UV irradiation (3). Given this background and, 

according to the hypothesis, the performed experiments confirmed the effect of UV radiation 

on the fibre/matrix adhesion of viscose fibres in polyethene matrix without adhesives.  

4. Conclusions 
 
The effect of UV irradiation on the fibre/matrix adhesion between viscose fibres embedded in a 

PE matrix without any additional coupling agent was investigated using the fragmentation test. 

Overall, UV exposure and exposure time improved fibre/matrix adhesion. Enhancements 

comparable to the use of conventional petrochemical adhesion promoters have been achieved. 

The improved fibre/matrix adhesions are assumed to be based on one primary effect:  A cross-

linked interface formation between viscose fibres and the PE through UV irradiation. 

To elucidate the mechanisms behind the enhanced adhesion and resolve the interfacial region 

structure induced by UV irradiation, spectroscopic, physio-chemical, mechanical and 

thermomechanical analysis will be performed in ongoing research. This information, together 

with the characterisation of the mechanical properties of fibre- or textile-reinforced composites, 

is used to optimise the performance of bio-based composites. 
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Abstract: Structural Health Monitoring (SHM) and Natural Fibres Composites (NFC) have lived 

since early 2000’s important progress due to the needs of reducing material consumption and 

weight in operating structures while limiting the environmental footprint and increasing the 

safety of such structures. Acoustic Emission (AE) is one of the numerous solutions that appears 

to be suitable to predict service life and assess damage in composite structures. NFCs have shown 

promising properties for structural applications but their complex behaviour and the limited 

knowledge on their long-term durability still hinder their full development. In that sense, AE-

based SHM could allow a more important breakthrough of bio-based composites by monitoring 

damage evolution and assessing their remaining life in service conditions. The new generation 

of AE-sensors offers also opportunities of embedment thanks to their smaller size, leading to 

better protection of the sensors and increased sensitivity. We propose in this work to study the 

effect of the embedment of millimetric-size dummy sensors in flax/epoxy laminates on the 

monotonic tensile behaviour and damage kinetic up to failure through AE methods. Results 

highlight a limited effect of the presence of dummy sensors on the mechanical behaviour and 

properties. AE results coupled with X-ray tomography pictures however highlight a change in 

location of damages that are more likely to append in the insert vicinity, and in the onset of the 

most severe damages, which appears at lower global deformation levels. 

Keywords: Natural fibres; Mechanical properties; Acoustic emission; Smart materials; 

Biobased Composites 

1. Introduction 

Natural fibre composites have known an important development over the last two decades. 

These fibres have shown promising properties [1], competitiveness and process have been 

enhanced so far that structural biobased composites are now a reality and start to be 

commercially available [2]. However, design of composite structures and durability prediction 

still suffers a lack of confidence over damage evolutions and structural integrity. This is due to 

their complex behaviour and failure mechanisms which may lead to the use of conservative 

safety factor values and then significant over design, mass increase and material consumption. 

In that sense, structural health monitoring (SHM) techniques could fill this gap by assessing 

damages in these structures in real time, by evaluating the remaining lifetime and integrity [3] 

and thus allowing design optimisation and mass saving. Acoustic-emission (AE) based SHM is 

particularly adapted to polymer matrix composites to assess, locate and identify real-time 

damages and propagation in qualitative and quantitative ways with a limited number of 

equipment [4]. Embedment of small sensors (millimetre-sized) within the laminate could be an 

opportunity to get smart materials with enhanced sensitivity while easing the instrumentation 

and improving the durability of the sensors. Several studies [5–7] have already shown major 
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advantages in embedding directly sensors within the materials allowing a better coupling 

between the sensor and the material and providing a packaging around the sensors, thus, 

limiting the effects of the environment. Moreover, if acoustic emission tends to generate an 

important amount of data, major breakthrough has been made in the last decades. Nowadays, 

efficient and reliable signal processing and data mining, through denoising, hits detection and 

data clustering lead to a fine understanding of the transient acoustic waves induced by damages 

when composite structures are subjected to loads [8–11]. Sensor technologies and materials 

have also evolved to improve the signal quality. Among the numerous options, capacitive 

micromachined ultrasonic transducer (CMUT) technologies are of particular interest. They rely 

on the use of arrays of small micromachined silicon unit membranes of different resonance 

frequencies potentially increasing the bandwidth and signal-to-noise ratio of the sensor. Such 

sensors could be embedded in composite laminates as shown in Figure 1. 

 

Figure 1 : Embedded CMUTs in a unidirectional flaxtape/GreenPoxy laminate. a) during lay-up; 

b) after curing, c) after laser cutting to observe the sensor and d) overview of CMUT sensor 

from [12]. 

In this work, we propose to study the effect of the embedment of brass parts mimicking CMUT-

type AE-sensors on the properties and behaviour of flax-epoxy laminates under monotonic loads 

conditions as well as on the damage modes and kinetics. 

2. Material and methods 

Flax/epoxy composites were manufactured by thermocompression. Twenty plies of an 

unidirectional flax reinforcement (FlaxTape UD110 from Ecotechnilin®) were stacked into a 

Teflon coated steel mould. Epoxy resin (GreenPoxy 56 from Sicomin®) was poured between the 

different layers in the middle of the ply’s length all along its width. The mould was then closed 

except on the length extremities to allow air and matrix excess to flow out. Laminates were then 

cured in a hot press in two step process: a first impregnation step at 40°C and 3bars for 15min 

and a curing step at 60°C and 3bars for an hour. Additionally, laminates were post-cured at 

130°C.  
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For embedded insert samples, 10x5x1mm³ brass mimicking sensor parts were dipped into the 

resin and then placed at the middle ply of the laminate (Figure 2a), on the symmetric axis. 

Samples were laser cut (Figure 2b). Few samples were also polished to observe the effect on the 

microstructure (Figure 2c). More details about the process can be found in [13]. Samples were 

tested under monotonic tensile loads on a MTS Criterion tensile machine at 1mm/min. 

 

 

Figure 2 : Dummy sensor embedding a) during manufacturing, b) after laser cut, c) longitudinal 

microstructural effect of the sensor with matrix rich region in the alignment of the sensor 

AE hits were recorded during monotonic tensile tests to evaluate damage modes and kinetics. 

Each tested specimen was monitored by acoustic emission using two external piezoelectric 

transducers coupled to the sample. Raw AE data were recorded during the test through a digital 

picometer and then processed using an algorithm developed in the lab. The raw data were 

denoised, hits were then identified and matrix of 42 descriptors were extracted. Complete 

details about AE equipment and processing can be found in [8,13]. Five clusters were then 

identified using an unsupervised Gustavsson-Kessel algorithm. All combination of 5 parameters 

were tested and the best set of parameters was retained to plot the representative AE 

behaviour. The clustering descriptors retained by the algorithm will not be discussed in this 

paper.  This unsupervised clustering method have already been discussed in previous studies 

[10,11]. X-ray microtomographic images of the broken samples were acquired to enhance AE 

interpretation, the method details are described in [13]. 

3. Results and discussions 

3.1 Effect of the embedding of dummy sensors on the monotonic properties 

Pristine and embedded samples were subjected to monotonic tensile load. The values of the 

tensile properties are summarised in Table 1. The strain-stress curves are presented in Figure 3. 

The behaviour of unidirectional laminates is assumed to be bilinear with a first high stiffness (E1 

=31 ± 1 GPa) step between 0% and 0.15% and a second phase after 0.3-0.4% longitudinal strain 

where the second apparent modulus is significantly lower (E2 = 25.5 ± 0.5 GPa). Samples have 
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brittle failure between 1.2 and 1.5% of longitudinal strain with a stress at break of 340.9 ± 12.9 

MPa. 

Table 1 : Monotonic tensile properties of pristine and embedded laminates 

 Pristine Embedded Effect 

Vf
1 (%) 49.9 ± 2.8 47 ± 0.5 - 

Vp 
2(%) 3.1 ± 0.8 4.5 ± 0.4 - 

E1
3 (GPa) 31.0 ± 1.0 27.7 ± 1.9 -10 % 

E2
4 (GPa) 25.5 ± 0.5 22.7 ± 1.1 -11% 

νLT 0.44 ± 0.02 0.44 ± 0.01 0% 

σmax (MPa) 340.9 ± 12.9 276.9 ± 17.0 -19% 

εL (%) 1.32 ± 0.02 1.21 ± 0.01 -8% 

εT (%) 0.51 ± 0.02 0.51 ± 0.02 0% 

1Fibre volume fraction calculated as Vf =(mf/ρf)/((mf/ρf) + (mm/ρm));2 Porosity content Vp = 1-ρc(wf/ρf + wm/ρm); 3First apparent 

modulus calculated between 0.05% and 0.15%;4Second apparent modulus calculated between 0.4% and break 

Interestingly, the presence of a brass part mimicking sensor does not affect the behaviour of the 

laminates subjected to tensile loads as the bilinear behaviour remains present with a yield point 

at the same strain level. The two apparent moduli are only slightly decreased (by about 10%) 

when a dummy sensor is embedded, emphasizing that the presence of sensors would not lead 

to oversizing materials to obtain comparable structural stiffness. Moreover, ultimate strain is 

only decreased by 8% when a dummy sensor is embedded. The stress at break appears to be 

the most affected properties. Indeed, the UTS drop of 19% from 340.9MPa to 276.9MPa when 

a dummy sensor is inserted. This could be attributed to stress concentration in the matrix rich 

region located in the insert vicinity. This stress concentration could thus lead to early matrix 

cracks coalescence, delamination and debonding triggering earlier fibre breaking. 

 

Figure 3 : Monotonic tensile test of pristine and embedded samples 
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3.2 Effect of sensor embedment on damage modes and kinetics during monotonic tensile 

testing 

Acoustic emission clustering is an useful tool to discriminate damage modes and record damage 

kinetics during mechanical testing. Traditionally, amplitude, hits number and energy are the 

preferred AE signal features for clustering, in particular in supervised mono- or multi--

parametric methods [14,15] as well as in unsupervised approaches. High energy and amplitude 

hits are generally correlated to severe damage (such as fibre breaking) that compromise the 

structural integrity and lead to failure while low energy and amplitude hits are more likely to be 

related to minor damages (such as matrix cracks) [14–17]. However, even if the utility of AE to 

discriminate changes in damage modes and kinetics is interesting and clustering methods bring 

even better insight, one must keep in mind that it is based on a complex unsupervised technique 

with some unknown about environmental effect and complex behaviour of the waves 

propagating within the material. Indeed, it has been shown that damages affect the AE signals 

themselves [9] and this could be even more pronounced when a metallic part is inserted. In that 

sense, it is preferred in this study to keep an overview of the results to analyse major tendencies 

without attributing a specific damage mode to a cluster.  In addition, X-ray microtomography 

images of the failed samples, as presented in Figure 4, were analysed to identify the existing 

damage modes and their location and to ease the understanding and interpretation of changes 

in AE activity. The evolution of each cluster cumulative hits and energy as function of strain 

during monotonic tensile testing for both pristine and embedded samples are presented in 

Figure 5(a) and (b) respectively. Figure 5(c) and (d) represent the amplitude of the hits during 

the test and Figure 5(e) and (f) represent the energy of the hits during the tests. 

For pristine sample, the first three clusters start in the early beginning of the test. For clusters 1 

and 2, it is attributed to external sources (such as friction in the clamps) and minor damages 

(such as microcracking) that occur all along the applied strain. Some early damages and 

geometrical changes (such as fibres reorientation) of higher amplitude (Cluster 1) also appear in 

the beginning but slow down after 0.2% strain. At this point, a new cluster (Cluster 4) starts and 

evolves continuously during the test. This slowing of one cluster while another takes place 

highlights a change in the damaging behaviour. It is interesting to note that this change occurs 

simultaneously with the characteristic ill-point of flax composite tensile curves, where the 

apparent modulus decreases. So, the AE activity in this cluster could be related to nano- and 

micro-structural changes in the fibre wall. Finally, the fifth cluster starts at much higher strain 

(0.9%) that can be attributed to much severe damages leading to the final failure. For this cluster, 

the energy is more important and represents a wide part of the total energy dissipated by the 

laminate as compared to the other one while the number of hits of this cluster is significantly 

lower than the other clusters. The clustering result highlights the complexity of the damages 

occurring in the material, and the chronology of appearing of these damages.  
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Figure 4 : Failure facies and tomographic observations of the broken a-b) pristine and c-f) 

embedded samples 

 

Failure facies of pristine sample and tomography reveal long splitting of the laminates and 

damages in the whole volume. Such observations are coherent with a high number of hits of low 

energy induced by matrix cracks initiation and propagation in the whole samples. Once the 

coalescence is important enough, it  initiates more energetic breakage of fibres in stress 

concentrated areas, leading to an energetic brittle fracture. 

For embedded samples, it is interesting to note that the overall clusters chronology and trends 

are comparable to the pristine one with the three early starting clusters. The last two clusters 

however start at lower strain levels with faster increase in the number of recorded hits than for 

pristine samples. The number of total hits recorded for embedded samples is slightly lower than 

for pristine ones while energies are comparable. From these observations, it is important to note 

that the presence of a brass dummy sensor does not affect damage modes and identified cluster 

evolution but tends to provoke earlier severe damages leading to a premature failure as 

highlighted by the lower strain level required to see the last two clusters to start. Interestingly, 

the cracks in the embedded samples appears to be concentrated in the insert vicinity with failure 

cracks starting from the matrix rich region. When looking at points far away from the break area, 

the material seems to be not damaged. Thus, AE and tomography results highlight that the insert 

concentrate damages in its vicinity conducting to early severe damages thus provoking the 

failure prematurely. Such observations are in accordance with the observed effect highlighted 

in Section 3.1 and emphasize the conclusion that the effect of the embedment of dummy 

sensors affects only moderately the laminates in terms of overall monotonic tensile properties 

but changes in a more complex way damage initiation and propagation in material. Thus, this 

subtle effect must be taken with care when sizing structures subjected to more complex loads. 
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Figure 5 : a) Representative cumulative AE hits and cumulative energy detected per cluster as 

function of strain for pristine samples and b) embedded samples; c) amplitude of the hits as 

function of strain for pristine and d) embedded samples; e) energy of the hits as function of 

strain for pristine and f) embedded samples. 

 

4. Conclusion 

Natural Fibres Composites are a promising route to replace glass fibres composite as they 

showed high mechanical properties. However, their complex behaviour and their properties 

scattering inherent to their natural origin still limit industrial applications. The use of structural 

health monitoring such as acoustic emission could thus reduce the unknowns and increase the 
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reliability of bio-based structures. In this work, we assessed the effect of the embedment of 

dummy sensors on the integrity of flax/epoxy laminates. Results highlights a limited impact of 

the integration with no major effect on the overall monotonic tensile behaviour and properties. 

Regarding damages, the embedment of dummy sensors does not induce the appearance of new 

damage modes. Only a change in their spatial localisation and their onset times was observed. 

The presence of a sensor leads to a concentration of damage in its vicinity, leaving the rest of 

the volume free of damage. It also induces a premature onset of the major damages. However, 

the global stress at break is only slightly decreased and the effects could be even more reduced 

by optimising sensor geometry and manufacturing process. So, it can be concluded that in-situ 

acoustic emission is feasible for bio-based composited and opens opportunities to more 

sustainable structures. 
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Abstract: The truly sustainable future with engineering materials will require completely new 

ways of creating materials. A significant part of emissions and energy consumption originates 

due to the processing of materials for various products, especially in the case of advanced 

composites. The more circular economy and recycling is to be applied, the more emphasis must 

be put on the processing of materials. In nature, the ‘processes’ of synthesis and material 
circulation are completely sustainable. This work includes actual field trials that were started 

during the year 2018 – aiming to the studies about the generation of fibre-reinforced visionary 

composites with the help of natural adhesion and cellular growth in pine trees. 

Keywords: bio-inspired; tree surgery; adhesion; cell proliferation, implantation 

1. Introduction 

It is not difficult to give reasons for why we should change the way our products, the materials 

in them, are produced nowadays. The global concentration of CO2 and the growth of its increase 

has only accelerated during the recent decades [1] – noting that CO2 emissions are regarded as 

one of the main parameters used to compute any (human) process-induced impact on the 

climate change. The reported values are already beyond the limits that could have been fought 

down – proper ‘safeguarding’ would have allowed to save the global economy [2, 3]. Similar 

large increases in the CO2 concentration of atmosphere, in the Earth’s history, have only been 
related to total ecological phase changes along with the climate in the planet’s history during 

tens of millions of years [4]. Most of the human’s energy consumption is related to processing 
of Earth resources into different products as well as transporting the raw materials and products 

from a place to another all over the globe [5]. The activity related to various processes by 

humanity has long led to significant appropriation on the scale of the Earth ecosystem [6]. Only 

completely different processes of making materials and products for human needs can be 

sustained in the future. For future materials, humans must learn to adapt with the synthesis, or 

conversion, of matter in nature. 

Purely from the point of view of engineering, wood – after harvesting and dehydration – has 

good static strength (e.g., 173 MPa for mararie, Karrabina benthamiana) and Young’s modulus 

(e.g., 19 GPa for yellowwood, Cladrastis kentukea). These values are significantly higher than 

those of any polymeric matrix used in the advanced fibre reinforced composites today. Recently, 

Kyoto University and a company launched a development project about the use of wood 

materials in satellite enclosures to prevent waste accumulation in Earth orbit [7]. Plywood has 
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been used in primary and secondary load-carrying structures in aircraft for decades. Wood and 

plant stems in general are anisotropic, in terms of the structure and (mechanical) properties, 

and this suggests that the functional properties as well as mechanics can theoretically be 

tailored in the final material system [8]. It is important to note that anisotropy is basically the 

reason why modern fibre reinforced polymer composites (FRPCs) can be much further optimized 

per application than any isotropic alloy or amorphous material. Interestingly, over the recent 

few tens of years, scientists have pursued to improve the fibre-matrix interphases in fibrous 

composites [9]. In this study, the efforts aim to hierarchical, controlled anisotropy in future 

visionary FRPCs with nature. It is well known that tailored interphases in fibrous composites with 

multi-scale structuring can give engineering materials not only targeted static mechanical 

performance but improved fatigue and dynamic response, to be exploited in the design of high-

tech products [10]. Wood structure is inherently hierarchical, anisotropic, and specifically 

controlled for each stress condition by trees themselves [11]. 

 

2. Experimental 

2.1 Materials 

This study was carried out with pine (Pinus sylvestris) and synthetic fibres for selected 

functionalities and as implant parts. In general, of all plants, pine trees naturally exist on all the 

continents of the Northern Hemisphere. They are available in massive amounts without any 

industrial cultivation and exist nearby local engineering industries. Therefore, pine tree-based 

materials have the potential to be used sustainably without long-distance transportation 

between different continents. Additionally, conifer forests are the largest terrestrial carbon sink. 

Pine trees have been studied for decades and there are large amounts of scientific literature 

available about the tissue structure, growth, evolution, and extractives (resins) of various pine 

trees, making this tree genus a scientifically rather well-defined organism. 

The four different fibres representing the implant materials were: 1) carbon (carbon) fibres with 

the minimum surface finish (Elur®-p-0.08, by Argon LLC, provided by the Institute of 

Macromolecular Compounds (IMC)), 2) ECR (electrical/ chemical resistance) glass (glass) fibres 

(provided by Kevra Oy, Finland), 3) high-density polyethylene (PE) fibres (PE melt-spun as 

described in the previous work [12]) using CG9620 granulate (Borealis Polymers, Austria), and 

4) diamond-like carbon (DLC) coated aramid fibres (coating [10] by DIARC® Bindo, by Oerlikon 

Balzers Coating, Finland) of grade Twaron® 2200 (by Teijin, Japan). Carbon fibre has the greatest 

potential to improve the stiffness and strength for any alive or post-cut wood-carbon fibre 

composite as well as it conducts heat and electricity. 

For adjusting the compatibility between the cell proliferation and fibre surfaces, pine gum rosin 

(Forchem, Finland) was used as treatment. The treatment (i.e., dilute solution of dissolved rosin 

and acetone) was applied by dipping. Whenever tree surface (bark) gets broken, a path is formed 

via wounds for insects and fungi to attack the internal tree tissue. Therefore, the surface 

treatments with rosin targeted to ensure healthy, well-grown wounds. The rosin treatment was 

studied for carbon (carbon-R) and glass fibres (glass-R) series. 
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2.2 Outdoor field trial with tree surgery 

The growth-integrated composites were grown in Finnish forest using pine (P. Sylvestris). The 

alive meristem cells within the vascular cambium were reached from U-cuts from the bark layer 

(see Fig. 2 a). Each implant material was studied for two different implantation techniques: 

I) upward U-cut with half of fibre bundle left outside tree surface, for later characterization with 

a pull-out method, and II) upward U-cut with full embedment. Each tree, and each cut (manually 

done by using a sterilized surgeon scalpel Cutfix®, B. Braun Melsungen), was in details identified 

by the cut length, cut location (direction, height, number of branch fork), and tree dimeter at 

the surgery location prior implantation. The length of the implant (fibre) samples was 20 mm for 

full embedment (U-cut length 22-40 mm) giving a length to diameter ratio of ≈1000 (fibre 

diameter for the different fibres 10-80 μm). All the implanted tree individuals were grown inside 
a 100 sqm plantation with as similar lighting, weather, and nutrients (soil type) as possible for 

the outdoor forest-based field trial. The wounds (at implantations) were treated with wound 

wax (080E1, Neko) and wrapped by tar-treated fabric tape (batch 10.04.002, Finland) as is a 

typical wound treatment. The tape was removed after two months of tree growth to allow 

normal bark formation. The healing (proliferation) period (during the years 2018-2019) was in 

total 17.5 months (i.e., two radial growth terms for pine). Sections were extracted from the pine 

stems and cut pieces were dehydrated slowly in standard room conditions (21±1 °C, 65% RH) 

over 12 months. The final pieces included control pieces of un-intervened wood and the growth-

integrated pieces.  

2.3 Mechanical testing 

The dehydrated wood pieces were fine-cut and polished into specimens for three-point bending 

testing to study increases in flexural strength (28 mm × 8 mm × 8 mm, length × width × height). 

A three-point bending test fixture was used for flexural testing with a span length of 22 mm, 

loading pin diameter of 10 mm, and support pin(s) diameter of 5 mm. A universal test machine 

was used to generate the compressive load (5967, Instron, operated at a 1.0 mm/min test rate). 

Each specimen was loaded up to the failure load. Peak force and failure mode were recorded. 

The flexural (longitudinal) strength was defined for the failure with Eq. (1): 𝜎𝑢 = 3∙𝐹𝑢∙𝑠2∙𝑤∙ℎ2                   (1) 

where Fu is the peak force during a test, s is the support pin span, w is the test specimen’s width, 
and h is the test specimen’s height. Flexural strength was calculated for each specimen with 

specimen’s individual exact dimensions. Three pure wooden (no fibres) specimens (see Fig. 2 b) 

were tested to determine the average reference strength (σref). The effect of the grown-

integration of fibres was studied via the difference between the flexural strength of fibre-

integrated specimen and reference strength (Δσu). The conditions during the tests were 

recorded (20.5 °C, 23% RH). 

A new method was generated to pull out and test for adhesion the specimens with growth-

integrated glass fibres. In the pull-out testing, fibres or a set of fibres (bundle) were pulled out 

of the matrix amid (here wood or combination of wood and rosin). The higher is the force (stress) 

needed to pull, the higher is the interfacial adhesion reflected by the test. The designed test 

setup is illustrated in Fig. 2 c. A universal test machine was used to generate the load (5967, 

Instron, operated at a 1.0 mm/min test rate, 5.0 N miniature load cell). To grip a fibre or bundle, 
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thin veneer tabs were used; fibre (bundle) was adhesively (using polyvinyl acetate glue) 

connected between two tabbing pieces. 

a)    b) c)  

Figure 2. a) U-cut for fibre integration (DLC series in the image); b) pieces extracted from pine 

tree stem for flexural testing; c) the pull-out test method concept. 

2.4 Microscopy and characterization 

Field emission (FESEM) scanning electron microscopy (ULTRAplus, Zeiss) was used to study the 

integration of fibres amid the grown cellular wood structure. Cross-sectional ion polishing (CSP) 

was used to reveal the ultracellular structure of the adhered cells amidst the fibres and these 

samples were imaged by FESEM. Compositional analysis (x-ray energy dispersive spectroscopy, 

EDS) was used to observe fibres. 

The fibre integration and fracture formations in the flexural specimens were studied with the 

help of 3D imaging with X-ray Computed Tomography (XCT) using TESCAN UniTOM HR scanner, 

equipped with a 160 kV/25 W microfocus & nanofocus X-ray tube, with a tungsten reflection 

target and a detector of 2916 x 2280 pixels, with a 50 μm pixel pitch. The source voltage and 

power were set to 55 kV and 0.8 W. Based on the source-to-object distance two voxels size (VS) 

magnifications were acquired; a) a 10 μm VS scan for the overall inspection of the specimen and 
b) high resolution scans of 1 μm VS in selected volumes of interest. In total 2600 radiographic 

projections were acquired over a 360° sample rotation, each with an exposure time of 1200 ms 

and frame averaging set to 5 to reduce the random noise, resulting in acquisition times of 260 

min per scan. Thereafter, cross-sectional reconstruction to tomographic slices performed on the 

acquired radiographic projections by applying a filter back-projection algorithm in the TESCAN 

reconstruction software Panthera. Image analysis and 3D visualization of the scans was 

performed in Avizo 3D v 2021.1 (ThermoFisher) 

2.5 Finite element analysis 

The pull-out test method was analyzed using simulation on the finite element (FE) basis. The 

modelling and computations were carried out in ABAQUS (Standard) (2021). The part 

geometries included 3D models of a wooden part (2 mm × 1 mm × 0.4 mm) and fibre (ø 18 μm, 
length 4.5 mm). Rigid contacts (tie) were used between the wood and fibre parts. Wood was 

modelled to be an anisotropic elastic body (moduli 9.7·10-3 N/μm2, 5.8·10-4 N/μm2, 5.8·10-4 

N/μm2, shear moduli 3.6·10-3 N/μm2, 3.6·10-3 N/μm2, 2.8·10-4 N/μm2, Poisson’s ratios 0.33, 0.33, 
0.02, in a Cartesian coordinate system XYZ, respectively, with X-axis matching with the 

longitudinal (upwards) tree growth [13]). The fibre part was modelled to be an isotropic body 

(glass, 0.07 N/μm2, Poisson’s ratio 0.3). The fibre was divided into three parts: the free end  

(50 μm) of the fibre was rigid for a clamped boundary condition, and the portion inside wood 
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was divided into two portions (fibre and a 0.5 mm-internal portion). The internal portion was 

modelled either 1) glass fibre, or 2) softer, rosin-imitating material (1·10-6 N/μm2, Poisson’s ratio 
0.3). The fibre part was integrated into the wood part at a pull-out angle of 15°. Linear hybrid 

tetras (C3D10) were used for meshing (nominal size at the interfaces 8 μm). The total mesh 
included 133 178 elements. The simulation of the pull-out test was run for a constant pull-out 

force of 0.1 N (point load at the bottom of the wood part). It was estimated that, in a typical real 

test, there are in average 10 fibres pulled out simultaneously for an experimental peak of ≈1 N. 

 

3. Results and analysis 

3.1 Wound healing and cellular structure 

The total tree mass was measured at the time of cutting (after the field trial): 8.3 kg, 7.2 kg,  

9.1 kg, 6.3 kg, for the trees used in grow-integration of PE, DLC, glass, carbon series, respectively. 

The increase of diameter at the implantation location was: 38 % (15.8 mm), 49 % (20.6 mm),  

58 % (25 mm), 37 % (14.7 mm) for PE, DLC, glass, carbon series, respectively. 

The wounds healed so that the U-cut was grown back over all its edges (Fig. 3 a) for all the glass 

and carbon series. For PE and DLC series, the wounds did not heal well and, especially for the 

partly embedded fibres, the U-cut did not grow back but was left partly open. For all glass and 

carbon series, the fibres were adhered, i.e., grown several millimeters inside the wood. The 

intervention led to secretion of rosin by the tree, as was revealed by the FESEM imaging  

(Fig. 3 b). For the carbon series where no rosin-treatment was applied, the rosin secretion was 

significant and visually observable after breakage of the specimen within flexural testing. For the 

rosin-treated carbon fibres, the secreted rosin was less but clearly visible in XCT analysis on 

micro-scale (Fig. 4 a-b). 

a)    b)   

Figure 3. a) Wound healing on pine stem for carbon fibres (without rosin treatment) fully 

implanted. b) FESEM and related EDS analysis of carbon-series specimen. 
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a)  b)  

Figure 4. a) 3D analysis of the carbon fibres inside the wood piece based on the XCT analysis;  

b) 2D cross-section by the XCT analysis of carbon fibres, surrounded by secreted rosin. 

3.2 Improvements of mechanical performance 

The results of the flexural testing are shown in Fig. 5. a, and the results of pull-out tests in  

Fig. 5 b. The flexural strength was improved by fibre-integration for all the series except for 

carbon fibres without the rosin surface treatment. The rosin treatment improved the flexural 

strength for the carbon fibre integration by 32 % and for the glass fibre integration by 3 %. The 

fibre integration with rosin treatment, compared to pure wood, increased the strength by  8 % 

for the carbon series (carbon-R) and 15 % for the glass series (glass-R). Fibre volume fraction was 

estimated based on cross-sectional areas of specimen (64 ·10-6 m2) and fibres (πr2 = 80·10-12 m2; 

for 100 fibres in a bundle yields 80·10-10 m2) the longitudinal dimension being essentially equal 

(specimen’s length). This estimation gives a fibre volume fraction of 0.1-0.2 ‰ in the fibre-

integrated samples. It should be noted that the flexural strength was significantly increased for 

the PE and DLC series although the implanted fibres were not well integrated (unsuccessful 

healing). This indicates that the surgery for implantation is a type of intervention that leads to 

wound tissue of a higher strength. In other words, the improvements of flexural strength in Fig. 

5 a are not only due to the implanted fibres but also due to the changes in the cell structure of 

wood (see variation in Fig. 4 a) compared to the non-intervened wood of reference specimens.  

Significant improvements in (flexural) strength would require good adhesion between the 

implanted fibres and the proliferated cell tissue amid. However, there are no test methods for 

measuring the mechanical adhesion forces for wood-fibre materials with grown adhesion. 

Therefore, a pull-out method was developed and studied. The results of pull-out testing for the 

glass series are shown in Fig. 5 b. It was found that the peak force can be related to various 

failure modes, such as partial pull-out and fibre (bundle) breakage. Further research is needed 

to improve and analyze the pull-out method in detail. 

852/1602 ©2022 Kanerva et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

a) b)  

Figure 5. a) Change in flexural strength due to grown-integrated fibres;  

b) the force-displacement performance of glass fibres pulled out from wood. 

 

3.3 Numerical analysis of the pull-out test method 

The von Mises maps are shown in Fig. 6. The stresses at the fibre-wood interface were carried 

approximately by a portion up to 1 mm of length (inside the wood part). It should be noted that 

(unhomogenized) real cell structure of wood would allow local yield and the stress-carrying 

length could be longer, yet the effect is anticipated up to a factor of two. Therefore, in the real 

test, fibre pull-out clearly requires breakage of fibre near the specimen surface or crack growth 

along the fibre-wood interface because the fibres were grown to adhesion along a length of  

approximately 20 mm of fibre inside the wood. 

 a)  b)  

Figure 6. FE analysis results for simulated fibre pull-out tests at a peak force of 0.1 N:  

a) fibre integrated at a depth of 0.7 mm followed by a rosin-filled cavity; b) fibre integrated 

throughout (1.2 mm). A half of the wood part have been removed from the visualization for 

clarity. In the stress legends, the unit of stress is N/μm2, e.g., 1·10-5 N/μm2 = 10 MPa. 

 

4. Conclusions 

This work confirmed that making advanced composites can be done in close collaboration with 

alive plants. Different fibres were implanted into alive pine tree stem and the performance was 

studied after extraction of composite pieces formed by the fibres and grown cellular tissue. The 
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healed tissue is irregular and affects the composite properties in addition to the fibres and when 

compared to the intact wood around the integration volume. 

Nowadays, human civilization establishes its ‘intelligence’ in terms of war and disregard of 

nature. A change in the mindset is necessary to focus altogether on collaborative living, produce 

and use physical matter in a harmony with nature – right now and in future. 
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Abstract: A possible source of natural reinforcement for bio-composites can be represented by 

lemongrass plant (Cymbopogon flexuosus), a clumped and perennial grass which belongs to the 

Poaceae family. This plant is extensively used for several applications such as pharmacology, 

food preservation and cosmetics but, to the best of our knowledge, few papers were published 

on its use as source for reinforcement of composites and no one article was focused on the 

comparison between lemongrass leaves and culms as potential source of natural reinforcement. 

To this aim, a preliminary investigation on leaf and culm fibers was carried out to compare their 

physical and chemical features as well as their tensile properties. Furthermore, bio-composites 

based on a biodegradable starch-derived matrix (MaterBi®) and lemongrass leaf and culm 

particles were manufactured via extrusion and compression molding. For both fillers, two 

compositions (i.e., 10% and 20 wt.%) were investigated in terms of morphological and 

mechanical properties.  

Keywords: natural fibers; biodegradable polymers; lemongrass; bio-composites  

1. Introduction 

The use of natural fibers as reinforcement for bio-composites has received a great interest both 

from the academic world and several industrial fields since the 1970s. This attention is motivated 

by serious environmental issues correlated both to the unsustainable manufacturing processes 

of synthetic fibers and plastics, and to the limited recyclability of “traditional” composites and 

their end of life disposal options. 

In addition to the most widely investigated and used natural fibers such as flax, jute, sisal and 

hemp, several researchers focused their attention in the last decade on the use of less common 

fibers, extracted from local plants, due to several beneficial aspects such as low cost, wide 

availability and quite good properties [1].  

Indeed, the high demand for natural fibers requires discovering new lignocellulosic 

reinforcements with adequate properties for composite reinforcement.  

Driven by this impulse, more than 40 papers were published on this topic just in the past two 

years. For instance, new natural fibers extracted from Chrysanthemum morifolium stem [2], 

Calotropis gigantea fruit bunch [3], Aristida adscensionis [4], Eleusine indica grass [5], Stipa 

obtusa and Jarava ichu leaves [6] and Strelitzia reginae plant [7] were recently investigated. 
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In such a context, we focused our attention on lemongrass plant (Cymbopogon genus) with the 

aim of comparing the leaf and the culm (i.e., stem) of this perennial grass as possible source of 

reinforcement for bio-composites. 

Cymbopogon genus grows worldwide comprising more than 55 species. Among them, 

Cymbopogon flexuosus and Cymbopogon citratus are the most important ones with the latter 

widely cultivated to extract their essential oils used in perfumery as well as in food industry [8-

9]. Other important applications of lemongrass plant are due to its antiseptic, antibacterial, 

antimicrobial, antifungal, and anti-inflammatory properties in pharmacology [10-11].  

To the best of our knowledge, just a limited research was focused on the use of lemongrass as 

reinforcement of composites [12-13]. Furthermore, no investigation was addressed to compare 

lemongrass leaf and culm as potential source of natural reinforcement to date.  

To fill this gap, a preliminary investigation was performed out allowing to evaluate which part of 

this plant (i.e., leaf or culm) is the best one to obtain natural reinforcement having promising 

features. In particular, the chemical composition of leaf and the culm lemongrass fibers was 

investigated through standard methods. The main properties of these fibers were assessed by 

means of thermogravimetric analysis (TGA), scanning electron microscope (SEM), Fourier 

transform-infrared spectroscopy (FT-IR) and helium pycnometer analysis. Fifty tensile tests were 

performed on both fibers and the two-parameter Weibull statistical model was applied to 

interpret statistically the experimental data. 

Furthermore, a biodegradable starch-derived matrix (MaterBi®) was reinforced with lemongrass 

leaf and culm particles (i.e. < 500 μm). For both fillers, two bio-composites were manufactured 

at varying the particles weight content (i.e., 10% and 20 wt.%) through extrusion and 

compression molding and their rheological, morphological and mechanical properties were 

investigated. 

2. Materials and Methods 

2.1 Fibers 

Lemongrass plants were collected in the area of Bangkok, Thailand. After collecting the raw 

plant, the culm was separated from the leaves. Both parts were first washed several times with 

tap water to remove dirt and other impurities and then dried at room temperature for 24 hours. 

Afterward, fibers were extracted from culms and leaves by mechanical separation. 

Fifty tensile tests were carried out on both fibers by using a Universal Testing Machine (U.T.M.) 

model Z005 by Zwick-Roell, equipped with a load cell of 200 N, bonding each single fibers onto 

a paper frame before clamping to the screw grips of the U.T.M. According to ASTM D3822 

standard, the strain rate and gauge length were set equal to 2.5 mm/min and 30 mm, 

respectively. Before tensile test, the diameter of each fiber was measured at three different 

random locations along its length thorough a Leica optical microscope model MS5 and the 

apparent cross-section area was measured by considering it as perfectly circular [14]. 

Furthermore, due to the large variability in the mechanical properties of natural fibers, a 

statistical approach (i.e., two-parameter Weibull distribution) was used to interpret the 

experimental data.  
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The cellulose and the hemicellulose contents of lemongrass fibers were evaluated through 

Kushner and Hoffer method [15] and NFT 12-008 standard, respectively.  The lignin amount was 

measured using APPITA P11s-78. Ash content was determined according to ASTM E 1755-61. 

The fibers chemical structure was also analyzed via Fourier-transform infrared spectroscopy 

(FTIR) using an infrared spectrometer model Spectrum II by PerkinElmer. The analysis was 

performed in transmission mode in a wavenumber range from 400 cm-1 to 4000 cm-1 with a scan 

rate equal to 4 cm-1.  

The thermogravimetric analysis (TGA) was performed by using a thermobalance TG/DTA model 

SDT Q600 by TA instruments. Fiber samples were placed in an alumina crucible heated from 30 

°C to 1000 °C at a heating rate of 10 °C/min in an inert atmosphere. 

The experimental density was evaluated by using a helium pycnometer by Thermo Electron 

Corporation model Pycnomatic ATC and an analytical balance model AX 224 by Sartorius. The 

morphological analysis of leaf and culm lemongrass fibers was performed through Scanning 

Electron Microscopy (SEM) investigation by using a FEI microscope model Quanta 200, operating 

at 10 kV. Before the observations, all samples were coated with a thin layer of gold and rubbed 

upon a 25 mm diameter aluminum disc.  

2.2 Composites 

The biodegradable polymer used as matrix for bio-composites is a sample of Mater-Bi® (Mater-

Bi HF51L2 by Novamont SpA) with melt flow index (190 °C/2.16 kg), melting temperature and 

density equal to 4.5 g/10 min, 150°C and 1.21 g/cm3, respectively. After drying at room 

temperature for 24 hours the fresh culms and leaves, they were ground by means of a grinding 

machine. After that, lemongrass particles were sieved to obtain a fraction with maximum size 

equal to 500 µm. 

Before the composites preparation, both the Mater-Bi and lemongrass particles were dried 

under vacuum at 60 °C for 12 hours with the aim of protecting the polymeric matrix by hydrolytic 

scission phenomena during processing. For both lemongrass particles, two bio-composites (i.e., 

containing 10 and 20 wt.% of lemongrass) were manufactured via extrusion and compression 

molding. In particular, bio-composites particles were first prepared by using a modular co-

rotating twin screw extruder (OMC Italy, D = 19, L/D = 35). For the sake of comparison, neat 

Mater-Bi matrix was processed under the same conditions. The thermal profile adopted was 

120–130–140–150–160–170–170 °C while the rotational speed was set to 180 rpm. The molten 

material obtained from the extruder die was cooled on line in a water bath, pelletized and used 

for the further manufacturing step. 

Afterwards, the so obtained pellets were dried under vacuum at 60°C for 12 hours before the 

preparation of the samples for the mechanical, rheological and morphological characterizations 

were prepared via compression moulding by using a Carver Laboratory press (T = 160 °C, P = 27 

bar, time = 3 min). 

The bio-composites will be identified in the next with the codes L10, L20, C10 and C20, were the 

letter (i.e., L or C) indicates the lemongrass part (i.e., leaves or culms) and the number (i.e., 10 

or 20) the particle weight content. 
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Tensile tests were performed on composites according to ASTM D638 standard, with the same 

U.T.M. used for fiber characterization, equipped with a load cell of 5 kN. Five Dumbbell samples 

for each composite were tested by setting the crosshead speed equal to 5 mm/min for 

elongation percentage values up to 8% and then equal to 50 mm/min.  

The morphological observation of the fractured surfaces of Dumbbell samples was carried out 

by using the same scanning electron microscope used for the fiber characterization. 

3. Experimental results 

3.1 Fibers 

The typical stress-strain tensile curves of leaf and culm fibers, shown in Figure 1, evidence the 

brittle behavior of both fibers. By comparing these curves, it can be noticed that the mechanical 

properties of lemongrass fibers are function of the part of the plant from which they have been 

extracted. In particular, leaf fibers show higher strength and stiffness than culm fibers, even 

though the latter reach break at greater elongation percentages. 

 

Figure 1. Tensile stress-strain curves of culm and leaf fibers  

The statistical analysis of the mechanical results through Weibull model provided a reasonable 

approximation of the experimental data, furnishing the Weibull shape and scale parameters 

(i.e., the characteristic values of the distribution) for both properties (i.e., tensile strength and 

modulus). In particular, it was shown that the tensile strength and modulus of leaf fibers are 

about 55% and 76% higher in comparison to culm fibers, respectively. Vice versa, the elongation 

at break of culm fibers is just slightly higher than that of leaf fibers. 

The chemical analysis of leaf and culm fibers showed that both fibers contain similar amounts 

of α-cellulose (i.e., 45.5% and 44.2% for leaf and culm fibers, respectively), hemicellulose (i.e., 

29.1% and 28.1%) and lignin (i.e., 17.0% and 17.3%, respectively). These compositions cannot 

justify the noticeable mismatch between the mechanical properties of leaf and culm fibers. The 

only remarkable difference is the ash content, about 2% lower in leaf fibers, which explains at 

least partially the better mechanical properties of leaf fibers than culm ones. 
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The FTIR results shown in Figure 2 confirm that the compared fibers can be considered similar 

in terms of chemical composition.  

 

Figure 2. FTIR spectra of culm and leaf fibers 

In particular, by comparing these spectra, it is possible to notice that only two peaks are 

noticeably different. The first one, at about 3325 cm-1, is due to the O-H stretching vibration and 

hydrogen bond of the hydroxyl groups [16]. The second one, located at about 1600 cm-1, is 

strictly correlated with the presence of water in the fibers [17]. Both peaks are greater for culm 

fibers, thus indicating that the latter contain a larger amount of water in comparison to leaf 

fibers. 

Basically, the thermogravimetric analysis confirm this finding. Overall, both leaf and culm fibers 

experienced three different decomposition stages at around 100, 250 and 310°C, related to the 

water vaporization, hemicellulose degradation and α-cellulose decomposition, respectively. 

However, and more interestingly, it was shown that the weight loss found for culm and leaf 

fibers at 150 °C are respectively equal to about 12% and 8%, thus indicating that a greater 

amount of water is absorbed in culm fibers in comparison to leaf ones.  

The experimental densities measured though helium pycnometer are equal to 1.02 g/cm3 and 

1.14 g/cm3 for culm and leaf fibers, respectively. The higher density evidenced by leaf fibers 

meaning that the latter are characterized by a more compact structure in comparison to culm 

fibers, as clearly shown by observing the SEM micrographs in Figure 3. 
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Figure 3. Cross section morphology of (a) leaf and (b) culm fibers 

3.2 Composites 

The tensile properties of neat matrix and bio-composites are reported in Table 1. All the 

composites show higher tensile moduli than Mater-Bi. In particular, the tensile modulus strongly 

increases on increasing the filler content. Furthermore, for both the compositions, the 

composites incorporating leaf particles exhibit higher stiffness than those containing culm 

particles. In particular, the L10 and L20 show tensile moduli about 81% and 186% higher than 

neat matrix, whereas the C10 and C20 show tensile moduli about 53% and 124% higher than 

Mater-Bi. It is worth noting that, the addition of relatively low content of lignocellulosic particles 

used in this study, led to remarkable increments of the tensile stiffness of the composites. 

Despite the positive effect on tensile modulus, the addiction of lemongrass particles led to a 

reduction in the tensile strength and elongation at break of all the composites compared to neat 

matrix. However, the reduction is less pronounced for composites incorporating the leaf 

particles.  The decrease in the tensile strength of the bio-composites can be ascribed to the 

premature failure of the samples, which is expected when rigid particles are loaded in polymer 

matrices.  

Table 1: Tensile properties of bio-composites. 

 Strength [MPa] Modulus [MPa]  Elongation at break [%] 

Neat matrix 13.4 ± 0.5 62.5 ± 3.8 665.8 ± 79.8 

L10 8.3 ± 0.4 113.3 ± 3.2 196.9 ± 45.4 

L20 7.2 ± 0.1 178.9 ± 5.9 51.4 ± 14.9 

C10 6.9 ± 0.3 95.7 ± 4.7 146.3 ± 44.8 

C20 5.9 ± 0.1 140.0 ± 5.3 51.0 ± 15.5 

 

The higher mechanical performances exhibited by bio-composites incorporating leaf particles 

can be probably attributed to the better morphology shown by these materials in comparison 

with the bio-composites incorporating the culm particles, as suggested by analysis of SEM 
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micrographs. In particular, the latter exhibited a worse adhesion between the matrix and the 

filler, as clearly visible in the micrographs reported in Figure 4.  

 

Figure 4. SEM micrographs of nitrogen-fractured surfaces of biocomposites (a) L10 and (b) C10. 
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Abstract: Since the early 2000, self-healing fibre reinforced polymers (FRPs) have increasingly 

been addressed by researchers with the goal to develop more sustainable materials. However, a 

practical challenge remains for material / process screening: to propose relevant 

characterization methods allowing to quantitatively assess the healing efficiency of the matrix 

within composite parts and to provide comparative results.  In the present study, a novel and 

practical characterization method is proposed: assessing the capacity to recover low-velocity 

impact damage via three-point bending flexural tests in samples with different fibre orientations. 

Laminates with fibre oriented at ± 45° showed no signs of fibre rupture after impact damage and 

hence proved to be the most relevant to prove efficient matrix self-healing capabilities. Such 

method demonstrated to be:  i) representative of early-stage damage of composite FRPs, ii) a 

fast and reliable characterization technique requiring the use of a limited amount of material. 

Keywords: self-healing; circular economy; composites 

1. Introduction 

In recent years FRPs have been more and more frequently used for structural applications in 

aerospace, automotive, wind, marine and sport industries, thanks to their outstanding strength 

to weight ratio. High service temperatures that might be reached in such applications and 

exposure to important mechanical loads and solvents make epoxy resins one of the preferential 

choices as a matrix for their high glass transition temperature (Tg), stiffness and solvent 

resistance. However, unless toughened like for example in the aerospace field, they have a major 

drawback: brittleness. Furthermore, fibre reinforced composites naturally have a 

heterogeneous structure and hence are subjected to complex damage mechanisms: cracks 

occurring in the matrix, at the fibre/matrix interface, between plies, in the reinforcing fibres, or 

sometimes originating from processing defects such as porosities or dry zones. Most of the 

times, these cracks are not visible when looking with bare eyes at the part. Consequently, 

industry is forced to periodically inspect FRPs with expensive non-destructive techniques, like 

for example x-rays or ultrasound. When the detected damage event is too extensive, parts are 

very often trashed, generating large amounts of unrecycled waste. Alternatively, when damage 

is rather localised, but threatens the structural performances, costly, invasive and time-

consuming techniques have been developed for on-site repair (1). According to Suschem (2), 

this modus operandi (classical repair techniques and simply discarding compromised parts) 

produces 40’000 tons of composite waste annually, either in the form of scraps or defective 

parts, just in Europe. By the end of 2015, 304’000 tonnes of composite waste were estimated to 

have been produced worldwide and most of them lay in land fields (2). Projections estimate that 

by 2025 683 thousands of tonnes of composite wastes will be generated (3). 

863/1602 ©2022 Trigueira et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
mailto:cecilia@comppair.ch
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

An approach which would enable to save a lot of resources consists in addressing damage at an 

early stage, i.e. most likely in the form of microcracks and delamination, which, extending 

progressively, can induce catastrophic failure. Exactly with this purpose, taking inspiration from 

natural phenomena, like bones regeneration and blood clotting, more and more efforts have 

been devoted by researchers towards the development of self-healing composites (4). Extrinsic 

and intrinsic approaches exist. The first is based on isolated reservoirs of unreticulated polymers, 

stocked inside hollow fibres or capsules, which will break during damage events, fill the cracks 

and polymerize, while the second one exploits functionalities of the polymeric matrix itself. 

Many examples are reported in the scientific literature (5,6), but only few are found which 

reached a high technology readiness level (TRL). One of these are vitrimers, but the drawback is 

represented by the challenge of maintaining structural performances at the healing temperature 

(7–11). Another approach, currently commercially provided by CompPair Technologies Ltd., is 

HealTech™ , a prepreg enabling to build FRP parts in which repair can be triggered simply with 

the application of moderate heat, while retaining enough stiffness and strength to remain 

structural during healing (12). 

No matter what the self-healing approach is, apart from the main challenge of maintaining a 

high volume fraction of the reinforcing fibres and adequate mechanical properties for the 

healable composite, another critical point is represented by the difficulty in finding a common 

healing efficiency testing method, shared among all the scientific community. The most 

frequently adopted test methods are either non-destructive analysis, like C-scans, or are based 

on mechanical tests like Mode I double cantilever beam (DCB), tapered double cantilever beam 

(TDCB), Mode II end-notched flexure (ENF) testing, compression after impact (CAI), bending 

after indentation, fatigue, tensile and bending testing (5,6,11,13–29,). The fundamental 

difference between these characterization methods makes the comparison of the various self-

healing matrix systems difficult. Furthermore, such methods are often either not fully 

representative of real damage occurring throughout the lifetime of a composite part in an 

industrial environment, or cumbersome or require the use of large amounts of material. 

The present work aims at presenting a rapid and efficient solution to overcome the described 

limitations, using  HealTech™ composites to demonstrate the principle. The goal is to assess 

matrix healing only and thus to avoid breaking fibres which will not heal, so as to concentrate 

on the matrix healing efficiency within the composite. Composite samples were first damaged 

via low velocity impact, a relevant mechanism for the aerospace industry, but also for the sports 

and marine industries. The capacity to mend impact damage has then been evaluated via 3-

point bending flexural tests, comparing the flexural modulus and ultimate flexural strength of 

pristine, impact damaged and healed samples. Healing efficiency was thus computed as the 

recovery in flexural modulus and ultimate flexural strength. This approach is similar to what has 

been reported by Kling et al. in (30), but in addition, the present work analyses the influence of 

fibre orientation on the healing efficiency. Overall, a simple and industrially relevant test that 

can be further used as a benchmark for many commercial applications is described in the 

following sections. 

2. Materials and methods 

2.1 Materials and samples preparation 
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FRP laminates were produced with HealTech™ T300-TW200-42RW-1250, a commercial self-

healing resin pre-impregnated Torayca T300 3K twill 2x2 fabric, with aerial weight of 200g/m2, 

provided by CompPair Technologies Ltd.. Two different types of layups were chosen: [(0/90)]18 

and [(+45/-45)]18. Laminates were cured under vacuum in an oven at 140 °C for 3 hours and post-

cured at 180 °C for 2 hours. The obtained fibre volume fractions for the cured laminates were 

52.93 ± 0.33 % and 50.71 ± 0.36 % respectively for the [(0/90)]18 and [(+45/-45)]18 layups.  

Table 1: Description of the different types of analyzed and tested samples. 

Sample type Layup Description 

V 
[(0/90)]18 and [(+45/-

45)]18 
As produced, undamaged 

D1 [(0/90)]18 

Once the laminates were cured, samples were 

cut and subjected to 30 impacts of 6,86 J, always 

in the centre of the sample 

D2 
[(0/90)]18 and [(+45/-

45)]18 

Once the laminates were cured, samples were 

cut and subjected to 30 impacts of 13,72 J, 

always in the centre of the sample 

H1 [(0/90)]18 

Once the laminates were cured, samples were 

cut and subjected to 30 impacts of 6,86 J, always 

in the centre of the sample; samples were then 

healed in an oven for 30 min at 150 °C. 

H2 
[(0/90)]18 and [(+45/-

45)]18 

Once the laminates were cured, samples were 

cut and subjected to 30 impacts of 13,72 J, 

always in the centre of the sample; samples 

were then healed in an oven for 30 min at 150 

°C. 

 

The plates, 150 mm by 130 mm in size, were then cut into rectangular samples 13 x 100 mm2, 4 

mm thick. On one hand, for [(0/90)]18 FRPs five types of samples with different treatments were 

prepared: (i) virgin (V), undamaged, (ii) damaged 1m (D1), (iii) damaged 2m (D2), (iv) healed 1m 

(H1) and (v) healed 2m (H2). On the other hand, for [(+45/-45)]18 FRPs, three types of samples 

were prepared: (i) virgin (V), undamaged, (ii) damaged 2m (D2) and (iii) healed 2m (H2). 

Damaged samples are defined as samples which have been subjected to repetitive low velocity 

impacts with the aid of an impact machine built and customized for the presented test 

campaign. A wood panel was used as a support for the specimens, which were impacted 30 

times, always in the same location, the center of the sample, via a free fall from 1 m (D1) or 2 m 

height (D2) of a steel impactor of 73 mm in diameter. An electromagnet enabled to release the 

impactor in a controlled way. The equivalent corresponding energy of each impact was 

respectively 6,86 J and 13,72 J. The impact set-up is illustrated in Figure 1. H1 and H2 samples 

were impacted as just described and subsequently placed in an oven at 150 °C for 30 minutes to 

repair the created delamination, before testing. 
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All tests variants are summarized in Table 1. 

 

Figure 1: The impact setup used to damage the specimens. 

2.1 Morphological characterization 

The cross section of damaged samples prior to flexural tests was observed with a Keyence VHX-

5000 in reflexion digital microscopy so to assess (i) the type and extent of damage induced by 

the impact procedure in [(0/90)]18 and [(+45/-45)]18 samples. 

2.1 Three-point bending flexural characterization 

Three-point bending flexural tests were conducted on 100x13 mm2 samples, following the 

standard ASTM D7264. At least three samples per each condition (virgin, damaged and healed) 

were tested. A 125 kN load cell for the [(0/90)]18 samples and a 10 kN load cell for the [(+45/-

45)]18 samples were respectively installed on a universal tensile machine (UTM) Series LFM-

125kN (Walter & Bai) with a span-to-thickness ratio of 16:1. The testing speed was set at 1 

mm/min for the [(0/90)]18 samples and 3 mm/min for the [(+45/-45)]18 samples. 

A healing efficiency, η, was computed based on the assessment of both the flexural modulus, E, 
in the different states 𝜂 = 𝐸ℎ𝑒𝑎𝑙𝑒𝑑 −𝐸𝑑𝑎𝑚𝑎𝑔𝑒𝑑 𝐸𝑣𝑖𝑟𝑔𝑖𝑛−𝐸𝑑𝑎𝑚𝑎𝑔𝑒𝑑                       (1) 

and the maximum flexural strength, σ, in the different states 𝜂 = 𝜎ℎ𝑒𝑎𝑙𝑒𝑑 −𝜎𝑑𝑎𝑚𝑎𝑔𝑒𝑑 𝜎𝑣𝑖𝑟𝑔𝑖𝑛−𝜎𝑑𝑎𝑚𝑎𝑔𝑒𝑑                       (2) 

3. Results & discussion 

3.1 Flexural tests 

Figure 2 (a) shows the results of flexural tests performed on V, D1 and H1 [(0/90)]18 samples. It 

is evident that the damage imparted to samples by a 6.86 J impact is limited and especially in 
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terms of flexural modulus, which decreased by 12.9% after the impact. The recovery of flexural 

modulus and flexural strength attained over the healing process for this damage condition was 

relatively poor and the average healing efficiency computed according to Eq. (1) and (2) was 

respectively 37.9% and 33.8%, as some carbon fibres were already broken during the damage 

event, and the initial loss of property is limited. 

 

Figure 2: (a) the flexural modulus and the flexural strength for V, D1 and H1 [(0/90)]18 

specimens. 

On the other hand, a 13.72 J impact entailed a 41.68% and a 49.98% decrease respectively in 

flexural modulus and flexural strength for [(0/90)]18 samples and a 30.02% and a 24.66% 

decrease for the same properties in [(+45/-45)]18 samples. Figure 3  presents a summary of the 

flexural modulus and flexural strength for V, D2 and H2 [(0/90)]18 and [(+45/-45)]18 specimens. 

The average healing efficiency computed according to Eq. (1) and (2) resulted to be respectively 

72.1% with respect to the flexural modulus and 32.1% with respect to the flexural strength when 

fibres were oriented at 0/90° and 92.8% with respect to the flexural modulus and 90.1% with 

respect to the flexural strength when fibres were oriented at ± 45°. 

 

Figure 3: a summary of (a) the flexural modulus and (b) the flexural strength for V, D2 and H2 

samples with fibres oriented at 45° or at 0/90°. 

Figure 4 and Figure 5 show pictures of the side surface of the specimens undergoing 3-point 

bending flexural tests. In the case of [(0/90)]18 FRPs it is clear that the failure mode for D2 and 
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H2 samples is similar and implies interlaminar fracture, while this is not the case for virgin 

samples, in which failure starts with fibre breakage at the plies which are solicited in 

compression and is followed by the rupture of fibres solicited in traction. Contrarily, in the case 

of [(+45/-45)]18 FRPs, interlaminar fracture characterizing failure in D2 specimens cannot be 

observed in H2 and V specimens.  

 

Figure 4: Pictures of the side surface of [(0/90)]18 samples during the flexural tests depicting the 

typical failure of (a) V, (b) D2 and (c) H2 samples. 

 

Figure 5: Pictures of the [(+45/-45)]18 samples during the flexural tests depicting the typical 

failure mode of (a) V, (b) and (c) D2 and (d) H2 samples. 

A summary of the healing efficiencies attained in the different test conditions is depicted in 

Figure 6.  

 

Figure 6: A summary of the healing efficiency obtained for the different impact energies (6.86 J 

and 13.72J) and fibres orientation (0/90° or ±45°) with respect to (a) the flexural modulus and 

(b) the flexural strength. 

3.2 Morphological characterization 

Optical microscopy observations reported in Figure 7 highlight that fibre breakage occurred in 

D2 samples with fibres oriented at 0/90°, while only delamination was observed when fibres 

were oriented at ±45°. This justifies why better healing performances could be reached in this 

latter condition, as HealTech™ enables matrix damage healing, but not fibre rupture recovery. 
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Figure 7: optical microscopy image of the cross section of (a) a D2 [(0/90)]18 samples, clearly 

displaying some broken fibres and (b) D2 [(+45/-45)]18 sample showing signs of delamination 

and cracks. 

4. Conclusions 

The performed tests proved that, probably also due to the samples’ dimensions, FRPs with fibre 

oriented at ±45° guarantee a higher deformation capability to the fibres subjected to low 

velocity impact, hence generating matrix delamination, but not fibre rupture. Consequently, 

evaluating the capacity of [(+45/-45)]18 FRPs to recover low velocity impact damage via three-

point bending tests demonstrated to be a fast and efficient methodology to assess the matrix 

self-healing capabilities of a composite material. On the contrary, when fibres are oriented only 

at 0/90° they are more prone to break hence preventing a relevant evaluation of the matrix self-

healing potential. 
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Abstract: Epoxy Vitrimers are gathering attention as a development in the field of more easily

re-processable and self-healing thermosets. The incorporation of a catalyst should activate the

transesterification reaction within the polymeric macromolecule inducing topological

modification of the network. By reacting epoxy precursors with suitable anhydrides and acids will

promote exchange reactions between esters and beta-hydroxyls adding the vitrimeric behaviour.

In the present work, a commercial epoxy system suitable for CFRP manufacturing has been

modified to induce vitrimeric behaviour by exploiting the catalytic activity towards the

transesterification reaction of Zn2+. Creep experiments confirm that the resin starts to flow above

a critical “Vitrimeric” temperature (Tv).

Keywords: Vitrimers; Epoxy resin; Thermoset recycling; Self-healing; Covalent Adaptable

Networks

1. Introduction

Unlike thermoplastic polymers, thermosetting resins and their composite materials are very

difficult to recycle. The presence of a stable cross-linked structure prevents any long-range

molecular mobility necessary to activate the flow of material at temperatures high enough to

carry out reforming and recycling. As a result, thermosetting composites are hardly recycled,

and most of the components are sent to landfills at the end of their service life.

Increasing environmental awareness and industrial competitiveness encourage introducing and

developing repairable and recyclable structural materials to reduce polymer waste and extend

their service life. Recently, the development of thermoreversible crosslinked networks has been

introduced as a viable alternative to produce composite components that can be recycled and

reformed as thermoplastic materials [1]. Introducing a thermoreversible covalent bond in the

crosslinked backbone allows the topological reshuffling of polymeric networks and makes it

possible to rework and reform the crosslinked material.

A well-established approach for designing and synthesising covalent adaptable networks (CAN)

is the dissociative Diels–Alder reaction between furans and maleimides [2]. As a further

development in more easily re-processable and self-healing thermosets, vitrimers are gathering

attention for outdoing current drawbacks of CANs. One of the possible mechanisms enabling

the vitrimeric behaviour in epoxy resins is based on transesterification exchange reactions

between esters and beta-hydroxyls formed by reacting epoxy precursors with suitable

acids/anhydrides [3,4]. Incorporating a catalyst activates the transesterification reaction and

induces topological variations, stress relaxation and flow in the crosslinked networks, even

though the total number of crosslinks does not change [5,6].

However, there have been difficulties in realising such behaviour in rigid thermosets until 2011,

when Leibler et al. [7] introduced a new group of materials named vitrimers. They applied the
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well-established transesterification reaction to the hydroxyl and ester groups present in an

anhydride-cured epoxy matrix to create a reworkable thermosetting network [7]. During

transesterification, the network’s connectivity is altered via exchange reactions, inducing stress

relaxation and plastic flow at elevated temperatures without depolymerisation. In the presence

of a transesterification catalyst, it was shown that both elastomeric epoxy/acid and rigid

epoxy/anhydride networks possess gradually decreasing viscosity with increasing temperature,

as is characteristic of other vitreous materials such as inorganic glass. Shi et al. investigated the

capability of such systems to weld and to be reprocessed [8]. Demongeot et al.  investigated the

mechanism of action of the catalytic zinc species active in these materials[9]. Capelot et al. [3]

investigated the use of organic catalyst, as alternative to zinc salts, for elastomeric epoxy/acid

systems.

Figure 1. Exchange reaction scheme and related topological changes. Adapted from [9,10]

In the present work, a commercial epoxy system (ARALDITE® LY 3508 and ARADUR® 917-1 by

Huntsman Corporation) suitable for CFRP manufacturing was selected for its modification as

vitrimer. The zinc acetate was selected as a transesterification catalyst. Two formulations at

different stoichiometric ratio between epoxy precursor and curing agent have been prepared

and modified by adding Zinc acetate into anhydride. Creep experiments showed a flow above a

critical temperature (about 170°C) that confirms the achievement of a vitrimeric behaviour.

2. Materials and Methods

2.1 Chemicals and Reagents

Bisphenol A diglycidyl ether (DGEBA) epoxy resin with an Epoxy Equivalent Weight (EEW) of

196.5 g/eq, tetrahydro-methyl phthalic anhydride (THMPA) curing agent and 2,4,6-tris(dimethyl

aminomethyl)phenol as catalyst were kindly provided by Huntsman corporation with product

names ARALDITE® LY 3508, ARADUR® 917-1 and Accelerator 960-1 respectively. Anhydrous zinc

acetate (ZnAc2) (99.99%) was purchased by Merck Sigma-Aldrich. All reagents were used without

further purification.
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2.2 Sample preparation

Epoxy resin formulation. Epoxy resin ARALDITE® LY 3508 and crosslinking anhydride ARADUR®

917-1 were mixed at room temperature with a mechanical mixer in a glass beaker until a

homogeneous mixture was achieved. Subsequently, the Accelerator 960-1 was added and

further mechanically mixed. The total weight of the prepared mixture was in the range of 75g.

Two different formulations were realised, varying the epoxy to acyl ratio between 0.6 (M2) to

1.0 (M2A).

Vitrimeric epoxy resin formulation. Zinc acetate is added to the epoxy resin formulations to

promote the ester interchange reaction and to induce the vitrimeric behaviour of crosslinked

resin. First, an adduct is synthesised between tetrahydro-methyl phthalic anhydride (THMPA)

and zinc acetate. The required amount of Aradur 917-1 (20.00 g, 0.120 mol) and zinc acetate

(3.22 g, 0.018 mol) are reacted in a round bottom flask at 120°C for 2 hours under nitrogen flow.

The THMPA/zinc acetate adduct is cooled to room temperature and used without further

purification. The epoxy vitrimeric mixture is prepared according to the above mentioned

procedure while substituting ARADUR® 917-1 with the THMPA/zinc acetate adduct.

After mixing, samples were degassed under vacuum and cured for 1h @ 120°C and 2h at 140°C.

The completion of the crosslinking reaction was monitored by calorimetric analysis.

Table 1 summarises the crosslinked sample condition realised.

Table 1. Crosslinked sample composition

Sample

Codex

LY 3508

[phr]

Aradur 917-1

[phr]

960-1 acc.

[phr]

r

epoxy/acyl

ratio

ZnAc2 *

[%]

M2 ** 100 70 3 0.6 -

M2A 100 40 3 1.0 -

M2-V 100 70 3 0.6 7.3

M2A-V 100 40 3 1.0 7.3

* ZnAc2 percentage is calculated with respect to the total acyl groups.

** Commercial Huntsman formulation

2.3 Experimental methods

Differential Scanning Calorimetry (DSC). DSC was performed with a Discovery DSC of TA

Instruments under a nitrogen atmosphere with a heating and cooling rate of 10 °C min−1, from

room temperature to 250°C. About 10 mg samples were encapsulated in aluminium pans before

measurements.

Dynamic Mechanical Analysis (DMA). DMA experiments were conducted with a Dynamic

Mechanical Analyzer Q800 from TA Instruments in the single cantilever mode. Samples were

measured from 30 to 160 °C at 3 °C/min, a strain amplitude of 15 μm, and a frequency of 1 Hz.

The samples were cut into a rectangular shape of 25 mm × 5.5 mm and thickness of ca. 2.5 mm.

Creep behaviour measurement. Creep tests were performed using a Dynamic Mechanical

Analyzer Q800 from TA Instruments. The Tension Film clamp with preload of 0.1 N was applied.

The specimen dimensions were c.a. 10x5.5x2 mm3. Five minutes of isothermal hold was used

before each creep segment, starting from 70°C up to 220°C with 50°C incremental steps to
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evaluate sample strain variation from the glassy to the rubbery state. The stress of 0.1 MPa was

applied for 45 minutes.

3. Results and Discussion

The preparation of crosslinked systems with semi-flexible molecular structure facilitates

topological interchange reactions, however it reduces the glass transition temperature and

elastic modulus. Therefore, a balance must be sought between the reactivity of interchange

linkages and thermomechanical properties. It is well known that bifunctional epoxy precursors

can be crosslinked with monocarboxylic anhydrides using either an excess or a defect of the

curing agent. In both cases, a crosslinked network results. Usually, the reaction is promoted by

the presence of substituted amines as the catalyst. If a stoichiometric ratio between epoxy and

acyl groups is used, the crosslinked density is lower, but the presence of hydroxyl and ester

groups highly facilitates the ester interchange reaction [11]. The transesterification reaction can

be activated by the presence of Zn2+ ions at an elevated temperature beyond Tv, leading to a

topological rearrangement.

In this study, the influence of the THMPA/ZnAc2 molecular ratio on the mechanical properties

of the epoxy formulations will be discussed. In addition, the occurrence of molecular long-range

rearrangements has been verified by temperature-dependent creep experiments.

Starting from the producer directions, epoxy mixture M2 described in Table 1 has been

formulated as reference material. The epoxy is used with a stoichiometric defect, with a mole

ratio epoxy/acyl equal to 0.6. The acyl groups in stoichiometric excess can further react with –

OH groups formed due to oxirane ring addition to carboxylic acid.

The curing behaviour and glass transition temperature of the M2 system are illustrated in Figure

2a. The absence of an exothermic peak in the second heating ramp of DSC is a clear indication

of a complete conversion. The observed Tg is about 120°C. The epoxy mixture M2A has

subsequently been prepared with a stoichiometric ratio between epoxy and acyls equal to unity.

The cure of M2A system is illustrated in Figure 2b (DSC Thermogram). As expected, the Tg drops

to 99°C due to a lower crosslinking density.

Both the system have been modified by introducing zinc acetate as a suitable catalyst for ester

interchange reactions. The amount of zinc acetate has been fixed at 7.3% of the acyl groups,

according to Demongeot et al. [9], the obtained systems have been named M2_V and M2A_V,

respectively.

a) b)

Figure 2. DSC curves of the samples at different epoxy/acyl ratio. Reference resin a);

stoichiometric ratio (epoxy/acyl 1.0, M2A) b).
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a) b)

Figure 3. DSC curves of the samples at different epoxy/acyl ratio. Modified formulation,

“Vitrimers” M2_V a) and M2A_V b).

The zinc acetate influences the primary crosslinking reaction and activates a secondary reaction

in the temperature range between 180 and 230°C, while the Tg of the crosslinked sample

appears to be dominated by the ratio between epoxy and acyl groups (Figure 3 a/b).

DMA experiments have been performed in the linear viscoelastic deformation range to confirm

the glass transition temperatures and elastic modulus of crosslinked samples.

The effects of catalyst addition and the different stoichiometric ratio between epoxy and acyls

are shown in Figure 4 and highlight three main phenomena:

a) The glass transition temperatures obtained by DMA confirm the corresponding values

measured by DSC;

b) The addition of Zn2+ catalyst produces an increase in the glassy elastic modulus;

c) The tanδ (ratio between loss and storage moduli) of vitrimeric systems (M2-V and M2A-

V) @ 160°C is higher than corresponding conventional formulations (M2 and M2A,

respectively). Indeed, this experimental observation could be related to a residual

viscous flow, confirmed by following creep experiments.

a) b)

Figure 4. DMA curves at different epoxy/acyl ratio M2 and its vitrimer a); M2A and its vitrimer

b).

In addition to the DMA experiment, the clear and robust confirmation of vitrimeric behaviour

due to thermoreversible cross-linking rearrangements has been obtained by creep experiments.

Samples in the form of thin slabs have been subjected to creep experiments under tension

deformation. The creep experiments have been performed in the temperature range between

70 and 220°C.
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a) b)

c) d)

Figure 5. Creep curves at different temperatures.

Specimen M2 and M2A showed a stable behaviour, in fact, creep is negligible at each

temperature. Even at temperatures higher than Tg no molecular flow has been observed.

Things change when the zinc acetate is added to the formulation. The presence of metallic ions

strongly catalyses the ester interchange reaction, resulting in evident creep of samples

subjected to tensile load at different temperatures, as reported in Figure 5. The effects are

higher in the case of the M2A-V sample with an equivalent amount of epoxy and acyls (r=1.0).

4. Conclusions

The epoxy groups can efficiently react with carboxylic acids or anhydrides. Therefore,

bi/multifunctional epoxy precursors can be efficiently crosslinked with carboxylic anhydrides,

resulting in very stable materials with a glass transition temperature in the range of 100-140°C

and an elastic modulus in the range of 1.5-2.0 GPa.

In this work, two different formulations with the adjustable stoichiometric ratio between epoxy

precursor and curing agent have been prepared. In order to promote the polymer modification

into vitrimer the catalyst Zn2+ has been introduced into the formulation by synthesising an

adduct between ZnAc2 and the THMPA curing agent, with a catalyst concentration of 7.3 % than

to acyl groups.
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The starting resin formulation and the modified vitrimers have been characterised by DSC, DMA

and CREEP experiments. The Table 2 summarise the thermomechanical properties of the

analysed systems.

Table 2. Thermo-mechanical properties

Description
Tg (DSC)

[°C]

Reaction Enthalpy

[J/g]

Elastic Modulus

[GPa]

M2 119.8 295.5 1.88

M2A 99.4 236.6 1.89

M2-V 121.1 274.1 2.25

M2A-V 98.5 290.3 2.11

The presence of metallic ions strongly catalyses the ester interchange reaction, resulting in

evident creep of samples subjected to tensile load at different temperatures. Arising from

specific features of vitrimers, fascinating properties such as self-healing, recyclability, and

weldability may extend the application fields for thermosets to improve their lifespan and

sustainability.
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Abstract: The present work reports a novel approach in terms of the incorporation of the self-

healing agent (SHA) into quasi-isotropic carbon fiber reinforced plastics (CFRPs). More precisely, 

Bismaleimide-Diels-alder (BMI-DA) type resin, containing or not graphene nanoplatelets (GNPs), 

was integrated locally in high performance CFRPs by melt electro-writing process (MEP) 

technique. After manufacturing, both reference and modified CFRP plates were subjected to low 

velocity impact (LVI) and compression after impact tests (CAI). Compression tests were also 

performed prior LVI, to identify potential degradation effects and after the activation of the 

healing process to determine potential improvement of the residual compressive properties. C-

scan inspections prior and after LVI revealed macroscopically 100% restoration of the damage 

area after healing process for the modified CFRPs while  the residual compressive properties 

where slightly improved.  

Keywords: Self-healing, Bis-maleimides, impact, compression test 

1. Introduction 

Composite materials and especially laminated CFRPs present multiple advantages over 

traditional materials but during the service life are prone to impact events. Potential impact 

phenomena, even of low energy, usually results in micro-crack and delamination formation, thus 

leading to a premature failure of composite parts or of the entire composite structures. 

Repairing of composite materials through conventional methods is a rather time consuming, 

costly and cannot be easily applied everywhere. Based on literature, various strategies have 

been adopted with an aim to improve composites’ mechanical properties to extend the service 

life. The use of nano-fillers has proven to be beneficial [1,2]. Among them, high surface area 

carbon nano-fillers have shown to improve the resistance of CFRPs when exposed to impact 

events [1].  

Lately, on the focus of various researchers, has been the development of new materials able to 

repair cracks and delamination within the composite matrix. These newly materials are called 

self-healing (SH) materials and were first reported by White and Sottos in 2001 [3]. SH systems 

can be either autonomous (extrinsic type) or non-autonomous (intrinsic type). Intrinsic SH 

approach seems to be the most promising as it allows multiple healing events to be performed 
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due to the unlimited thermal reversibility of the incorporated SH agents at specific areas within 

a composite structure. Intrinsic SH approach can be achieved through thermoplastic polymer 

blending, supramolecular chemistry based polymers and special covalent bonding interaction-

based polymers (i.e., BMI-DA polymers). Polymers having complex molecular architecture can 

be easily selected as SH agents, due to their functional groups design at molecular level. A new 

class of SH polymers takes advantage of the DA reaction mechanism, which provides a thermally 

reversible polymer network. These polymers, exhibit a resin-type nature at ambient conditions, 

but when heated, de-crosslink through the retro DA reaction mechanism (reverse DA) then flows 

and fills potential damaged sites within composites’ matrix. When cool down, the properties of 
the polymer network are automatically restored.  

The way which a SH agent is incorporated into a composite structure is of high importance. 

Usually, when a SH system is incorporated into the composite an increase of the thickness may 

occur resulting in degradation of the mechanical properties. Electrospinning process (EP) is a 

rapidly evolving technique that has gained much research interest due to its ability to produce 

continuous fibers with a typical diameter of a few tens nanometers to a few hundred 

micrometers, using a high voltage electric field. Among several electrospinning variants, melt 

electro-writing process (MEP) is a processing technique for producing fibers from a polymer 

melt. The conductivity of the polymeric melt is much lower comparing to the polymer’s solution 
which results in a better control of the fibers’ deposition. MEP attracts interest in both academic 

and industrial level due to the absence of toxic solvents, the direct deposition of fiber mats on a 

chosen substrate and the ability to design a process according to desired final application [4, 5]. 

The current investigation is extending and complementing work of previous study [6] conducted 

by the authors. More precisely, the same DA-BMI polymer network was selected as SH agent to 

modify high performance CFRP laminates, through the solution electrospinning process (SEP). 

Here, the DA-BMI polymer network containing or not 1 wt% GNPs, was integrated into CFRPs by 

using the MEP technique. After composites’ manufacturing, potential degradation effects were 
investigated due to SHA incorporation while all CFRP types were exposed to LVI tests. After LVI, 

CAI tests were performed prior and after the activation of the healing process to identify 

potential improvement of the residual compressive properties if the CFRPs. Finally, prior and 

after the healing process c-scan inspections were performed to macroscopically identify the 

damage area and to calculate the healing efficiency (H.E.). 

2. Experimental Part: Materials and Methods 

2.1 Materials 

A commercial unidirectional (UD) carbon fiber-epoxy pre-preg tape (identification code: CE-

1007150-38), was supplied by SGL Group, Germany and was further used for the manufacturing 

of the high performance CFRPs. BMI-1700 (Mw=1700 Da), was kindly supplied by Designer 

Molecules (San Diego, CA, USA). The four layered graphene nanoplatelets (GNPs), having lateral 

dimensions of 1–2μm, average thickness ≤4 nm, surface area ≥750 m2/gr and purity ≥99% were 
supplied by Cheap Tubes Inc., Cambridgeport, Cambridge, MA, USA. In this work a cross-linked 

BMI-1700 network as well as a doped one containing GNPs at the amount of 1% by weight, 

played the SHA role and the preparation procedure of them are fully described elsewhere [6, 7, 

8]. 

2.2 Incorporation of the SHA and composites’ manufacturing  
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The incorporation of the SHA (containing or not GNPs) into CFRPs was performed by using the 

MEP technique, following the procedure described in Ref. [7]. In Figure 1a, the MEP set-up is 

sketched in detail while Figure 1b illustrates fibers’ deposition onto pre-preg’s surface just after 

the MEP. The MEP set-up consists of a heated metallic hopper (melt container), a high voltage 

power supply, a capillary (needle) and a grounded collector. After pre-pregs’ surface 
modification the manufacturing and the curing of the laminates was performed by using 

autoclave technologies. After curing, quality control of the fabricated laminates was performed 

and the testing of them. Briefly, quasi-isotropic CFRP laminates containing 16 plies having 

[+45/0/−45/90]2S stacking sequence were manufactured; the reference laminates, modified 

ones containing the SHA in pure or in nano-modified form.  Based on these, each CFRP plate 

contains 15 surface-modified pre-pregs. The final dimensions of the plates prior testing were 

100 mm × 150 mm × 2.1 mm and the fiber volume fraction (Vf) of the composites was calculated 

to be close to 60± 2%. After CFRPS’ modification by SHA, a negligible increase in the thickness of 
the laminates was observed, as the SHA itself was positioned only in center of each pre-preg ply 

(60 mm x 60 mm) and replaced part of the host epoxy resin as anticipated (see Figure 1b). Non-

destructive quality control for all CFRPs was performed prior testing by using ultrasonics (C-scan 

technique) to secure absence of potential defects due to manufacturing process. C-scan 

inspections was performed also just after LVI as well as just after the healing process in order 

the induced damage at each stage to be determined and the H.E. to be calculated.. 

 

Figure 1 : a) Deposition of the SHA onto pre-preg’s surface by using the MEP technique and b) 

optical microscopy image providing the fibrous  mesh morphology of the deposited SHA.    

2.3 Low velocity impact (LVI) and compression tests 

After manufacturing, all CFRP samples (reference and both modified)were exposed to 

compression tests in order potential knock-down effects (due to the presence of SHA) to be 

identified. Then, LVI and CAI tests were conducted in order the residual compressive properties 

to be identified prior and after the healing process. Based on that, several specimens passed 

through the healing process to investigate potential restoration of the compressive properties 

through CAI tests. All tests were performed according to AITM1-0010: 2015 standard of Airbus 

[9], at ambient conditions. A drop tower equipped with a 16-mm diameter hemispherical 

aluminum impactor with a mass of 1.720 kg was employed for the LVI tests. A moderate amount 

of impact energy (13 J) was achieved by adjusting the initial height of the impactor. The impactor 

was left to drop on the CFRP plate and was restrained of striking for a second time. The provided 

amount of energy is considered sufficient to cause extended delamination and matrix cracking 

but not enough to cause fiber breakage. The compressive properties were determined by using 

an INSTRON 8802 hydraulic machine having a capacity of 250 kN and the samples were loaded 

under displacement control at a cross head velocity of 0.5 mm/min up to failure.  
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2.4 Healing process: 

After LVI testing, damaged CFRPs were positioned into a hot-press machine in order the healing 

process to be activated. The healing cycle consists of uniform heating at 130 °C under 1 kN 
loading (0.67 bar pressure) for 30 minutes and then left to cool-down up to room temperature 

(RT). After healing, C-scan inspections were repeated to identify the H.E. (i.e., the proportion of 

the damage restoration). 

3. Results and discussion  

3.1 Low velocity impact response of CFRPs 

Reference, BMI-modified and BMI & GNP-modified CFRPs were subjected to LVI according to 

specifications of section 2.3. Diagrams of Figure 2 provide the impact force versus time (Figure 

2a) and the impact energy versus time (Figure 2b), for all material sets. 

 

Figure 2: Low velocity impact (LVI) tests for all types of CFRPs; a) force vs time curve, b) impact 

energy vs time curve. 

Figure 2a, provides the force vs.time diagrams for all material sets during impact testing. Thus, 

the maximum load that each plate receives during LVI as well as the contact duration between 

the impactor and the specimen, are provided. The geometry of the impactor significantly affects 

the contact duration of it (the spherical heads result in a longer contact duration) as well as by 

the impact energy. Higher impact energy provides longer contact duration. The initial load 

reduction corresponds to the creation of the first delamination and afterwards several 

oscillations of the curve are observed, until the load reaches its maximum point [10, 11]. These 

oscillations are a result of delaminations’ growth within the composite structure during the 
impact. Although the maximum load value do not significantly differ for the three CFRP 

categories, a slight increase was observed for BMI & GNP-modified CFRPs (~4.3 kN). On the other 

hand, the absorbed impact energy by the CFRP plated during LVI was calculated taking into 

consideration the force vs time curves of Figure 2a and taking into account specifications of Ref. 

[9].  For all CFRP materials an increase of the energy value up to 13 J was reached while part of 

the energy is being restituted to the impactor in the form of kinetic energy. The absorbed energy 

can be considered as the amount of the dissipated energy within the impacted CFRP plate, 

without taking into consideration any other energy consumption mechanisms (e.g. friction, 

energy transfer to the impactor etc.). Modified specimens seem to absorb more energy 

compared to the reference ones. More precisely, BMI-modified CFRPs absorbed 11% more 

energy, while BMI & GNP-modified CFRPs absorbed 11.4% more energy when compared to the 

reference ones. According to C-plots of Figure 3 it was shown that BMI & GNP-modified CFRPs 
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presented larger damaged area by 19% than the corresponding BMI-modified ones (see Figure 

3b & 3e). The above-mentioned behavior probably is attributed to the GNP presence within the 

SHA structure that led to less resistance to delamination. The presence of the GNPs, may serve 

as potential starting points of failure. Based on previous publication by the authors reference 

CFRPs presented comparable damage area as in the case of BMI modified CFRPs [6]. 

3.2 Effect of the healing process on CFRPs 

After LVI testing damaged healable CFRPs underwent the healing process. C-scan inspections 

were repeated in order to be compared with the images taken just after LVI in order to be 

compared. The damage area of the c-scan plots was quantified by using the ImageJ software. 

During the healing process, the retro DA reaction takes place and the cross-linked SHA "breaks" 

into the primary components, namely BMI-1700 and trifuran (cross-linker) compound. While 

each specimen is under pressure in the heat-press, the primary components (characterized by 

low molecular weight compared to the original cross-linked network), flow in between and fill 

the matrix cracks and the delaminated areas. Upon cooling, the DA reaction takes place and 

provides a new polymeric network that finally have “filled-in” the induced damage. In Figure 3, 
c-scan images of the initial CFRP plates (unimpacted form) (a,d), in impacted form (b,e) and in 

healed situation (c,f) are provided for both modified CFRPs.  

In the case of the BMI-modified CFRPs the induced damage due to LVI appears to have been 

fully healed, as expected, while in the case of the BMI & GNP--modified CFRPs, the damaged 

area was not entirely healed. This behaviour may is attributed to the fact that the damaged area 

for these specimens is higher and probably the SHA amount is insufficient. In addition, the 

presence of the GNPs tend to increase the viscosity of the polymer material when melted having 

as a result to reduce the capability of it to flow within the damaged sites of the composite 

structure. Potential increase of the SHA amount and/or the duration of the healing cycle, may 

result in better H.E. values. 

 

Figure 3 : C-scan plots for BMI- and  BMI & GNP-modified CFRPs ; (a,d) before LVI, (b,e) after 

LVI and (c,f) after the healing process. 

3.3 Investigation of potential “knock-down” effect due to SHA presence 
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In this section the compression tests on the BMI-modified the BMI & GNP-modified and the 

reference CFRPs were conducted in order potential degradation effects to be identified due to 

SHA incorporation. The samples at this stage are tested before exposing to LVI testing. Thus, 

compression before impact tests (CBI) are conducted. As it is clearly shown, in the stress-

strain(%) diagrams of Figure 4a, all material sets presented brittle failure. Reference and 

modified CFRPs exhibit the same trend as the applied stress increases linearly up to failure. In 

the corresponding bar chart of Figure 4b) the compressive properties (strength, modulus) are 

summarized. The results indicate a partial loss of the mechanical strength (σmax) due to the SHA 

presence by 21% and 27% for the BMI- and the BMI & GNP- modified CFRPs respectively. The 

compressive modulus also presented a decrease by 3% and 12% for the BMI- and the BMI & 

GNP- modified CFRPs respectively. The reduction of the compressive properties is mainly 

attributed to the SHA presence (having lower mechanical properties compared to epoxy matrix) 

that in its turn replace part of the host epoxy matrix. Another factor is the sight thickening effect 

in local scale due to the incorporation of the healing zone. 

 

Figure 4 : (a) Compressive stress versus compressive strain (%) curves for the reference and 

both modified CFRP types and (b) bar chart diagram providing the compressive properties 

(strength and modulus) prior impact testing. 

3.4 Residual compressive properties (CAI) and investigation of the healing effect   

Compression strength is the property that mostly suffers after an impact event of a composite 

structure. Based on that, it is necessary to determine the residual compressive properties of it. 

In Figure 5, compressive stress versus compressive strain curves for all materials are illustrated. 

As expected, the damage creation due to LVI test negatively affected the compressive properties 

of all CFRPs. The presence of cracks and delaminations into the composites interfere the transfer 

of the applied load from the matrix to the reinforcement (in our case the carbon fibers), resulting 

in premature failure of the structures. In the case of the BMI-modified specimens, a decrease of 

11% in compressive strength and 6.5% in compressive modulus was observed, while in modified 

specimens by BMI & GNPs the reduction was calculated to be 21.5% and 2% respectively for the 

same properties. In the case BMI & GNPs CFRPs, the presence of higher damage area led to a 

significant drop of the residual mechanical properties. 
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Figure 5 : (a,d) Compressive stress versus compressive strain (%) curves for both modified CFRP 

types, (b,d) bar chart diagram providing the compressive properties (strength and modulus) 

after impact testing (for damaged and healed CFRPs respectively). 

All modified CFRPs that passed through the healing cycle, presented an increase in the σmax value 

if compared to the impacted ones (unhealed ones) while no difference was observed for the 

compressive modulus values. Repairing of cracks and delaminations resulted in partly 

restoration of load transfer from the matrix to the fibers and thus CFRPs were able to carry 

higher loads. BMI-modified CFRPs exhibited a restoration of 10.6% in compressive strength, 

while the modified specimens with BMI & GNPs, which underwent the healing process, regained 

their compressive strength by 24.5% after LVI.  

4. Conclusions   

BMI-DA resin, containing or not GNPs at the amount of 1 wt%, was successfully and locally 

integrated into high performance CFRPs by MEP technique. CBI tests revealed a degradation 

effect on compressive properties of the composites as modified CFRPs exhibited decreased 

mechanical properties if compared to the reference ones. According to LVI tests, the BMI & GNP 

CFRPs presented slightly larger damage area based on c-scan plots while after the healing 

process the damage area was restores up to 100%. Finally, CAI tests showed the expected 

degradation due to the presence of the damage for all CFRPs while after the application of the 

healing process part of the compressive properties were restored. 
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Abstract: In this work, a self-healable interphase was studied for polymer composite 

applications. Polycaprolactone (PCL) nanoparticles were synthetized and deposited by 

electrophoretic deposition on the surface of glass fibers to form a coating that acted as an 

interphase with an epoxy matrix. The glass fibers were provided both with and without the 

superficial sizing to investigate its effect with the coating. The morphology of the nanoparticles 

and the coated fibers were observed by field emission scanning electron microscopy that 

revealed an efficient particles preparation and their homogeneous deposition on the fibers. 

Micro-composites were prepared by depositing a single micro-drop of epoxy resin on each fiber 

filament. Micro-debonding tests were performed to evaluate the healing efficiency upon thermal 

healing. A 50% recovery of the interfacial adhesion properties was obtained for both types of 

fibers. 

Keywords: self-healing; interphase; polycaprolactone; micro-debonding; polymer composites 

1. Introduction 

The performances of composite materials do not depend only on the mechanical properties of 

its constituents (i.e., matrix or fibers), but it also relies on the nature of the interphase, the 

region that separates the two phases [1]. The failure of the interphase prevents the matrix from 

transferring the load to the fibers, ultimately causing the composite to fail. To ensure the long-

term reliability of the component, it is therefore essential to enhance the stability of the 

interphase. In this region, several adhesion interactions are established, like surface adsorption 

and wettability, molecular interdiffusion, electrostatic attraction, chemical bonds, and 

mechanical adhesion [2], which dictate the mechanical properties of the final composite. 

Chemical and physical treatments of the fibers surface can improve those interactions [3-5]. 

Recent works demonstrated the validity of surface coating as a powerful method for the 

mechanical optimization of the interphase while imparting specific functionalities to the final 

composite, like energy storage, healing, sensing, and strain monitoring capabilities [6-7]. The 

idea behind this work is thus to create a multifunctional interphase by coating the glass fibers 

with a low-weighted small-sized nanomaterial to address good mechanical properties and self-

healing capabilities. Polycaprolactone nanoparticles were selected as the healing media in this 

application. After a damage event, the self-healable interphase can restore the interaction 

between the two phases, if subjected to external stimuli, for example to heat. The healing 

process extends the service life of the composites, reducing the waste and the repairing costs, 

therefore improving the sustainability.  
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2. Experimental part  

2.1 Materials 

WINDSTRAND® glass fibers were provided by Owens Corning (Frankfurt, Germany) as a roving 

of fiber bundles, both silane sized (GF1) and unsized (GF2). They were used as the reinforcing 

phase for polymer micro-composites. 

A bicomponent epoxy system made by an epoxy base (EC157.1) and an aminic hardener (W342) 

was provided by Elantas Italia S.r.l. (Collecchio, Italy) and it was used as the matrix for the 

polymer micro-composites. Both components were mixed at a ratio of 100:30 and cured for 8 h 

at room temperature, then 40 h at 50 °C.  

FacilanTM Polycaprolactone (PCL) was provided by 3D4makersB.V. as a continuous filament and 

used as the nanosized healing agent at the interphase.  

Poly(vinyl alcohol) and Polysorbate 80 (Tween®80) were provided by Sigma Aldrich (Missouri, 

USA) as a powder and a viscous liquid respectively and used as stabilizers for the preparation of 

PCL nanoparticles. 

2.2 Experimental methods 

The solvent displacement technique was used to reduce the PCL filament to nanoparticles 

dispersed in water solution (0.03 wt.% PCL). This was used as source to coat the glass fibers by 

electrophoretic deposition (EPD). During EPD, the time of deposition and the applied voltage 

were selected after a careful deposition analysis. 

The morphological observation of PCL nanoparticles, uncoated glass fibers and PCL coated glass 

fibers was performed by field emission scanning electron microscopy (FESEM) by using a Zeiss 

Supra 40 microscope (Berlin, Germany). For the PCL nanoparticles observation, a single drop of 

the staring solution was diluted in Milli-Q water at a ratio 1:10 and manually deposited on a 

sample holder, then left at room temperature till dried. For the fibers, a piece of uncoated and 

dried coated fiber bundle (about 10 mm length) was cut and glued on a sample holder by using 

a bi-adhesive carbon tape. Prior to analysis, all the samples were sputtered by a 

platinum/palladium alloy (80:20) for 20 seconds to make them conductive. 

The interface healing was performed by heating micro-composites, prepared by depositing a 

single micro-drop of an epoxy resin on the uncoated and the PCL coated fibers, at 80°C for 1h. 

From the micro debonding tests, the interfacial shear strength (IFSS) of both the uncoated and 

PCL coated fibers was evaluated after (IFSSPCL_2) and before (IFSSPCL_1) the healing process. It was 

calculated as the ratio between the maximum load from the mechanical micro-debonding load-

displacement curves (Fmax) and the geometrical dimension of the fibers (d, fibers diameter) and 

the epoxy micro-drops (L, micro-drops length), as reported by Eq. (1). 𝐼𝐹𝑆𝑆 =  (𝐹𝑚𝑎𝑥𝜋𝑑𝐿 )                                                                                                                                                                   (1) 

From the values of IFSS, the healing efficiency was calculated as reported by Eq. (2). 𝐻𝐸% =  (𝐼𝐹𝑆𝑆𝑃𝐶𝐿_2𝐼𝐹𝑆𝑆𝑃𝐶𝐿_1) ∙ 100                                                                                                                                                                    (2) 
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3. Results 

3.1 Morphological characterization of PCL nanoparticles 

The morphological observation of PCL nanoparticles is reported in Figure 1, with the statistical 

distribution of the particles size. 

  

   (a)             (b) 

Figure 1. (a) SEM image of PCL nanoparticles and (b) their statistical size distribution. 

The particles appeared to be of quite regular shape and they presented a low level of 

agglomeration, indication of an efficient preparation method. The average particle size was 

estimated equal to 134 ± 61 nm.  

3.2 Morphological characterization of PCL coated glass fibers 

In Figure 2, SEM images of GF1 and GF2 surfaces are reported. 

   

                        (a)                                   (b) 

Figure 2. SEM images of uncoated (a) GF1 and (b) GF2 surfaces. 

The surfaces appear to be smooth and free of defects. It is possible to distinguish the presence 

of the silane sizing on GF1.  

In Figure 3, SEM images of the PCL coated fibers are reported and compared. The effect of the 

variation of the supplied voltage on the deposition’s quality was observed, assuming the time 

constant and equal to 60 seconds for each bundles side. 

 

 

 

GF1 GF2 
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Figure 3. SEM images of PCL coated GF1 and GF2 surfaces, varying the applied voltage (5-30V) 

and keeping the deposition time constant (60 second for each side of the bundles). 

Increasing the applied voltage, the deposition of PCL nanoparticles on GF increased. A consistent 

and homogeneous deposition was observed by selecting ΔV = 30V. 

In Figure 4, SEM images of the PCL coated fibers are reported and compared. The effect of the 

variation of the deposition time on the deposition quality was observed, assuming the supplied 

voltage constant and equal to 30 V. 

 30 s 60 s 120 s 

GF1 

   
    

GF2 

   
 

Figure 4. SEM images of PCL coated GF1 and GF2 surfaces, varying the deposition time (30-120s) 

and keeping the applied voltage constant (30 V). 

It can be seen that the longer is the deposition time, the worse is the homogeneity of the 

coating. A compact and homogeneous coating was observed by selecting the time equal to 60 

seconds for each bundles side (total deposition time = 120 seconds). It was also observed that 

this value of deposition time prevented the oxidation of the copper electrodes which began after 

about 150 seconds of deposition (at ΔV = 30V) by showing a change of the solution color that 
passed from matt white to green, index of the release of copper ions. This phenomenon was 

more and more noticeable by waiting longer. 
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3.3 Mechanical properties of PCL coated glass fibers/epoxy micro-composites 

In Figure 5, the representative load–displacement curves obtained from micro-debonding tests 

on the PCL coated glass fibers are reported, together with those of the uncoated GF sample. For 

each specimen, the values of the critical load (Fmax) were used for the calculation of the 

interfacial shear strength (IFSS), as described in Eq. (1). 

   

   (a)      (b) 

Figure 5. Comparison of micro-debonding tests of the uncoated and PCL coated (a) GF1 and (b) 

GF2. 

A comparison of the calculated IFSS values is reported in Figure 6. 

 

Figure 6. Interfacial shear strength (IFSS) values for GF1 and GF2. 

From Figure 6, it is possible to notice that the interfacial adhesion value of GF1 is higher than GF2 

due to the presence of the superficial sizing, as expected by the literature review. The 

corresponding coated samples (GF1_0.1_30_60 and GF2_30_60, respectively) demonstrate that 

the presence of the PCL interphase provides a positive effect in terms of interfacial shear 

strength in the case of GF1 (+26%), while no significant modifications are obtained for GF2. This 

indicates that the presence of the PCL interphase provides an optimum interaction with the 
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superficial sizing, whose contact results in enhanced interfacial properties between the fiber and 

the matrix.  

From the values of the interfacial shear strength (IFSS), the healing efficiency was calculated as 

described in Eq. (2) (Figure 7).  

 

Figure 7. Values of self-healing efficiency for GF1  (HE%1) and GF2 (HE%2). 

The calculation of the gross healing efficiency (Figure 6) demonstrates that the functionalized 

interphase provides a recovery of the 50% of the mechanical properties upon thermal healing 

for GF1 and 51% for GF2.  

4. Conclusions 

For the first time, polycaprolactone (PCL) was used to create a self-healing interphase between 

an epoxy matrix and glass fibers. PCL nanoparticles were prepared by solvent displacement 

technique and they were dispersed in a water solution. PCL nanoparticles deposition on the glass 

fibers surface was performed by electrophoretic deposition (EPD). The morphological analysis 

showed that the deposition is a function of time and voltage. A homogeneous PCL deposition 

on the glass fibers was obtained applying 30V of voltage for 60 seconds on each side of the 

fibers. Epoxy micro-droplets were deposited on the coated fibers and micro-debonding tests 

were performed on the micro-composites to evaluate the interfacial shear strength (IFSS). A 26% 

improvement in the IFSS values was found for the micro-composites containing PCL as an 

interphase compared to neat composites. The thermal healing allowed to recover about 50% of 

the adhesion mechanical properties, for both the sized and the unsized fibers. 
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Abstract: In the present work, highly conductive polymer compounds are developed for the 

production of fuel cell bipolar plates. The composite plates need to fulfil certain requirements 

concerning electrical and thermal conductivity, mechanical properties, and additionally ensure 

an easy implementation in industry. A multi-filler approach, based on commercially available 

compounds and masterbatches is followed in order to achieve these ambitious goals. As the 

amount of fillers needed to achieve the high electrical conductivity values is over 70 weight 

percent, the processing of the compounds becomes challenging. The ordinary polymer processing 

has to be pushed to the limits. We demonstrate that the developed compounds can be processed 

successfully via compression moulding. 

Keywords: Fuel cells; Conducting materials; Carbon; Graphene; Nanotubes 

1. Introduction 

In the near future most engines will be powered electrically by batteries or by fuel cells. One of 

the major factors limiting fuel cell commercialization is the development of bipolar plates (BPP). 

Their characteristic requirements are a challenge for any class of material, and none meets yet 

these requirements entirely. Bipolar plates significantly influence the gravimetric and volumetric 

power density of a fuel cell, typically accounting for more than 80% of the weight of a stack and 

nearly two third of the volume [1].  

In a previous work, we have successfully developed innovative polymer-based composites 

suitable for fuel cell bipolar plates [2]. Various potentially suitable electrically conductive fillers, 

such as graphite, carbon black, carbon fibers, carbon nanotubes, and expanded graphite were 

added to a polypropylene (PP) matrix. The samples were tested with regard to their through-

plane electrical conductivity, in-plane thermal conductivity, flexural properties and corrosion 

resistance. The effect of plate thickness and filler composition was systematically investigated. 

It was also found that the surface preparation of the samples and the applied pressure during 

the electrical resistance measurements had a significant effect on the electrical conductivity. 

The materials showed very good processability with compression moulding which results in a 

maximum electrical conductivity of 46 S cm-1, using a multi-filler approach with carbon based 

fillers of different form and size. The conductivity was measured in a 4-pole device obtaining a 

value that showed a combination of in-plane and through-plane electrical conductivity. 

The main objective of this study is to develop PP-based composite compounds which can meet 

the requirements of bipolar plates and is based on commercially available compounds and 
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masterbatches. A multi-filler approach was followed and different combinations of fillers and 

matrix were tested, aiming to find a good compromise between electrical and mechanical 

properties, easy processability and efficient production. The effect of the plate thickness on the 

measurements of the through-plane electrical conductivity was investigated. Also, a new 

approach for measuring purely the through-plane electrical conductivity was proposed.  

2. Experimental  

2.1 Materials 

Three different commercial PP-based compounds were used in this study: TECACOMP PP HTE 

PW black 1014974 from Ensinger GmbH, with graphite (Gr) as filler, Plasticyl PP2001 from 

Nanocyl, filled with carbon nanotubes (CNT) and Pre-Elec PP 17147 from Premix, with carbon 

black (CB) and carbon fibers (CF). Moreover, a dispersion agents BYK 9076 from BYK-Chemie 

GmbH and a titanate coupling agent, TYTAN™ from Lawrence Industries, were tested. 

2.2 Compounding 

The above mentioned materials were used as received for further compounding. This took place 

at a kneader (HAAKE™ Rheomix OS Lab Mixer from Thermo Fischer). The appropriate amounts 

of each material were mixed in order to achieve the targeted fillers contents at the final 

compounds. An overview is given in Table 1.  

Table 1: Manufactured compounds. 

Compound PP [wt%] Gr [wt%] CB + CF [wt%] CNT [wt%] Additive [wt%] / Type 

A 13 81 3 1 0.5/ Titanate 2.5/ BYK 9076 

B 15 76 5 1 0.5/ Titanate 2.5/ BYK 9076 

C 17 72 8 - 0.5/ Titanate 2.5/ BYK 9076 

D 19 72 5 2 0.5/ Titanate 2.5/ BYK 9076 

E 22 65 11 - 0.5/ Titanate 2.5/ BYK 9076 

F 23 65 7 2 0.5/ Titanate 2.5/ BYK 9076 

G 25 60 11 1 0.5/ Titanate 2.5/ BYK 9076 

 

2.3 Plate manufacturing 

The compounds were pressed into plates via compression moulding. The cavity of the mould 

was rectangle with a length of 170 mm and width of 85 mm. A special insert showed in Figure 1 

was designed for the mould and used in the process to create four areas of different thicknesses 

into the final plate. In this way, the effect of thickness on the measured through-thickness 

conductivity could be investigated, as explained in the following paragraphs. 

The amount of compound for filling the targeted thicknesses of 1, 2, 3 and 4 mm was calculated 

and filled in the mould. The mould was placed in a press heated at 240°C for 10 minutes and 
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afterwards pressed with 150 bar for 5 min. Then, the mould was cooled until a temperature of 

25°C was reached and the plate was demoulded.  

 

 

Figure 1: Insert used for compression moulding (above) Drawing of the insert with dimensions in 

millimetres (below).  

2.4 Testing 

The flexural strength was determined with a three-point flexural test in compliance with the 

standard DIN EN ISO 178. For the characterization of the through-plane conductivity, a digital 

micrometer (MI 3250 MicroOhm 10A from METREL) was used to measure the resistance. The 

cross-section area of the gold- coated copper electrodes was 6.25 cm2 (25 mm × 25 mm), while 

plates of various thickness were tested. A pressure of 1.6 MPa was applied. The measured 

resistance was Rtot given by Eq. (1) 

Rtot = Rapp + Rplate                  (1) 

where Rplate is the resistance of the plate and Rapp is the contribution of all resistances that are 

not the bulk resistance of the plate. This includes the contact resistances between the electrodes 

and the surface of the plate as well as the resistance of the apparatus itself. Rplate, the bulk 

resistance of the plate, depends on the resistivity of the material ρmat, the thickness of the plate 

t, and the area of the electrode A (Eq. (2)). 

Rplate = ρmat · t / A                  (2) 

Inserting Eq. (2) in Eq. (1) one gets: 

Rtot = Rapp + ρmat · t / A                  (3) 

Thus, according to Eq. (3), plotting the total resistance of plates of various plate thickness as a 

function of t yields a straight line of slope ρmat/A and an ordinate at the origin of Rapp. The 

material conductivity can then be obtained from the slope according to Eq. (4): 𝜎mat = 1/ ρmat                   (4) 

The method presented above is adapted from Cunningham et al. [3] and allows to separate the 

contributions of the resistance as material property from other phenomena. Although this 

method is experimentally simple and only needs basic apparatus, it nevertheless requires the 

preparation of several plates of various thicknesses which is time and material consuming. 

However, the special insert for the compression moulding, explained in the previous paragraph, 

significantly simplified the process. 
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In the case of composite bipolar plates in proton-exchange membrane fuel cells (PEMFC), it can 

be interesting to measure the resistance of the bipolar plate and gas diffusing layer (GDL) 

assembly rather than the resistivity of the materials [4]. In this case, the method proposed here 

is not adapted (since the thickness of the plates must be varied) and other procedures should 

be followed [5].  

The electrical conductivity of the previous method was compared with the values obtained using 

Eq. (5) for the different thicknesses:  𝜎 = 𝑡∕ (A Rtot)                    (5)  

where t and A are the thickness of the plate and cross-section area within the electrodes, 

respectively, and Rtot is the measured resistance.  

3. Results and Discussion 

To achieve high conductivity values, a very large amount of conductive fillers is required. 

However, this filler content is limited by processability if the material needs to have a reasonably 

low viscosity for the filling of plates by injection moulding as a highly efficient process, 

alternatively to compression moulding. Additionally, plates get too brittle if matrix content is 

too low. Compounds with different amounts of fillers were proposed and the amounts were 

gradually increased with different additive and filler combinations. All compounds were 

successfully pressed to plates. A plate with Ensinger TECACOMP PP HTE PW black 1014974 was 

pressed as reference, composed of 90% graphite as single filler. 

For determining the through-plane electrical conductivity, the resistance of the plate was 

measured at four different thicknesses. Figure 2 shows the values measured with the ohmmeter 

as well as the regression curves. The corresponding equations are also shown, where the slope 

is ρmat/A and the intercept is Rapp.  Thus, the resistivity and conductivity were obtained. 

 

Figure 2: Measured resistance in plates of different thicknesses for compounds A to G and the 

reference material. 
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In Figure 2, it can be seen that some measurements deviate from the regression curves. Indeed, 

a deviation on the plate thickness has been observed during the measurement what may have 

an influence on the Rapp. In some compounds the resistance measured in the 4 mm thick part 

was lower than the ones measured for the other thicknesses, although a higher value was 

expected. This is related to a probable uneven distribution of pressure at different thicknesses 

transferred from the insert into the plate during compression moulding process. This 

corresponds to studies showing that the compression moulding pressure has a high influence 

on the electrical conductivity [6]. 

Figure 3 shows a comparison between the proposed method and the one obtained through Eq. 

(5) for evaluating conductivity is given. As stated before, the measured resistance is an addition 

of the bulk resistance and the resistance associated to the surface and the apparatus. For this 

reason, a correlation between the thickness and the electrical conductivity can be observed in 

the second method, despite the electrical conductivity is an intrinsic property of the material. 

While the proposed method shows electrical conductivity through-plane independent of the 

thickness. Hence, this method was considered the most accurate one for obtaining the electrical 

conductivity.  

 

Figure 3: Comparison of through-plane electrical conductivity values with an 80% confidence 

interval obtained through regression curve and Eq. (5) for different thicknesses 

Additionally to the electrical conductivity, flexural properties of the compounds were also 

evaluated. The flexural strength together with the through-plane electrical conductivity are 

given in Figure 4. The challenge of finding the compromise between electrical conductivity and 

good mechanical properties is evident: A compound with high conductivity such as compound 

A or B shows low mechanical performance. The relation between these two properties can be 

confirmed in Figure 5, where a correlation value of 0.61 is given for the analysed data.  

Compound A and compound B show better through-plane electrical conductivity than the 

reference material, despite their higher matrix content. This is attributed to the synergistic effect 

by adding carbon black, carbon fibers and carbon nanotubes as a partial replacement of the 
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graphite. In the same line, compound D shows better electrical conductivity than compound C. 

This verifies the positive influence of the carbon nanotubes showed already in literature [7]. 

Positive influence of carbon black is also found when comparing the compounds A and B, 

showing a better performance of compound B despite lower amount of PP. This difference lies 

in the addition of carbon black and carbon fibers.  

 

Figure 4. Comparison of the electrical and mechanical properties with an 80% confidence interval 

of compounds A to G and the reference material produced by compression moulding  

Also, the influence in the flexural strength of the carbon fibers that are present in the Pre-Elec 

compound as proven in previous studies [8]. Compounds E, G and C with higher amount of CB 

and CF mixtures (11%, 11% and 8% respectively) show the best mechanical performance.  

 

Figure 5. Correlation of the electrical and mechanical properties of compounds A to G produced 

by compression moulding.  
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The encouraging observation of these results is that a small increase in fillers (e.g. 2% between 

compound B and C) can lead to huge enhancement of the electrical conductivity (respectively 

by 44%, reaching 35.4 S/cm). Therefore, the target of 50 S/cm can be most probably achieved in 

next formulations. Future work will focus on further improvement of Compound B towards 

reaching both through-plane electrical conductivity and flexural strength targets. 

Additionally, the compounds will be processed by injection moulding with optimized thermal 

management to be able to fill the bipolar plates moulds despite the high melt viscosities of the 

compounds. 
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Abstract: Presented work collects results from evaluation of different polymeric based 

composite materials for Structural Health Monitoring and Strain Detection. With the aim of show 

the variety of key materials in sectors like civil aviation, wind energy, automotive or railway that 

present this ability, specimens of very different nature have analyzed: a) thermoplastic 

commercial 3D printing filaments loaded with carbonic nanofillers; b) epoxy resin loaded with 

graphene and c) Long carbon fiber reinforced resin composite. Measurements of electrical 

properties of resulting materials were taken to evaluate capability to detect the presence and 

the size of a structural defect as well as its spatial location. On the other hand, simultaneous 

measurements of electrical resistivity and mechanical strain during tensile tests were performed 

to analyze the behavior of materials as strain detectors. All composites studied have shown a 

positive response (modification of electrical performance) to external mechanical stimulus: 

induced damage and deformations. 

Keywords: conductive nanocomposites; structural health monitoring; motion detection; 

carbonic nanomaterials; graphene, carbon nanotubes. 

1. Introduction 

Structural maintenance in several industrial sectors like civil aviation, wind energy, automotive 

or railway is being currently based on scheduled maintenance on-ground inspections, in which 

Non-Destructive Inspections (NDI) are used to detect damage within the structural materials. In 

this scenario, in-service Structural Health Monitoring (SHM) of nanocomposite material parts 

plays a key role in the assessment of their performance and structural health [1]. Conductive 

carbon-based materials networks like those based in carbon nanotubes (CNTs) and others have 

been recently utilized as in situ sensors to detect microcracking and deformations in polymer 

and fiber reinforced polymer composite materials by using resistivity change method [2], [3].   

The low electrical percolation threshold of these conductive materials allows forming an 

electrically conductive network withing the composite structure. This network allows 

identification of the formation of microcracks due to the changes in the electrical resistance as 

well as the detection of mechanical deformations of the structure [4].  

The resistivity change method to perform SHM is since the generation of a microcrack in the 

polymer matrix of a composite material breaks conducting chains in the percolating conductive 

material or nanofiller network producing a modification on the electrical resistivity that can be 

related with the formation and size of the produced crack [5]. However, the spatial localization 

remains difficult. To overcome this drawback, resistance maps have been proposed to locate 

damage position [6] together with multi-scale modelling approach for simulating crack sensing 

[7]. On the other hand, the use of the coupled electro-mechanical response of these materials 

to self-sense their strain and damage during mechanical loading has been also widely studied 
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[8]. Carbonic materials like CNTs (but not only) have been deeply analyzed as candidate for strain 

and motion sensors at the macroscale, due to the dependence of the electrical properties on 

mechanical deformation at the nanoscale due to piezoresistive behavior. Many publications 

report the use of this carbonic based polymer nanocomposite for in textile-based, wearable 

sensing system for real-time motion detection [9], muscle, breathing and pulse motion [10] or 

electronic skins [11].  

In the presented work, electrical properties, and both damage and strain dependent electrical 

resistance characteristics of several different carbon-based/polymer composite and 

nanocomposite materials were investigated: (a) CNTs reinforced RTM6 Epoxy resin, (b) different 

carbon-based nano additives thermoplastic composite for 3D printing technologies prepreg 

composite: PLA/CB; ABS/CNTs; PETG/CNTs and PEKK/CNTs and (c) long carbon fiber composite 

laminates. To analyze the ability of the different developed materials to detect different 

structural defects, the evolution of the electrical resistance when the size of the produced hole 

is increased has been analyzed for each composite.  Systematically, large, and linear 

enhancement is obtained, even for the smallest defects. This behavior places polymeric 

composites integrating carbonic materials and nanomaterials as one of the most promising 

solutions for SHM applications. Some preliminary tests to evaluate capacities for failure 

detection have been as well performed.  On the other hand, in this work we show a study of the 

capabilities presented by reinforced polymeric composites for motion detection. Simultaneous 

measurements of strain and electrical resistance were taken for representative composite 

coupons during tensile tests. The signal-matching presented by the different materials has been 

discussed as a direct estimation of the capability for strain sensing and potential use for motion 

detection applications. 

2. Experimental 

 

• FFF 3D printing manufacturing process. 

 

Four dog-bone-type specimens and four rectangular specimens were printed for each of the four 

purchased filaments, with the commercial materials described below. The printing machine 

used was a 3D printing: A2V4 printing machine (3nt r) and Ultimaker 2+.   

 

• Resin coupons preparation 

Epocyl is the trade name of an epoxy resin with a indetermined load of CNTs that was purchased 

from Nanocyl. To cure mixtures a mixture of accelerator and hardener were used: Aradur 1571 

(50%)/ Accelerator 1573 (50%). The 24 parts of the mixture by 76 of the mixture of resins and 

we cure at 120º C for 2h. The catalyst mixture is heated slightly before hand-mix it well and is 

mixed with the resins just before curing. 

• Prepreg layup manufacturing process 

The layers of Carbon Fiber prepreg, purchased from Toray, were cut manually with (0º,90º, 

+45º,-45º). First, a release agent was applied on the tool surface. The stack of plies was piled up 

manually. After the first ply was laid, debulking was made to ensure a good adhesion of the pre-

preg to the tool surface. The rest of the plies were positioned following the stacking sequence. 

Debulking was performed for each four plies or when wrinkles appeared during stacking. This 
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step was accomplished by placing a non-perforated bleeder film and breather layer under a 

flexible vacuum bag, and by applying 0,9 bar of vacuum. After placing all the prepreg layers, the 

coupon was covered by a peel ply, a layer of perforated bleeder film and a non-woven breather 

cloth. Before introducing the tool on the oven, a vacuum test was performed to check the bag’s 

integrity. Afterwards, the coupon was left under vacuum following the programmed curing 

cycle. After curing a demoulding phase was carried out. 

 

• Measurements of electrical properties.  

Once manufactured, two silver contacts 1 cm thick and 5 cm apart are painted and the ohmic 

resistance is measured with crocodiles in the acquirer. Data acquisitor system Keysight 

DAQ970A with an integrated DAQ901A-20 channels armature multiplexer module. This system 

acquires simultaneously measurements of electrical resistance and mechanical strain to analyse 

the SHM behaviour.     

• Estimation of Conductivity and resistivity 

Shape Factor (F)=S/L = 2x0,5/5 (mm)   F=0,002 m 

Conductivity σ=1/ρ=1/R*0,02 (S/m) 

• Tensile tests.  

They were carried out following the ASTM D3039/D3039M standard, the speed was 1mm/min, 

10 cycles of ascent and descent were carried out in displacement control, until reaching the 

target tensions of 50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 MPa. The speed of the 

section from 0 to 50 MPa is carried out at 0.5 mm/min. The speed of the rest of the sections is 

1 mm/min. Due to the placement of the sensors on the specimen, the transverse extensometer 

cannot be installed. 

3.  Results and discussion  

3.1 3D printing comercial thermoplastic filaments with nano-carbonic additives 

Six dense dumbbell-type specimens were printed for each of the four purchased filaments, 

commercial filaments are described in Table 1. These consisted basically in thermoplastic-based 

polymers of different type and characteristics: PLA, ABS, PETG and PEKK. All these 

thermoplastics are nowadays highly considered for applications in numerous industrial sectors 

like aeronautics, wind energy, automotive, health, construction, or railway. All studied materials 

presented electrical conductivity due to small loads of different carbonic-based nanofillers: 

carbon nanotubes (CNTs) and Carbon Black (CB). To evaluate their conductivity, measurements 

of electrical resistance were taken. Once manufactured, two silver contacts of 1 cm thick and 

separated by 5 cm were painted directly on the polymeric surface and the ohmic resistance is 

measured using crocodiles with the acquirer system. The estimated values for conductivity 

calculated using procedure explained in experimental section, are presented in column 4 of 

Table 1. 

Table 1: Thermoplastic based conductive polymeric filament used to evaluate conductive, SHM 

and Strain detection capacities. 
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Coupon Description Supplier Resistance (ohm) 

PLA Carbon Black (load 20%)  Protopasta 0,588E3 

ESD safe ABS Unknown load of MWCNTs  3DXSTAT  0,464E6 

CNT PETG Unknown load of CNTs 3DXSTAT  0,346E9 

PEKK-ESD  Unknown load of CNTs 3DXSTAT ESD  48.5E6 

 

With the aim of analyze the potential of 3D printing conductive filaments made structures for 

self-monitoring the produced damage, holes of gradually increased size were performed in the 

center of each sample (hole enlarged using different drill bits). All materials show gradual change 

(resistivity increase, conductivity decrease) with increasing defect size. Results corresponding to 

PLA, PTGE and ABS are shown in graphs displayed in Figure 1. All materials respond positively to 

the formation of a defect so they could be proposed for SHM purposes, nevertheless and despite 

being the least conductive, CNT-PTGE is considered the best candidate since it presents the 

greatest change in conductivity. The type of filler integrating the nanocomposite plays a key role 

in this performance. Depending on the type of filler, two behaviors are observed. A) Linear 

behavior like when carbon black is the conductive filler. In this case, the change in conductivity 

with the size of the defect is remains linear for the whole range of defect-sizes evaluated. B) 

Percolation behavior like in the case of the CNTs used as fillers. In the second case, two regions 

can be set. Up to 5mm slow fall. From 5 mm abrupt drop (optimum zone). In this region a small 

variation in the size of a produced defect leads to high conductivity change, the higher change 

the easiest to detect so hence, these types of materials (filled with CNTs) are optimum for SHM 

purpose for a large range of defect sizes but specially above 5mm. 

 

Figure 1 : Evolution of conductivity change with defect size for PLA, PTEG and ABS. 

 

For the four polymeric filaments analyzed, simultaneous measures were taken for the variation 

of the strain and the variation of resistivity during a tensile test to evaluate the ability of these 

materials to detect mechanical deformation and evaluate their capacity for applications in body 

motion and strain detection. The results, shown in graphs of Figure 2 are very satisfactory: for 

all materials, resistivity increases during deformation, and as soon as deformation ceases and 

the material returns to its original state, resistivity also decreases. As expected, when polymers 

reach their respective break point, bot curves resistivity change and strain collapses. All 

polymers analyzed present have a similar value of elongation being PETG is the most "elastic", 

ABS is half elastic than PETG while PEKK is the one that endures more cycles as expected since 
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it belongs to the polymer family known as “high performance polymers” characterized by their 

extraordinary mechanical properties. 

Figure 2. Simultaneus measurements of resistivity change (red lines) and strain (blue lines) for 

conductive ABS, PLA, PETG and PEKK respectively.  

 

      

3.2 Epoxy resin with CNTs 

With the aim of study the percolation curve of epoxy resin loaded with an undetermined amount 

of CNTs, we prepare different blends of epoxy resin RTM6 and Epocyl resin containing the CNTs 

load. Results corresponding to the electrical conductivity of each blend for each different blend 

is represented in Fig 3a. The expected plateau after reaching maximum of percolation curve is 

not achieved even for the blend containing a 100% of Epocyl resin. For the following experiments 

this was the blend selected. We prepare a batch of dog-bone test tubes for mechanical tests and 

a batch of rectangular (4 x 10 cm) tests to measure evolution of resistivity when the hole size 

increases gradually since the geometry is simpler. Results are presented in Fig 3b, the resistivity 

change before and after the production of the defect increases linearly with the gradual increase 

of size defect. For the window of hole size analyzed, a big range of resistivity is acquired which 

indicates that CNTs based epoxy resin is an excellent candidate for SHM, since even the smallest 

variation of defect size produces a clearly measured conductivity change. The reason of the good 

response is the effect of the breaking of the percolation chains of the CNTs dispersed in the 

resin. On the other hand, capability for strain detection was also evaluated by simultaneously 

measuring of the variation of the strain and the variation of resistivity during a tensile test. The 

results, shown in Fig 3c are very satisfactory: resistivity increases during deformation, and as 
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soon as deformation ceases and the material returns to its original state, resistivity also 

decreases. Results shows good capability of this material for strain and motion detection 

applications. 

Figure 3. a) Percolation curve of Epoxy resin filled with CNT- based Epoxy resin. b) Evolution of 

change of the resistivity with defect size. c) Simultaneus measurements of resistivity change (red 

lines) and strain (blue lines) for conductive epoxy resin. 

 

 

3.3 Carbon fiber reinforced polymer composite 

The study of evolution of conductivity properties with the increasing size of drilled hole reveals 

that this material does not respond well when defect-sizes are low (below 7 mm, see Fig 4a). 

The reason lies in the fact that long fibers do not create percolation nets allowing conductivity 

changes. By expanding the range of the defect size, its influence on the conductivity 

measurements begins to be noticed. This means that, for defects larger than 8 mm, this material 

is valid for SHM by the electrical resistivity method.  

We simultaneously measured the variation in resistance between two electrodes separated by 

a distance of 5 cm, as well as the deformation generated in the specimen during a tensile test 

(fig 4b). Changes in resistivity were measured using electrodes and strain using strain gauges. 

The electrodes consist of silver paint directly on the previously sanded surface in the center of 

the specimen, then the crocodiles are placed and fastened with copper tape (note, the copper 

tape ends up coming loose). The gauges are placed symmetrically on both sides of the specimen 

between the electrodes with glue.  

We have started to do cycles of loading and unloading that are clearly shown in graphs displayed 

in fig 4b. Three different phases might be distinguished: Phase 1: The resistance measurements 

at the beginning follow well those of traction in phase and intensity. During this phase, at the 

end of the discharge cycle, the value of ∆R/l is zero. Phase 2: In phase 2, the first cracks appear 

and the permanent damage, therefore, at the end of the discharge cycles, ∆R/l always has a 

value other than zero due to the permanently open cracks (black dashed line). In this phase, the 

two signals (mechanical and resistive) also begin to shift. Phase 3: After the eighth cycle, the 

gauges stop measuring, it is assumed that there is a big damage produced in the resin until finally 

reach the breakage.  

With the aim of evaluate failure location capacities of this material, measurements using an 

electrode configuration consisting of silver electrodes painted on the edges of the 20 x 20 cm 
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specimen (picture of Fig 4.c): 5 pairs of electrodes on the X axis and 4 pairs of electrodes on the 

Y axis separated by 5 cm. Two holes located at the positions indicated in the drawing of Fig4e 

were made using a drill, two 1.5 cm in diameter and the other 2 x 1 cm. Resistance values were 

measured between faced pair of electrodes, results are displayed in bars graphics of Fig 4e for 

pairs in X axis and Y axis. For positions where the resistivity change is reach higher values, a 

defect is assumed, and from values represented these graphics we can conclude that the 

material might self-detect the production and position of a defect of 2 x 1 cm located at X4Y4.  

Figure 4. a) Evolution of resistivity change with defect-size. b) Simultaneus measurements of 

resistivity change (red lines) and strain (blue lines). C) Picture of the conductivity measurements 

set up. d) Carbon fiber based epoxy resin composite coupon prepared to evaluate failure 

detection capacities. e) measurements of resistivity change for different faced pairs of électrodes 

when holes are drilled. 

 

4.  Conclusions 

In the presented work, electrical properties, and both damage and strain dependent electrical 

resistance characteristics of several different carbon-based/polymer composite and 

nanocomposite materials were investigated: (a) CNTs reinforced RTM6 Epoxy resin, (b) different 

carbon-based nano additives thermoplastic composite for 3D printing technologies prepreg 

composite: PLA/CB; ABS/CNTs; PETG/CNTs and PEKK/CNTs and (c) long carbon fiber composite 

laminates. 

All polymeric conductive composite and nanocomposite materials evaluated in this work 

present response to the formation of structural damage, being nanocomposite based in small 

amount of nanomaterials like CNTs the most sensitive and promised for applications in SHM.  

All polymeric conductive composite and nanocomposite materials evaluated of different nature 

(thermoset and thermoplastic) have been proved suitable for applications in strain and motion 
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detection. Long carbon fiber-based composites, allow to detect the production of microcracks 

during tensile tests. 

Long carbon fiber-based composites, allow to detect the production and the location of defects 

of 2 x 1 cm.  
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Abstract: Conductive polymer nanocomposites with capability to detect the change in 

temperature or provide autonomous self-regulated heating are of great potentials for use in 

applications such as healthcare devices, soft robotics, artificial skins, and wearable electronics. 

In this work, we propose a systematic study to explore the PTC phenomenon and the underlying 

mechanism, from a conductive network viewpoint, taking account of both conductive fillers and 

polymer matrices. Three representative conductive fillers with distinct dimensions and shapes 

were selected to elucidate the effect of the “robustness” of different conductive networks on PTC 

behaviour in conductive polymer composites (CPCs). The desired conductive network can be 

obtained by selecting preferentially larger filler size, lower filler aspect ratio and/or selective 

distribution of filler. The highest PTC intensity was observed around the “critical” percolation 

threshold, in correspondence of networks with the lowest number of inter-particle contacts. With 

the properly selected matrix and filler, the composites can serve not only as a self-regulating 

heater, but also as a sensor to detect different stimuli, such as strain and damage sensing. 

Keywords: Positive temperature coefficient (PTC); conductive polymer composites (CPCs); self-

regulating heating; strain and damage sensing. 

1. Introduction 

With the rapid development of functional and intelligent devices, there is an increasing demand 

for technological progress on new materials and devices, which can respond to external stimuli 

spontaneously. Benefiting from a large variety of polymer matrices and conductive fillers 

available, conductive polymer composites (CPCs) can be easily fabricated with desired 

properties, fulfilling a broad spectrum of requirements in various applications [1,2]. 

Certain CPCs, in particular, can show a pyroresistive behaviour (“pyro” is a Greek word meaning 

“fire/heat”), with their electrical resistivity changing with temperature. Pyroresistivity can 

manifest in two ways: (i) an increase in electrical resistivity with increasing temperature – known 

as positive temperature coefficient (PTC) effect – and (ii) a decrease in electrical resistivity with 

increasing temperature – known as negative temperature coefficient (NTC) effect [1,3]. 

Different hypotheses on the factors dominating the PTC effect have been proposed, based on 

experimental observations from different systems, some showing evident inconsistencies. For 

instance, some researchers in early studies found that the polymer crystalline phase change with 

temperature has a strong influence on the electrical conductivity of CPCs [4,5]. Luo et al. 

investigated composites based on carbon black (CB) and polymers with different degree of 
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crystallinity; from high to low, high density polyethylene (HDPE), low density polyethylene 

(LDPE), LDPE/ethylene–vinyl acetate (EVA) blends and amorphous polymethylmethacrylate 

(PMMA). The results have showed a correlation between polymer crystallinity and PTC intensity, 

namely the higher the crystallinity the higher the PTC intensity. Amorphous PMMA/CB 

composites showed the smallest PTC intensity, usually below one order of magnitude [4]. This 

finding is in agreement with the work on CB-based polymer composites by Meyer in early 1970 

s [6]. Thermal volume expansion is phenomenologically one of the leading factors for the 

polymeric PTC transition, as reported by Yi et al. for HDPE/CB systems [7]. In semicrystalline 

polymers, the change of crystallites to an amorphous melt around the melting temperature 

leads a step change in volume expansion and an increase in the coefficient of thermal expansion 

(CTE). No such step change occurs instead in an amorphous polymer. However, although 

polymer crystallinity has been widely believed to be a dominant factor for the PTC effect, 

contrasting results have also been reported from literature, in which no correlation between 

PTC intensity and crystallinity was found [8,9]. For example, a surprisingly large PTC intensity 

(five orders of magnitude) has been reported for an amorphous CPC system based on PMMA 

containing 40 wt% Ag coated glass beads by Kar et al. [10]. The same group reported three 

orders of magnitude change in resistance in a nickel coated graphite (40 wt%) filled 

polycarbonate (PC). Overall, it is understandable and reasonable to believe that although the 

polymer matrix crystallinity has a significant influence on the PTC effect, other factors such as 

filler size and topology might also play a role, and in some cases a more dominant one. 

Many researchers have revealed that CPCs with larger average filler size exhibit a higher PTC 

intensity and higher resistivity at room temperature than those systems with smaller filler size 

at similar filler content, possibly linked to the increase of average interparticle distance with 

increasing particle size [11,12]. The effect of different filler content and the use of a combination 

of different conductive fillers were shown to have an even more complex influence on the PTC 

effect [13]. It is believed that the PTC behaviour of conductive composites relies on the 

“robustness” of the conductive network formed within the polymer matrix [14,15]. Therefore, 

the conductive network in the CPCs can be considered the real dominating factor that influences 

the PTC effect, containing effects from both filler and matrix. Unfortunately, to date, a 

comprehensive study of the effect of the matrix, the filler and its formed conductive network on 

the PTC effect is still lacking. 

Herein, an investigation into the understanding of how the conductive network affects the PTC 

behaviour has been performed. The contributions and influences of different types of filler and 

polymer matrix on the PTC performance are considered, exploring effects arising from the use 

of conductive fillers with different shapes and dimensions as well as different polymer matrices. 

Three classes of conductive fillers with distinct dimensional features have been employed in this 

work, ranging from spherical zero-dimensional (0D) silver coated glass spheres (AgS), 1-

dimensional (1D) carbon nanotubes (CNT), and 2-dimensional (2D) graphite nanoplates (GNP) 

[16]. The motivation behind this selection is to explore the influence of dimensionality of the 

fillers on the electrical properties of the composites, the different conductive networks formed 

and their subsequent pyroresistive behaviour. In addition, three representative polymer 

matrices with distinct structure and properties have been selected: high density polyethylene 

(HDPE), thermoplastic polyurethane (TPU) and polycarbonate (PC). HDPE is a typical 

semicrystalline polymer widely used for PTC materials, while TPU is a thermoplastic elastomer 

for flexible applications, with the presence of hard blocks, acting as physical crosslinks upon 
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crystallisation. PC is a typical amorphous engineering polymer with outstanding strength, and 

impact resistance. With this systematic and comprehensive study, the factors that affect the 

pyroresistive (both PTC and NTC) behaviours as well as their underlying mechanisms are 

explored, providing a material selection guideline for self-regulating heating applications in the 

fields like healthcare, robotics, and smart heater. 

Conventional PTC composites are often limited by the rigid nature of the polymer matrices, 

particularly at high conductive filler concentrations. The use of appropriate fillers and polymers 

are the key points in terms of increasing the performance of composites [2]. 

 

2. Experimental 

2.1 Materials 

The materials used in this study are listed in Table 1. All the polymers are in the form of pellets 

and dried overnight at 80 °C before compounding. 

Table 1: Information on polymers and conductive fillers used in this study. [17] 

 Materials Trade name Information 

Polymer Thermoplastic 

polyurethane (TPU) 
Lubrizol Estane® 58,437 Density 1.19 g/cm3 

 High density 

polyethylene (HDPE) 
Rigidex® HD5218EA Density 0.95 g/cm3 

 Polycarbonate (PC) Bayer Material Science Makrolon 2805 Density 1.20 g/cm3 

Conductive 

filler 
Multi-wall carbon 

nanotubes 

(MWCNTs) 

Nanocyl® NC7000TM Average diameter of 9.5 nm, carbon 

purity 90% 

 Silver coated glass 

spheres (AgS)  

Potters Industries Ltd. Average diameter of 2.5 µm, 50 µm, 

100 µm with the density of around 

3.6, 2.6 and 2.5 g/cm3, respectively 

 Graphite nanoplates 

(GNPs)  

xGnP® Grade M Average particle diameters of 15 µm, 

density 2.2 g/cm3, carbon content > 

99.5% 

 

2.2 Fabrication of composites 

A Collin Lab twin-screw compounder P (ZK25, 25 mm, L/D = 40) was used to produce 

masterbatches of TPU with 5 wt% CNT and of HDPE with 24 wt% GNP. Extruder throughput was 

2 kg/h using a screw speed of 50 rpm and 220 rpm for CNT and GNP, respectively, with a 

temperature profile ranging from 190 °C to 240 °C, over 8 heating zones [18]. Apart from the 

masterbatches, the remaining compounds and diluted composites from the masterbatches 

were prepared by melt mixing using a DSM X’plore MC 15 micro-compounder (Netherland). Both 

HDPE and TPU based composites were melt compounded at 200 °C using a screw speed of 50 

rpm for 5 min in nitrogen atmospheres, while PC based composites were processed at a 
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temperature of 280 °C. The composites prepared in this study are listed in Table 2. The extruded 

strands were chopped into pellets and subsequently compression moulded into rectangular 

shaped samples with dimensions of 30 × 10 × 2 mm, using a Collin hot press P300E, at 220 °C for 

5 min under 60 bar pressure. Two pieces of copper mesh (0.16 mm aperture wire diameter) 

were embedded at mid-depth and on both sides of each specimen during compression moulding 

and used as the electrodes for all electrical characterisations.  

2.3 Characterisation 

Scanning electron microscopy (FEI Inspector-F, Netherlands) was used to observe the 

morphology of as-received materials, as well as the fabricated conductive composite specimens. 

All the surfaces analysed were gold sputtered before imaging. The images were taken at 

different magnifications with an accelerating voltage of 20 kV. Electrical resistance was 

measured by the two-point probe technique and used to calculate the electrical resistivity, 

obtained using a picoammeter (Keithley 6485, USA) and a DC voltage source (Agilent HP 6614C, 

USA). As the electrodes are embedded into the compression moulded CPC, the contact 

resistance between the materials and electrodes are consistent and relatively low. The 

pyroresistive behaviour of all samples was tested with an apparatus consisting of a temperature-

controlled oven (heating rate of 2 °C/min) and an in-situ two-point resistance measurement unit, 

obtained by combining a picoammeter (Keithley 6485, USA) with a DC voltage source (Agilent 

HP 6614C, USA). A thermocouple was placed close to, but not touching, the specimen to ensure 

reliable temperature reading. A constant voltage (1 V) was applied during heating and cooling 

cycles on the rectangular samples (30 × 10 × 2 mm), while the current and temperature were 

monitored and recorded simultaneously. Since the size difference induced by thermal expansion 

of the matrix during heating is very small compared to the sample dimension, it has been 

neglected from the electrical resistivity calculation. Voltage was applied with 1 s on/off intervals, 

to avoid electric field-induced filler alignment and network alteration. A minimum of three 

samples was tested for all characterisations. 

3. Results and discussion 

3.1 Morphology 

It is essential to investigate the microstructure of the composites in order to obtain a better 

understanding of the conductive networks formed within the polymer matrices and their 

influence on the electrical and pyroresistive properties of CPCs. To understand the effect of filler 

size on the microstructure of the composite and any preferential distribution of conductive 

fillers within the matrix, AgS fillers with distinctly different diameters (2.5 µm, 50 µm, and 100 

µm in Figure 1) were selected [17]. It is worth noting that, for the same filler concentration in a 

given volume of composite, smaller sized fillers (i.e. 50 µm) are present in larger numbers 

compared to larger fillers (i.e. 100 µm). This also implies that smaller (spherical) fillers present a 

higher specific surface area, with more potential contact points (or points close enough for 

tunnelling) between fillers to form conductive pathways, as compared to larger spherical fillers. 

This difference in the number of contact points is believed to have a significant impact on the 

electrical properties of the CPCs.  
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Figure 1. SEM images of cryo-fractured cross-sectional areas of PC based composites containing 

30 wt% (above percolation) of 2.5 µm AgS, at a magnification of (a) 500x and (b) 10000x; (c) 40 

wt% (above percolation) of 50 µm AgS, showing several contact points between fillers; and (d) 

40 wt% (below percolation) of 100 µm AgS, without obvious contact points between fillers. 

3.2 Pyroresistive properties  

To examine the pyroresistive behaviour of AgS (2.5 µm, 50 µm and 100 µm) filled HDPE, TPU 

and PC composites, the electrical resistivity of the composites was monitored as a function of 

temperature (Figure 2). The effect of both polymer matrix and filler size on the observed 

pyroresistive behaviour have been studied, in order to establish a systematic understanding of 

their influence on PTC behaviour.  

As shown in Figure 2a, AgS (2.5 µm) based composites exhibit a relatively small PTC intensity, 

regardless of the polymer matrix. Among the three composites, HDPE/2.5 µm AgS (25 wt%) 

shows the highest PTC intensity (about two orders of magnitude), more than one order of 

magnitude higher than for TPU and PC based AgS (2.5 µm) composites [17]. This difference is 

attributed to polymer crystallinity and the greater thermal expansion associated with the 

melting of the crystal phase. However, as known from the morphological study, small-sized AgS 

(2.5 µm) with a larger number of contact points build more robust conductive networks, which 

are more difficult to disrupt under the effect of the matrix thermal expansion. This explains, 

phenomenologically, why the PTC intensity of HDPE/AgS (2.5 µm) composite is much lower than 

the PTC intensity of HDPE composites containing larger AgS spheres (50, 100 µm). The same is 

true for the other polymer matrices. All the 50 µm and 100 µm AgS based composites, 

independently on the polymer matrix (HDPE, TPU, and PC), show a very high PTC intensity, of 

about eight orders of magnitude (Figure 2b and c) [17]. It is suggested that spherical conductive 

fillers of large size can induce a high PTC intensity as the number of conductive filler contact 

points is limited, which makes the conductive network more sensitive to perturbations, 

regardless of the polymer matrix. This is consistent with previous studies by our group and the 

concept of “robustness” of the conductive filler network [14]. The smaller the filler size, the 

more “robust” the conductive network is, as the number of specific conductive pathways 

increases, and the more difficult it is for the conductive network to be disrupted. However, the 
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PTC intensity is not a monotonic function of filler size. In fact, the PTC behaviour of composites 

based on the 50 µm and 100 µm AgS is very similar. 

Figure 2. The pyroresistive behaviour of HDPE, TPU and PC filled with (a) 2.5 µm AgS (25 wt%, 30 

wt% and 35 wt%); (b) 50 µm AgS (50 wt%); and (c) 100 µm AgS (50 wt%). 

A considerable variation of PTC intensity has been observed for different filler shapes, ranging 

from eight orders of magnitudes, two orders of magnitude, to less than one order of magnitude, 

for AgS (50 µm), GNP and CNT in HDPE composites, respectively (Figure 3) [17]. This finding can 

be explained from the viewpoint of how the conductive network (or contact points between 

fillers) behave upon heating. Comparing the conductive network for 0D, 1D, and 2D fillers, it can 

be concluded that 0D AgS has the least number of contact points due to their lowest specific 

surface area. On the other hand, 1D nanotubes, exhibiting the highest aspect ratio and largest 

surface areas, can form robust, entangled and interconnected networks, leading to a large 

number of contact points which are the least likely to be separated by thermal expansion of the 

polymer matrix. 2D GNPs present an intermediate case in terms of both aspect ratio and number 

of contact points but without the possibility of entanglements, forming a network that is 

partially affected by the temperature approaching the PTC switch point with a trace of 

associated NTC behaviour. A similar trend was found in amorphous TPU, with a reduced PTC 

intensity or even a predominant NTC effect alongside an increasing number of contact points 

between conductive fillers, i.e. a more robust and interconnected network when moving from 

0D to 1D fillers. 

 

Figure 3. A comparison between the effect of 0D, 1D, and 2D filler conductive networks on the 

pyroresistive behaviour of HDPE/AgS (50 μm), HDPE/GNP and HDPE/CNT composites. 
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4. Applications 

The composites can also serve as a sensor to detect different stimuli, such as strain and damage 

sensing [19]. For example, when the PTC composite layer (HDPE/GNP) is placed on top of fibre-

reinforced composites, Figure 4 shows the relative resistance change (ΔR/R0) during cyclic 

loading to a strain of 0.1% and 0.2%, both at a strain rate of 1%/min. Overall, a good correlation 

between strain and resistance change of the composite was observed, enabling the current 

electrical sensing method to be used to monitor structure deformation by correlating sensing 

signals to mechanical deformation of composite structures. Moreover, it can be a useful tool for 

out-of-oven fibre reinforced composite curing, with only 1% of energy consumption [20]. 

 

Figure 4. Electrical sensing data under cyclic loading at the strain of 0.1 and 0.2%, showing 

excellent correlation between sensing signals and mechanical deformation. 

Acknowledgements 

The authors gratefully acknowledge the financial support from LMK Thermosafe Ltd and 

Innovate UK (KTP number: KTP009619).  

5. References 

1. Liu Y, Zhang H, Porwal H, Busfield JJ, Peijs T, Bilotti E. Pyroresistivity in conductive polymer 

composites: a perspective on recent advances and new applications. Polymer International. 

2019;68(3):299-305. 

2. Liu Y, Zhang H, Porwal H, Tu W, Evans J, Newton M, Busfield JJ, Peijs T, Bilotti E. Universal 

Control on Pyroresistive Behavior of Flexible Self‐Regulating Heating Devices. Advanced 

Functional Materials. 2017;27(39):1702253. 

3. Xiang ZD, Chen T, Li ZM, Bian XC. Negative temperature coefficient of resistivity in lightweight 

conductive carbon nanotube/polymer composites. Macromolecular Materials and 

Engineering. 2009;294(2):91-5. 

4. Luo Y, Wang G, Zhang B, Zhang Z. The influence of crystalline and aggregate structure on PTC 

characteristic of conductive polyethylene/carbon black composite. European polymer 

journal. 1998;34(8):1221-7. 

5. Deng H, Skipa T, Zhang R, Lellinger D, Bilotti E, Alig I, Peijs T. Effect of melting and 

crystallization on the conductive network in conductive polymer composites. Polymer. 

2009;50(15):3747-54. 

915/1602 ©2022 Liu et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

6. Meyer J. Glass transition temperature as a guide to selection of polymers suitable for PTC 

materials. Polymer Engineering & Science. 1973;13(6):462-8. 

7. Yi XS, Shen L, Pan Y. Thermal volume expansion in polymeric PTC composites: a theoretical 

approach. Composites science and technology. 2001;61(7):949-56. 

8. Xiong C, Zhou Z, Xu W, Hu H, Zhang Y, Dong L. Polyurethane/carbon black composites with 

high positive temperature coefficient and low critical transformation temperature. Carbon. 

2005;8(43):1788-92. 

9. Fournier J, Boiteux G, Seytre G, Marichy G. Positive temperature coefficient effect in carbon 

black/epoxy polymer composites. Journal of materials science letters. 1997;16(20):1677-9. 

10. Kar P, Khatua BB. Highly reversible and repeatable PTCR characteristics of PMMA/Ag‐

coated glass bead composites based on CTE mismatch phenomena. Polymer Engineering & 

Science. 2011;51(9):1780-90. 

11. Ota T, Fukushima M, Ishigure Y, Unuma H, Takahashi M, Hikichi Y, Suzuki H. Control of 

percolation curve by filler particle shape in Cu-SBR composites. Journal of materials science 

letters. 1997;16(13):1182-3. 

12. Jing X, Zhao W, Lan L. The effect of particle size on electric conducting percolation threshold 

in polymer/conducting particle composites. Journal of materials science letters. 

2000;19(5):377-9. 

13. Xu HP, Wu YH, Yang DD, Wang JR, Xie HQ. Study on theories and influence factors of PTC 

property in polymer based conductive composites. Rev. Adv. Mater. Sci. 2011;27(2):173-83. 

14. Asare E, Evans J, Newton M, Peijs T, Bilotti E. Effect of particle size and shape on positive 

temperature coefficient (PTC) of conductive polymer composites (CPC)—a model study. 

Materials & Design. 2016;97:459-63. 

15. Zhang X, Zheng S, Zou H, Zheng X, Liu Z, Yang W, Yang M. Two-step positive temperature 

coefficient effect with favorable reproducibility achieved by specific “island-bridge” electrical 

conductive networks in HDPE/PVDF/CNF composite. Composites Part A: Applied Science and 

Manufacturing. 2017;94:21-31. 

16. Bianco A, Cheng HM, Enoki T, Gogotsi Y, Hurt RH, Koratkar N, Kyotani T, Monthioux M, Park 

CR, Tascon JM, Zhang J. All in the graphene family–A recommended nomenclature for two-

dimensional carbon materials. Carbon. 2013;65:1-6. 

17. Liu Y, Asare E, Porwal H, Barbieri E, Goutianos S, Evans J, Newton M, Busfield JJ, Peijs T, Zhang 

H, Bilotti E. The effect of conductive network on positive temperature coefficient behaviour 

in conductive polymer composites. Composites Part A: Applied Science and Manufacturing. 

2020;139:106074. 

18. Liu Y, Zhang H, Porwal H, Tu W, Wan K, Evans J, Newton M, Busfield JJ, Peijs T, Bilotti E. 

Tailored pyroresistive performance and flexibility by introducing a secondary thermoplastic 

elastomeric phase into graphene nanoplatelet (GNP) filled polymer composites for self-

regulating heating devices. Journal of Materials Chemistry C. 2018;6(11):2760-8. 

19. Tao Y, Liu Y, Zhang H, Stevens CA, Bilotti E, Peijs T, Busfield JJ. Smart cord-rubber composites 

with integrated sensing capabilities by localised carbon nanotubes using a simple swelling 

and infusion method. Composites Science and Technology. 2018;167:24-31. 

20. Liu Y, van Vliet T, Tao Y, Busfield JJ, Peijs T, Bilotti E, Zhang H. Sustainable and self-regulating 

out-of-oven manufacturing of FRPs with integrated multifunctional capabilities. Composites 

Science and Technology. 2020;190:108032. 

 

916/1602 ©2022 Liu et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

GRAPHITE FILLED THERMOPLASTICS FOR THERMALLY CONDUCTIVE PIPES 
 

André Kaysera, Marco Grundlera, Kevin Buchalikb, Reinhard Schiffersb 

a: Zentrum für BrennstoffzellenTechnik GmbH (Duisburg, DE) – a.kayser@zbt.de 

b: University of Duisburg-Essen, Institute of Product Engineering (IPE), Duisburg, Germany 

 

Abstract: Aim of an ongoing research project at ZBT is the development of an extrusion process 

and a thermoplastic-graphite-compound for the production of a plastic pipe with an increased 

thermal conductivity (TC) in the range of 2 - 5 W/mK (in radial direction) and the standardized 

strength requirements for pipes made of PE and PP. The product dimensions of the pipe to be 

developed should meet nominal diameters from DN25 to DN32 with an internal pressure 

resistance of PN6 (6 bar). The particle orientation of flaky graphite in an extruded pipe is to be 

influenced by an innovative extrusion tool in order to achieve a high thermal conductivity with 

the lowest possible filler content and thus to achieve the required strength and bending stiffness. 

On the one hand, applications such as heat exchangers can thus be opened up that were 

previously reserved for metallic materials, and on the other hand, the efficiency of pure polymer 

heat exchangers already in use can be significantly improved. 

Keywords conductive compound; heat exchanger; thermal conductivity 

1. Introduction 

Plastics are a widespread material that is used in almost all applications. From everyday life to 

highly specialized and highly stressed components in mechanical engineering, plastics are taking 

on more and more functions. On the one hand, this is due to their low density with relatively 

good mechanical strength, which leads to weight savings compared to metals. On the other 

hand, due to their low melting point and good flowability, plastics can be molded into complex 

shapes by processes such as extrusion or injection molding. This allows greater design freedom 

for components compared with metals. 

Domains previously dominated by metals are those of electrical and thermal conductors. Plastics 

typically exhibit insulating properties due to their chemical structure. Thus, areas where high 

thermal or electrical conductivity was required often relied on metallic materials in the past. By 

incorporating conductive fillers such as graphite or carbon black into plastics, electrical and 

thermal conductivity (TC) can be induced. In further steps, these compounds can then be formed 

into the desired shape. In the project on which this paper is based, highly filled compounds are 

converted into pipes by continuous extrusion using a pipe extrusion die. 

Until now, corrosion resistant metals such as titanium have been used for highly corrosive 

applications such as seawater desalination. These have high corrosion resistance combined with 

good TC. However, titanium is a very expensive material. Available alternatives such as plastic 

heat exchangers, however, do not have comparable heat exchange performance. Compounds 

that have high TC and are made of inexpensive materials can be an alternative here. In order to 

be used in heat exchangers, however, compounds must have sufficiently good mechanical 

properties in addition to their conductivity and a surface that is not susceptible to fouling. 
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Within the project, a process for continuous pipe extrusion was to be developed in which 

sufficiently stable pipes with a TC of 2-5 W/mK can be produced. To achieve high TC at a low 

filler content a novel extrusion die was designed which induces an orientation into the melt for 

graphite particle to orient perpendicular to extrusion direction. 

2. Background 

A material mixture of a plastic and one or more fillers is called a compound. The plastic is the 

so-called matrix material and is mixed with the filler. The thermal, mechanical or rheological 

properties of compounds are thus composed of the respective properties of the plastic and the 

filler, whereby these are mainly determined by the filler due to the high filler content. The 

compounds investigated here primarily consider the introduction of large amounts of graphite 

into various thermoplastics and the resulting change in material properties. 

Graphite has a hexagonal crystal structure, with the individual carbon atoms forming covalent 

bonds with three other carbon atoms within the planar basal planes, the graphene layers. 

However, only weak Van der Waals forces prevail between the basal planes [1]. These different 

bond strengths lead to the pronounced anisotropy of the characteristic properties of graphite, 

such as electrical and TC, but also mechanics which also translate into the compound 

characteristics. In literature it could be demonstrated that TC correlates with particle size and 

shape of filler [2]. Since heat is transported by phonons and each individual phase transfer 

between particles and/or polymer leads to a scattering of phonons, fewer transfers between 

particles to cross a certain length leads to better heat transport [3]. Bigger particles and particles 

with larger aspect ratios therefore have an advantage and show better TC [4]. 

With processes that lead to an orientation parallel to the surface in the final product, such as 

pipe extrusion, the through-plane TC is decreased, as particles are oriented in in-plane direction. 

To circumvent this problem an extrusion die which leads to an orientation of filler particles 

perpendicular to extrusion direction could lead to significant improvements [5]. 

3. Materials and Methods 

3.1 Materials and compound preparation 

A commercially available high-density polyethylene (PE-HD) from LyondellBasell (Hostalen ACP 

9255 PLUS) was used as matrix material. Two different commercially available graphite types 

from LUH corporation were used. The first has a plate like morphology and a D90 of 150 µm 

(G150). The second has a plate like structure as well and a D90 of 300 µm (G300). Based on 

previous experience filler contents of 30 wt. %, 40 wt. % and 50 wt. % were chosen. 

Binary compounds consisting of graphite and polyethylene were produced using a Ringextruder 

RE3 made by CPM extrusion group. The mass flow was 30 kg/h and the number of revolutions 

was 200 rpm. Polymer and graphite input were achieved by gravimetrically controlled dosers. 

Polymer was added in the main feed section whereas graphite was added in a split-feed process 

further downstream using a sidefeeder. Added air and other volatile components were removed 

by two degassing units. An extrusion temperature of 200 °C was used. 
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3.3 Production of pipes 

For the production of pipes, the compound was extruded using a single screw extruder by 

Brabender (Compact Extruder KE 30/25D) and downstream processing equipment by GRAEWE 

consisting of vacuum cooling calibration (VT 63/2/3), haul-off (BA 32/600), cutter (SC 40) and 

pipe-coiler (EW 1000). 

For extrusion four different die concepts were used. They were designed by the Institute of 

Product Engineering (IPE) in Duisburg according to industry standards and based on fluid 

simulations. A modular design was developed which allowed to change concepts with only 

replacing the core, sleeve and relaxation ring and therefore keeping most parts constant. This 

should lead to better comparability between concepts. 

 

Figure 1: Pipe extrusion die IPE – Reference DN32 

The four different concepts with the simulated shear rates are presented below. Concept A was 

a classical pipe extrusion concept where the shear rate at the outlet in the center of the melt 

approaches zero and increases towards the wall leading to an alignment of the melt in extrusion 

direction. Concept B uses a sudden narrowing of the flow path close to exit of the die with a 

consecutive widening. This leads to a compression of the melt followed by an expansive flow. 

This expansive flow is supposed to create an alignment of the melt in radial direction. The 

following relaxation zone is shortened to prevent realignment. 
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a) b) 

Figure 2: Left: Concept A, Right: Concept B 

Concept C uses three separate zones where the melt is sheared in zone 1 and zone 2, so that it 

can be assumed that the melt has aligned in direction of the flow while the melt is led through 

a curved shape. In zone 3 the flow is led through a sharp turn followed by an expanded flow 

channel. This turn is designed to induce wall slip behavior, which is supposed to keep the 

orientation in the melt in direction of zone 2. The following expansion helps maintain this 

orientation in the melt. Concept D uses a different approach. Here additional flow walls are 

installed into the melt flow creating a three-dimensional flow profile. If the wall spacing is lower 

than the channel width this should result in an additional creation of shear induced orientation 

leading to further orientation. However, it is unclear if this shear leads to beneficial alignment 

and whether the following relaxation zone will be short enough to not cancel out this effect. 

All die concepts were made in DN32 geometry and DN25 geometry. 

 c) d) 

Figure 3: Left: Concept C, Right: Concept D 

3.4 Measurement of thermal conductivity (ex-situ) 

The TC of the compound materials was determined on a NETZSCH LFA 457 MicroFlash 

instrument according to DIN EN ISO 22007-4. The laser flash method is an unsteady (transient) 
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one-dimensional measuring method with which the thermal diffusivity of a specimen material 

is determined. The specimen is heated uniformly on the underside by a short laser pulse. The 

temperature increase on the upper side of the specimen is measured with an infrared detector 

and the temperature signal is plotted against time, from which the thermal diffusivity can be 

calculated. The through-plane thermal conductivities are determined on one specimen per 

compound. For this purpose, each test specimen is measured 3 times and the measured values 

averaged. Due to the fact that the specific heat capacity of compound materials is unknown, it 

is determined during the measurements by comparison with a known reference sample. The TC 

λ is then the product of the material density ρ, the thermal diffusivity a and the specific heat 
capacity cp. Since LFA measurements require a flat sample, a sample from the pipe is taken, 

flattened under pressure and temperature to achieve the necessary sample geometry. 

3.5 Measurement of thermal conductivity (in-situ) 

Since true TC in case of a pipe heat exchanger is not only influenced by through-plane 

conductivity but also in-plane conductivity, the extruded pipes were tested in a heat exchanger 

environment. A special test rig was developed where the produced pipe could be installed into 

a double wall heat exchanger. To measure TC the volume flow of water and temperature at the 

entrance and exit of the heat exchanger were measured. Using this and the geometry of the 

extruded pipe the TC necessary to achieve this difference in temperature can be calculated 

according to [6]. To achieve proper thermal stability each measurement was performed for 1.5 

hours 

4. Results and discussion 

4.1 Measurement of thermal conductivity (ex-situ) 

The following figure (fig. 4) shows the measured through-plane TC measured with LFA for all 

concepts and three filler contents and a pipe dimension of DN25. First of all, it is evident, that 

all three concepts that induce orientation (namely concept B-D) result in a higher TC compare 

to the classic die design in concept A. The only outlier in this case is the sample of 30 wt.% 

graphite G150G150. On average concept C and D achieve the highest thermal conductivities. 

  
Figure 4:TC of regular extrusion vs. new extrusion concept measured by LFA, DN25, left: 

Graphite G150, right: Graphite G300 
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Comparing the results for diameter DN25 between the two graphite, the smaller graphite 

G150G150 achieves higher conductivities with concept C, while the larger graphite achieves 

highest conductivities with concept D. Overall the graphite with larger particles G300 reaches 

higher conductivities ranging up to around 2.5 W/mK in the DN25 diameter samples. 

Comparing the results for diameter DN32 (fig. 5) between the two graphite, the results are quite 

similar to the findings in the smaller diameter when comparing concepts. Again, all concepts 

designed to improve TC achieve this goal. Concept C shows the highest overall TC with the small 

graphite, while concept D shows highest TC with the larger graphite. Overall, the values of TC 

are substantially higher in the smaller graphite, while being similar to the reference concept in 

the larger graphite. 

  
Figure 5: TC of regular extrusion vs. new extrusion concept measured by LFA, DN32, left: 

Graphite G150, right: Graphite G300 

4.2 Measurement of thermal conductivity (in-situ) 

The following figure (fig. 6) shows the in-situ measurement results for pipes with the smaller 

diameter of DN25. 

  
Figure 6: TC of regular extrusion vs. new extrusion concept measured by in-situ test, DN25, left: 

Graphite G150, right: Graphite G300 
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Comparing the results for DN25, all concepts lead to an improvement compared to the reference 

concept A. Overall concept D achieves the highest improvements on average. With the smaller 

graphite the overall improvements are larger and the resulting TC is higher. With the larger 

graphite the TC of the reference sample is higher compared to the reference sample with the 

small graphite. The improvements with the large graphite (G300) and filler contents of 30 wt.% 

and 40 wt.% are comparatively small. Only 50 wt.% shows a significant improvement using 

concept D. Using the smaller diameter, highest TC was achieved using graphite G150 and 

concept D. 

The following figure (fig. 7) shows the results for in-situ measurement of TC of pipes with the 

larger diameter DN32. Using the larger graphite (G300) pipes of higher filler contents could not 

be extruded using concept B. 

  
Figure 7  TC of regular extrusion vs. new extrusion concept measured by in-situ test, DN32, left: 

Graphite G150, right: Graphite G300 

Comparing the results for the larger diameter DN32, concepts B-D achieve an improvement in 

TC compared to reference concept A. For graphite G150 there is no best concept overall and the 

degree of improvement for each concept varies with the filler content. For high filler contents 

concept B-D achieve similar thermal conductivities. For graphite G300 concept D is the overall 

best concept regardless of filler contents. Highest overall TC was achieved with graphite G300 

and concept D. Therefore, the results of the larger diameter and graphite G300 are comparable 

to the results with smaller diameter, while results for graphite G150 are different for each 

diameter. This suggests that the flow profile difference for the different diameters has a greater 

impact on the smaller graphite. 

5. Conclusion 

Within this paper three different concepts for inducing orientation into a melt of polymer-

graphite-compound were designed and compared with a more conventional pipe extrusion die. 

To test the dies, compounds of two graphite types and three filler contents were produced and 

used for pipe extrusion. Pipes with diameter of DN25 and DN32 were produced. The TC of 

resulting pipes was measured using LFA and a specifically designed test-rig for in-situ testing. 

Out of the three die concepts for improving TC, all three lead to a significant improvement while 

maintaining pressure stability. Different concepts appear to be favorable depending on graphite 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

30 wt.% 40 wt.% 50 wt.%

T
h

e
rm

a
l 

co
n

d
u

ct
iv

it
y

 [
W

/(
m

K
)]

 

Concept A

Concept B

Concept C

Concept D

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

30 wt.% 40 wt.% 50 wt.%

T
h

e
rm

a
l 

co
n

d
u

ct
iv

it
y

 [
W

/(
m

K
)]

 
Concept A

Concept B

Concept C

Concept D

923/1602 ©2022 Kayser et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

size. Pipe diameter which is directly correlated to thickness of the pipe also affects the resulting 

TC. These results were verified with a through-plane measurement using an LFA and an in-situ 

heat exchanger test bench. The results of both methods were similar though not identical. It 

stands to reason that the in-plane TC has an effect in the in-situ test, as heat is also transported 

along the pipe, leading to further homogeneity. Over all the in-situ test shows lower TC 

compared to LFA. Between the concepts, concept D shows highest improvement of TC. TC of the 

materials could be more than doubled, so that pipes with only 50 wt.% of graphite reach thermal 

conductivities of up to 3 W/mK.  
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Abstract: While energy storage solutions such as redox flow batteries are considered a key 

component for the turnaround in energy policy, recyclability of individual components has not 

yet been intensively studied. In an ongoing research project “Re3dOx” (funded by Federal 

Ministry of Economic Affairs and Climate Action) ZBT GmbH investigates the recycling of 

graphite-polymer-compounds that were used as bipolar plate material in redox flow batteries. 

Production of bipolar plates in a resource-saving manner is the main goal of the project. 

Currently, incorrectly produced bipolar plates are being disposed of, which leads to a high reject 

rate during production and post-processing. In order to conserve resources, recycled raw 

materials and rejects are to be reused. This recyclate is tested for its compatibility in the redox 

flow battery and subsequently processed to bipolar plates again. The plates are characterized in 

order to evaluate the influence of the recycled raw materials on the board quality.  

Keywords filled compound; bipolar plate; redox flow battery; recycling 

1. Introduction 

Vanadium Redox Flow Batteries (VRFB) are promising devices for energy storage especially with 

respect to short time stationary demand [1]. The intensified use of renewable energy requires 

efficient, save, and low-cost battery technologies. Great advantages of VRFBs are their 

independent adjustability of power and capacity, long cycle stability as well as their safety. VRFB, 

which are available in the kWh to MWh range, have already been intensively studied [2,3,4]. 

VRFBs use the same element as active material in both half cells. The VO2+/VO2
+ couple in sulfuric 

acid as positive electrolyte and the V2+/V3+ couple being applied as negative electrolyte [5]. Both 

electrolytes are stored in external tanks and pumped through the battery cells during charging 

and discharging. Reduction and oxidation take place at porous carbon fiber electrodes, which 

are placed between the graphitic bipolar plate and the membrane. 

Therefore, the bipolar plate is one of the key components of the VRFB. The bipolar plates 

electrically conduct and physically separate adjacent battery cells in series. A high electrical 

conductivity, sufficient impermeability, mechanical stability as well as long-term chemical and 

electrochemical resistivity of bipolar plate is required, because of harsh conditions in VRFB like 

acidic vanadium electrolyte and high potential differences [6]. 

However, until now, VRFBs have not been able to widely capture this new market, which is 

mainly due to their high investment costs [7]. The total costs are composed of the production, 

electrolyte and component costs. For those, the recycling of graphite-polymer-bipolar-plates is 

determined to reduce VRFB costs and to produce bipolar plates in a resource-saving manner. 

For VRFB contents of more than 85 wt% of graphite in thermoplastic polymer are needed to 

function as bipolar plate material. Since highly filled compound characteristics differ widely from 

that of neat polymers, recycling of highly functionalized graphite-compound requires an entirely 
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new process. The effect of recycling on properties such as electrical conductivity or mechanical 

stability and degradation of polymer and filler features have been studied. 

2. Materials and Methods 

2.1 Materials and sample preparation 

As a high conductivity of the resulting bipolar plates is essential, high filler content in only a small 

quantity of polymeric matrix material is required. The thermoplastic compounds thus show a 

very high melt viscosity leading to demanding injection molding process parameters and 

restriction of the maximum bipolar plate size that can be produced. In order to be able to 

injection mold bipolar plates a commercially available polypropylene from LyondellBasell was 

used as matrix material. Graphite platelets (KS 500) with spherical like morphology obtained 

from company Imerys of 580 µm average size (D90) were mixed with polymer powder with a 

filler content of 85 wt%. 

Firstly, 10 kg of the compound mixture was prepared in a twin-screw extruder PTW25 from 

Haake/ThermoScientific and then injection molded to plates with dimensions of 60x60x2 mm³ 

with a 35t injection molding machine Boy 35EHV. Mass flow of compounding was 4 kg/h at 

200 rpm and melt temperature of 216 °C. Polymer and graphite input were achieved by 

gravimetrically controlled dosers. Polymer was added in the main feed section whereas graphite 

was added in a split-feed process further downstream using a sidefeeder. Added air and other 

volatile components were removed by two degassing units. 

The injection molding process parameters were consistent during the five recycling steps. 

Cylinder temperature was 295 °C and mold temperature was 80 °C. The necessary injection 

pressure for complete filling of mold was measured. In total 50 plates were injection molded. 5 

plates were removed, the remaining plates were ground by means of a mill and the recycled 

granules were again injection molded into plates. This process was repeated five times and 5 

plates were removed at each recycling step. 

2.2 Characterization methods 

Measurement of electrical conductivity occurs with a four-pole-measuring procedure at a test 

rig at ZBT. Measurements of samples take place between two gas diffusion layers (GDL) that are 

based on polished and galvanized measuring poles made of copper. For measurement the 

sample is placed between the two poles, the poles are then pressed on the sample’s surface and 
a preset current is applied. Two voltages are observed during this process: a voltage at the 

measuring poles (Uges) and a voltage at the measuring tip (Utip). The voltages are saved by 

software and are needed for calculation of resistance. Measurements are carried out at four 

different pressures (5, 10, 20, 30 bar) and four different currents (0,5 A; 1,0 A; 1,5 A; 2,0 A). The 

data is averaged for each measurement after the process. 

In order to quantify the mechanical properties (flexural strength, flexural modulus and 

maximum deflection) three-point flexural tests were performed using an Instron 5565 

measuring setup. Testing parameters and procedure were used as specified in DIN EN ISO 

178:2010+A1:2013. Using the injection molded plates firstly five samples were cut to 60x25 mm² 

size having 2 mm thickness. The specimens were tested by keeping each one on the testing area 

of Instron 5565. In the center of the specimens a force was applied by an adaptor moving with 
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a speed of 1 mm per second until the breaking point was reached. During the procedure the 

applied force and the deflection of the specimens was measured.  

Differential Scanning Calorimetry (DSC) measurements were carried out to determine the 

melting behavior of virgin compound and after each step of recycling. For this purpose, a DSC 

from TA Instruments was used. Experiments were carried out under nitrogen atmosphere. The 

samples were heated up to 240 °C with a ramp of 10 °C and then cooled down to 80 °C again. 

Subsequently, they were heated up again to 240 °C. The crystallinity was determined using the 

equilibrium enthalpy for PP of 207 J/g. 

A Thermogravimetric Analysis (TGA) was performed to determine changes in filler content and 

filler particle size due to recycling. For this purpose, a TGA from TA Instruments was used. The 

samples were heated to 500 °C under nitrogen atmosphere with a ramp of 40 °C/min to pyrolyze 

the polypropylene. At 500 °C the atmosphere was switched to air and the samples were heated 

up to 1000 °C with a ramp of 10 °C/min. 

Using Size Exclusion Chromatography (SEC) dissolved molecules are separated by size by 

pumping them through special columns containing microporous filling material. Molecules small 

enough penetrate the pores of the gel swollen with solvent. Within the pores, the particles can 

only move by diffusion and elution is therefore delayed. Large molecules cannot penetrate the 

pores and therefore migrate quickly through the channels between the gel particles. Thus, they 

are the fastest to be eluted. The determination of the molecular weights of the individual 

fractions is carried out by comparison with calibration substances. 

3. Results and discussion 

3.1 Electrical conductivity 

The electrical conductivity of bipolar plates is an essential property for a good performance of 

the VRFB. The through-plane electrical resistance values of the injection molded plates are 

influenced by the recycling steps (Fig.1). It is found that 100% recycling of injection molded 

bipolar plates results in a reduction in volume resistance through each step of recycling. This can 

be caused by the crushing of the filler particles and/or by the damage of the polymer content in 

the compound caused by the recycling steps. 

 

Figure 1: Volume-specific resistance of injection molded plates over 5 steps of recycling 
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3.2 Mechanical properties 

Within the VRFB stack bipolar plates are exposed to compressive forces in order to provide an 

impervious system and to decrease the contact resistance between bipolar plates and carbon 

felts. The mechanical characterization shows a significant increase in bending strength through 

each step of recycling (Fif.2 left) but at the same time a significant reduction in elongation at 

break (Fig.2 right). Changes in the filler particles or the polymer due to recycling thus have a 

significant effect on the mechanical properties.  

  
Figure 2: Bending strength and elongation at break over 5 steps of recycling 

3.3 Thermogravimetric analysis 

Thermogravimetric analysis was investigated to determine changes of the filler due to the 

recycling process. First of all, it could be shown that there are no significant changes in filler 

content due to grinding and further injection molding. As Fig.3 shows there is a plateau of all 

curves at approx. 500 °C with a filler content of 85 wt%. This means that there is no loss of filler 

material, e.g. due to dust formation during the grinding process. In the temperature range 

>650 °C, the neat sample shows the slowest combustion rate, while the recycled materials have 

a higher rate of mass loss. Since combustion is linked to particle size by the available surface for 

oxidation, it becomes apparent that the recycling process leads to a comminution of the filler 

particles and hence shifting of the curves towards lower temperatures with each step of 

recycling. It also becomes clear that this comminution already takes place during the first 

recycling step and continues with increasing number of recycling steps. 

 

Figure 3: Results of thermogravimetric analysis of neat compound and after each step of 

recycling 
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To further quantify this process the temperature at which 10 wt% (T10), 50 wt% (T50) and 

90 wt% (T90) of graphite is combusted is shown in the table 1. These values are characteristic 

for the combustion process and therefore give insight into the particle comminution. A 

continuous lowering of the combustions temperatures by each recycling step can be seen. While 

the T50 and T90 values decrease almost linearly with recycling, T10 temperature shows an initial 

drop from neat to the third recycling step and then stays almost constant. This suggests that 

there is a lower particle size where particles are so small that they are not altered by the 

recycling process anymore. 

Table 1 : T10, T50 and T90 for neat and recycled material 

 

T10 

[°C] 

T50 

[°C] 

T90 

[°C] 

Neat 691 791 857 

1x 678 772 843 

2x 679 766 847 

3x 670 749 831 

4x 669 745 827 

5x 670 741 821 

6x 666 729 804 

 

3.4 Differential scanning calorimetry 

On the basis of DSC measurements carried out, a shift of the melting point of the recycling 

materials in the first DSC heating curve towards lower melting temperatures with an increase in 

the number of recycling steps was detected (Fig. 4 top). These indicates a change in the polymer 

due to the recycling steps. However, the second heating curve from the DSC measurement did 

show higher melting temperatures with each step of recycling (Fig. 4 below). So, analyzed only 

by DSC, it is not quite clear if polymer degradation takes places. That’s why further tests with 

Size Exclusion Chromatography (SEC) were carried out for suitable analyzing of changes in the 

polymer through the recycling steps.  
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Figure 4: Heat flow (first and second heating) by differential scanning calorimetry 

measurements of neat compound and after each step of recycling 

3.5 Size Exclusion Chromatography 

Since the DSC investigations did not provide clear results regarding the damage to the polymer 

by the recycling steps, the materials were studied by size exclusion chromatography. The pure 

polymer was also considered, followed by the compound material, followed by the recycling 

materials at each injection molding step. Starting from the pure polymer, the processing in the 

extruder to produce the compound already leads to a shift in the molar mass distribution to 

smaller molecules (Fig.5). This means that the polymer is already damaged in this first processing 

step. The subsequent injection molding process, including the recycling of the material after 

each step, reinforces this trend. With each further processing step, the material is further 

damaged what is shown by a shift in the molar mass distribution towards smaller molecular 

weights with each step of recycling. Noticeable again is a convergence during the recycling 

process where the difference is largest between the neat material and the compound and then 

decreases between each recycling step. This suggest that there is a lower bound of polymer 

degradation, where further recycling will only lead to marginal difference in product quality. 
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Figure 5: Molecular weight distribution curves of pure polymer, virgin compound and after 

each step of recycling 

4. Conclusion 

The 100% recycling of injection molded bipolar plates considered in this study poses a 

particularly high challenge to the material, but serves to accelerate the investigation. It will thus 

be possible to notice clear changes in the material properties already after the first recycling 

step and to identify clear trends after only a few recycling steps. By means of TGA and SEC, it 

was shown that each processing step (compounding + injection molding steps) of this highly 

filled compound leads to a comminution of the filler particles and to a degradation of the 

polymer. The investigations by means of DSC, on the other hand, did not provide any clear 

conclusions. Since both effects (filler comminution & polymer degradation) run in parallel, they 

also have a combined effect on the material properties. The current results, however, do not yet 

allow a statement on which effect dominates. In summary, the multiple recycling of the 

materials causes a significant increase in the electrical conductivity, but also a significant 

reduction in the max. elongation capacity of the material, whereas the strength is significantly 

increased. The results also indicated that the changes in properties during recycling decreased 

with more recycling steps, which indicates that properties may change asymptotically. To verify 

this a larger number of recycling steps would have to be studied. 

In principle, the study showed that even these extremely highly filled polymer compounds can 

be recycled. However, depending on the application (design, structure, requirement profile of 

the VRFB), an assessment must be made as to which effect is acceptable for the application or 

should be prevented. Accordingly, the proportion of recyclate should be tested and adjusted for 

the respective product, as is usual in the plastics industry. 
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Abstract: Interlaminar delamination and buckling of the core are crucial defects in sandwich-

structured composites. Not identifying these damages in time can lead to further interlaminar 

cracking, fibre fracturing and a total composite failure. This work aims to develop a self-sensing 

sandwich-structured composite modified with carbon nanotubes (CNT) and through-the-

thickness conductive dip-coated aramid honeycomb using MXene nanoparticles. The 

morphology of partly-delaminated Ti3C2Tz MXenes and CNT modified glass fibre composite is 

investigated using scanning electron microscopy. The structural health monitoring method 

proposed in this research is based on a simple piezoresistive effect in different composite layers. 

The damage location in the composite is evaluated according to electrical resistance change and 

intensity.  

Keywords: MXenes; carbon nanotubes; sandwich-structured composites; damage sensing  

1. Introduction 

The most commonly used sensors for structural health monitoring (SHM) are piezoelectric 

transducers, optical fibres, accelerometers and strain gauges. These sensors are usually attached 

to the surface or embedded into the composites during the moulding process. However, sensor 

detachment and internal cracking of the composite can occur over the exploitation period, 

leading to health monitoring interruption and decreased mechanical properties [1]. Methods 

that determine structural damage without external sensors are based on electrically conductive 

materials such as carbon fibres (CF) [2], nanoparticle coated glass fibres (GF), and polymer 

matrices modified with various conductive nanofillers [3]. The conductivity can be controlled by 

the amount of coating layers or filler weight percentage. In the event of damage, the condition 

of the composite structure can be evaluated according to the electrical resistance change. In 

sandwich-structured composites, the most critical defects that are hardly visible are the 

delamination of laminates and core indentation. These defects can lead to unexpected 

composite failure. Therefore, SHM methods that can identify them in real-time are in high 

demand. 

The composite's interlaminar delamination monitoring according to electrical resistance change 

using carbon nanotubes (CNT) was studied by Kravchenko et al. [4]. A similar approach was 

investigated by Stankevich et al. [5], who evaluated the crack propagation length of double 

cantilever beam specimens according to the resistance increase in a CNT interlayer. Aly et al. [6] 

studied the impact damage detection based on CNT stripes. Grigoriou et al. [7] used vertically 

knitted carbon rods and estimated the delaminated area by total resistance change. Shimpi et 

al. [8] proposed a new CNT impregnation method and showed that even complex 3D woven 
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composites could be modified and turned into strain-sensing composites. Despite matrix 

modification, composites can also be coated with novel conductive 2D nanoparticles such as 

MXenes [9]. One such research showed the capabilities of MXene nanocoatings for the strain-

sensing of GF composites [10].  

This work aimed to develop a damage sensing sandwich-structured composite based on CNT 

modified GF laminates and through-the-thickness conductive MXene coated aramid honeycomb 

core. 

2. Materials and methods 

2.1 Materials 

Partly-delaminated Ti3C2Tz MXenes were prepared from Ti3AlC2 MAX phase (MRC, Ukraine), 

using 37 wt% hydrochloric acid and 99 wt% lithium fluoride (Sigma Aldrich, Germany). After 24 h 

of stirring, the solution was centrifuged and washed 10 times at 3500 rpm, until a neutral pH 

value was reached. The MXene sediment was reconcentrated to 15 mg/mL aqueous solution. 

Epoxy masterbatch with 2 wt% of CNT was prepared following these steps. Firstly, 0.26 g of 

multi-walled CNT (NC7000™, Nanocyl SA, Belgium) were uniformly dispersed in 200 mL hexane 

(Sigma Aldrich, Germany) using 10 min 100 W power probe sonication (UP400S, Hielscher 

Ultrasonics GmbH, Germany). Then, epoxy resin Bisphenol F-epichlorohydrin (Biresin® CR-122, 

Sika, Germany) was slowly poured into the solution and mechanically stirred for 10 minutes until 

most CNT were embedded in the epoxy, and a transparent hexane solution was obtained again. 

Finally, the CNT/epoxy masterbatch was removed from the solution and degassed under 

vacuum and 50°C for 1 h to completely remove hexane residues. 

CNT/epoxy masterbatch was further diluted with epoxy and hardener (Biresin® CH-122-5, Sika, 

Germany), thus making the final concentration of 0.25 wt% CNT. 3 mm thick aramid honeycomb 

(R&G Faserverbundwerkstoffe GmbH, Germany) was two times dip-coated in aqueous MXene 

solution (Figure 1) and dried with a fan for 5 min at 60 °C. The sandwich-structured composite 

samples (7 × 3 cm) were prepared by hand layup and vacuum bagging, using two bottom plies 

of CF (twill-weave 163 g/m², Porcher Industries, Germany), two top plies of modified GF with 

0.25 wt% CNT/epoxy, and MXene coated honeycomb in between. After the post-curing in a 

convection oven for 5 h at 90 °C, copper wires (Analog 1 and ground) were soldered directly 

onto the top and bottom plies using conductive polylactic acid (PLA) (Protoplant Inc., Canada).  

 

Figure 1. Damage sensing sandwich-structured composite scheme: left – MXene dip-coated 

aramid honeycomb; right – a sample configuration with wiring and dimensions 
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2.2 Characterisation and testing 

MXene nanoparticles were characterised on dip-coated silicon wafers (1 × 1 cm) using scanning 

electron microscopy (SEM) (S-3400N, Hitachi, Japan) with an accelerating voltage of 5 kV, while 

0.25 wt% CNT-GF composite sample pieces were imaged under 20 kV (Quanta 200 FEG, FEI, US).  

Through-the-thickness electrical resistance of the dip-coated aramid core (dry form) was 

measured between two slightly pressed glass plates covered with aluminium. The resistance was 

measured using a two-probe Fluke 287 True-RMS multimeter (Fluke Corporation, US), and the 

mass growth (%) after the dip-coating was measured using analytical scales of 0.01 mg 

readability (KERN & SOHN GmbH, Germany).  

The indentation of the sample was performed using GUNT WP 300 testing machine and a linear 

indenter (G.U.N.T. Gerätebau GmbH, Germany).The specimens were compressed through the 

width at every 5 mm distance from the conductive PLA. The electrical resistance was monitored 

between Analog 1 and ground (Figure 1) during each indentation. In addition, the piezoresistive 

effect of CNT-GF laminate and MXene coating was monitored during three-point bending tests 

using Tinius Olsen H25 KT (Tinius Olsen, UK) and ISO-178 standards. Electrical resistance changes 

of tensiled and compressed surfaces during the bending were measured between two silver 

paint stripes at the edges of the specimen. 

3. Results 

3.1 Characterisation 

The morphology of MXene nanoparticles and CNT distribution in the composite were studied 

using SEM (Figure 2). Partly-delaminated Ti3C2Tz MXene is presented in Figure 2a. Here, a 

multilayered MXene structure of roughly 10 µm can be seen. However, such particles cannot 

form a uniform and highly conductive nanocoating, but they tend to be more electrically 

sensitive to the deformation by losing flake to flake connections when the honeycomb core is 

compressed. In Figure 2b, a broken GF specimen with 0.25 wt% CNT in the epoxy matrix is 

presented. These nanotubes make a conductive network between individual GF filaments and 

behave as a piezoresistive sensor. In a magnified region, an agglomeration of CNT can be 

observed (1 µm scale bar). 

 

Figure 2. Scanning electron microscopy images: (a) partly-delaminated multilayered Ti3C2Tz 

MXene; (b) GF composite modified with 0.25 wt% multi-walled CNT 
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Average electrical resistance values of aramid honeycomb (12 samples) under 2 times dip-

coating (R1, R2) are presented in Table 1. Besides resistance, another important parameter is the 

absorbance of MXenes and the honeycomb's mass growth (∆m1, ∆m2). An average mass growth 

after the first dipping was 1.57%, and the second dipping – 2.77%, compared to the initial 

honeycomb core mass (m0). From the average values of weight ratio increase during the second 

dipping (∆m2/∆m1) and the resistance decrease ratio (R1/R2), we can notice that the mass of 

absorbed MXenes increased by 76%, and the electrical resistance decreased 4 times. This 

experiment shows that using simple and scalable dip-coating methods, it is possible to achieve 

tunable through-the-thickness conductivity with a marginal mass increase. 

Table 1: MXene-coated aramid honeycomb core: electrical resistance and mass change. 

R1 [Ω] R2 [Ω] m0 [g] Δm1 [%] ∆m2 [%] ∆m2/∆m1 R1/R2 

2572 654 0.22093 1.57 2.77 1.76 4.06 

 

3.2 Piezoresistive effect 

The piezoresistive effect was monitored under three-point bending separately for lower and 

upper surfaces, deforming under tension and compression, respectively  (Figure 3). The samples 

were deflected for 2 mm, which gave a flexural surface strain of 1%. Tensiled MXene coating 

showed a slight increase in electrical resistance by 2.15%, while the values under compression 

decreased by 1.53%. In comparison, 0.25 wt% CNT-GF composite resulted in more than twice 

higher values – 4.68% for tension, while compressions results were -0.91%.  

Both samples showed a similar tendency of piezoresistance – an electrical resistance increase 

under tension and a decrease under compression. If the sample or a coating was damaged due 

to laminate cracking, the resistance increased to infinite. In such a way, when the honeycomb 

core was compressed, through-the-thickness conductivity in the damaged area was lost. These 

results indicate that besides composite damage, a small variation in resistance during the 

deformation occurs, and under cyclic loading, the sensing capability of the composite is 

expected to degrade slightly.  

 

Figure 3. Piezoresistive effect monitored under three-point bending of 0.25 wt% CNT-GF 

composite and MXene coating  
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3.3 Damage sensing 

The electrical resistance increase of the composite under the indentation test is presented in 

Figure 4. The first test was performed with 7 indentations with a 0.5 cm step, starting from 4 cm 

distance from the Analog 1, and ending at 1 cm (Figure 4a). The first indentation at 4 cm resulted 

in a relative resistance (∆R/R0) increase of 4.9%. The second indentation at 3.5 cm distance was 

roughly followed after 5 s, and the resistance increased to 20.3%. When the compression was 

performed closer with every step, the resistance increased to 47, 147 and 419% for 3, 2 and 

1 cm, respectively. 

The same procedure was repeated in the opposite direction (Figure 4b). The first damage was 

performed at 1 cm distance, and the resistance increased by 17.5%. When the sample was 

compressed further from Analog 1, the relative resistance intensity decreased with the distance. 

At 2, 3 and 4 cm, the resistance increased to 37.4, 44.1 and 46.2%, respectively. The results show 

that the intensity of resistance change differs between the damage direction. Also, it shows 

different values according to the distance from Analog 1, by which a damaged location can be 

identified. These results show that the noticeable resistance changes according to indentation 

damage are limited to 4 cm from Analog 1. Therefore several analogs that would sense a larger 

area should be spaced by 8 cm. This method could also monitor a damaged area or crack 

propagation in real-time by using a wire grid. Additionally, the sensing radius can be improved 

by increasing the conductivity of the top CNT-GF layers and by decreasing through-the-thickness 

conductivity of the MXene coated honeycomb core. 

 

Figure 4. Damage sensing of sandwich-structured composites based on electrical resistance 

change: (a) linear indentation damage direction to Analog 1; (b) from Analog 1 

Conclusions 

In this study, a self-sensing sandwich-structured composite was developed using CNT modified 

GF laminates and MXene coated aramid honeycomb. The morphology of MXenes and CNT-GF 

composite was investigated using SEM. The piezoresistive effect was studied under three-point 

bending, and electrical resistance increase for both MXenes and CNT-GF was obtained under 

tension, and decrease under compression. The SHM method proposed in this research was 

based on electrical resistance change in different composite layers. The electrical resistance 

intensity depended on the distance from Analog 1, which led to identifying damage location and 

propagation in real-time.  
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Abstract: Modern aircraft now consists of more than 50 wt% parts made of composite materials 

for their high specific strength. However, components made of carbon fiber reinforced 

plastics(CFRP) are vulnerable to lightning strikes, which statistically happens to an aircraft nearly 

once a year. This work presents a promising alternative to the currently used copper-based 

lightning strike protection(LSP) system. An all-polymeric conductive resin made of 

polyaniline(PANI) was utilized as the CF laminate matrix and showed a high electrical 

conductivity. Such a conductive laminate was evaluated by a simulated lightning strike test, and 

the damage behavior was investigated. Results indicate that the conductive CF laminate shows 

a self-protection ability against lightning strikes. 

Keywords: conductive composite; lightning strike protection; polyaniline; residual properties;  

1. Introduction 

Carbon fiber reinforced plastics (CFRPs) are now commonly seen in structural applications due 

to their remarkable specific strength (strength to weight ratio). Especially in the aircraft industry, 

CFRP structures offer decreased fuel consumption and increased payloads while maintaining 

outstanding structural strength. Modern aircraft now consist of up to 50 weight present or more 

parts made of CFRP laminate or honeycomb hybrid structures. This proportion is still growing 

due to the development of new materials and new structure designs.  

Statistically, an aircraft is expected to encounter extreme environmental conditions such as 

lightning strikes roughly once a year[1]. However, CRRP structures are vulnerable to lightning 

strikes due to their structural nature. Carbon fiber is highly electrically conductive in the 

longitudinal direction but not in the transverse direction. On the other hand, the epoxy matrix 

in the CFRP is insulated. Hence, the electrical breakdown happens when lightning strikes on the 

CFRPs and causes severe damage such as matrix pyrolysis due to the Joule heating effect[2]. 

Damage caused by a lightning strike can range from no damage to severe ones and requires 

extensive repairs, which can take the airplane out of service for an extended period. The current 

lightning strike protection (LSP) technique utilized expanded metal foil (copper) on top of the 

CFRPs structures, which is adequate but inefficient. Although the expanded copper foil (ECF) is 

included in the basic design of an aircraft, such an additional layer of metal foil increases the 

total weight of an aircraft and introduces other kinds of issues, such as galvanic corrosion. 

Various new designs and materials have been proposed as alternative LSP strategies. Our 

research presents a novel all-polymeric resin series comprising intrinsically conductive 

polymer—polyaniline (PANI). Previous PANI research mainly focused on its electrical properties 

rather than structural applications because PANI is difficult to process. Nevertheless, our 

research proposed a new PANI-based all-polymeric conductive resin, and its application as the 

resin matrix of CFRP laminate[3]. Moreover, we present the mechanical properties of the 

CF/PANI laminate and its performance against simulated lightning strike investigation. 
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2. All-polymeric electrically conductive resin 

Polyaniline is the most studied intrinsically conductive polymer(ICP) because of its ease of 

synthesis, tunable conductivity, eco-friendly and better stability compared to other ICPs. Unlike 

most linear thermoplastics, polyaniline is principally insoluble and infusible, which has been 

proved by numerous experimental studies[4]. However, doping with dodecylbenzene sulfonic 

acid(DBSA) has been verified to improve PANI's processability significantly[2]. Several 

approaches have tried to blend DBSA doped PANI with traditional epoxy resin to achieve a 

PANI/Epoxy conductive resin. Yet, the typical amine hardener inevitably leads to the de-doping 

of PANI because of the strong nucleophilicity of amine[5].  

2.1 PANI-DBSA conductive resin system 

Previous research in our group has demonstrated a PANI-DBSA/divinylbenzene(DVB) 

thermosetting resin system by physically dispersing a semi-doped PANI-DBSA complex into DVB. 

When the resin has been heated, the un-doped DBSA, or free DBSA would either continuously 

dope onto PANI or initiate the cationic polymerization of DVB to form a crosslinking network[6]. 

Although the PANI-DBSA/DVB resin system shows high electrical conductivity and can be cured 

upon heating, the mechanical properties of PANI-DBSA/DVB are inferior to the conventional 

epoxy resin. 

 

Figure 2.1. The reaction mechanism of phenolic oligomer and DVB 

K. Mori et al. has demonstrated a crosslinking reaction between the phenolic oligomer and  DVB 

with the presence of proton[7]. We adopted this reaction to our system to enhance the 

mechanical properties of our conductive resin. The curing mechanism of the newly developed 

PANI-DBSA/Phenol-DVB resin, or PDPD resin, is shown in Figure 2.1. The mechanical properties 

and electrical conductivity of the cast PDPD resin are shown in Table 2.1. The properties of a 

conventional XNR/H6815 epoxy resin (Nagase ChemteX Corp.) and a standard diglycidyl ether 

of bisphenol-A (DGEBA)[8] are shown in Table 2.1 as well for comparison. Although the PDPD 

resin still shows inferior mechanical properties to epoxy resin, the electrical conductivity of the 

PDPD resin is more than ten orders of magnitude higher than the conventional epoxy resin. The 

combination of mechanical properties and electrical conductivity was rarely reported before in 

the all-polymeric domain. 
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Table 2.1 Mechanical properties and conductivity of PDPD and conventional epoxy 

Resin Flexural Modulus (GPa) Flexural strength (MPa) Electrical conductivity (S/cm) 

PDPD 2.43 ± 0.11 51.92 ± 7.63 0.26 ± 0.06 

XNR/H6815 3.20 ± 0.10 65.72 ± 2.19 1.61 * 10^-13 

DGEBA[8] 2.95 ± 0.13 76.41 ± 4.12 2.33 * 10^-11 

 

3. CF/PDPD conductive composite laminate  

The properties of the CFRP made with the newly developed PDPD resin are of vital importance 

for possible future applications. CF/PDPD laminates were made with a hand lay-up process. The 

resin was prepared in advance and then applied on woven fabrics (TR3110M, TR30-3K, 200 GSM, 

Mitsubishi Rayon Co. Ltd.) The prepregs were then stacked in 0°/90° direction and used hot-

press to cure. CF/Epoxy laminates were fabricated with identical woven fabric and processes to 

compare with the CF/PDPD laminates directly. Figure 3.1 shows the comparison between the 

properties of the CF/Epoxy and CF/PDPD laminates. The conductivity in z means the conductivity 

in the out-of-plane or through-thickness direction. The measurement process has been 

introduced in previous publications[9].  

  

Figure 3.1. The properties comparison of CF/Epoxy and CF/PDPD laminate 

As shown from Figure 3.1, the mechanical properties of CF/PDPD laminate are approaching the 

CF/Epoxy laminate made with identical fabric and process. However, CF/PDPD shows inferior 

toughness than CF/Epoxy, which might cripple the actual application in the aircraft industry. 

Further improvement is needed to provide better toughness to this resin matrix. Apart from the 

mechanical properties, the electrical conductivity of the CF/PDPD shows a 20 times 

enhancement compared to CF/Epoxy. Our previous research has demonstrated that the 

through-thickness conductivity dramatically reduces the lightning strike damage to the 

composite laminate[10]. 

4. Simulated lightning strike investigation of CF/epoxy and CF/PDPD laminates 
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The most important part of this study is a simulated lightning strike test. Laminates made with 

PDPD conductive resin matrix were evaluated with artificial lightning. Original laminates were 

made with the same profile as Section 3 with a size of 220mm*200mm. Then a 150mm*150mm 

panel was cut from each panel for the lightning strike test. The rest of the panel evaluated the 

pristine mechanical properties and the original through-thickness conductivity. The simulated 

lightning current amplitude and an ARP standard recommended waveform is shown in Figure 

4.1 a; the test setup is shown in Figure 4.1b. The panel was fixed on a copper-made jig which is 

properly grounded. A maximum of -93.6kA electrical current was applied on the CF/PDPD panel 

through a jet-diverting electrode, which memes the actual lightning strike event. High-speed 

and thermal cameras recorded the phenomenon during the strike event. 

 

Figure 4.1 The current waveform and test setup of the simulated lightning strike test 

The results of the CF/PDPD against the simulated lightning strike are summarized in Figure 4.2. 

Figure 4.2a shows the photos of the specimens on the copper mount before and after the 

lightning strike, and the corresponding ultrasonic NDI results. Only minor damage can be 

identified from the panel surface after the strike. Moreover, no delamination was detected from 

the NDI results. The NDI results only show some tiny spots corresponding to the barely visible 

damage on the surface. Figure 4.2b shows the images from the high-speed camera at specific 

time points. This result shows that the lightning arc travels uniformly on the panel marked by 

the round-shaped light emission. As we know that this panel is fabricated with plain-woven 

fabric in the cross-ply direction. The electrical conductivity is much higher in the fiber direction. 

The result of the high-speed camera indicates that the conductive resin helps dissipate the 

electrical current fast and uniformly.  

Figure 4.2c shows the result of the thermal camera, which is now present as temperature 

histories of four different points on the panel. We chose four different points on the panel and 

exported their time history to plot as a figure. Then we focus on the first 30 milliseconds to see 

how the temperature changes at these four points. We can see that the maximum temperature 

of the panel center dropped to 150°C after five milliseconds from the stroke. Although the 

sudden high temperature of the arc might evaporate a small amount of the surface resin, this 

high temperature lasts less than five milliseconds and has minor effects on the PDPD matrix.  
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Figure 4.2 a) The photos and NDI results before and after simulated lightning strike test[11]; b) 

The image of high-speed camera videos; c) The temperature history result from thermal 

camera; d) The result of residual strength evaluation. 

The residual strength is of vital importance to evaluate the performance of this newly developed 

lightning strike protection. Three specimens were cut from the panel center after the strike and 

the mechanical properties were evaluated through the bending test, same as the pristine 

properties. The flexural strain to stress curves is shown in Figure 4.2d. As shown in the figure, 

the modulus and fracture strength of the panel after simulated lighting strike is not affected 

much compared with the pristine strength. The minor damage to the panel surface does not 

affect the panel's overall mechanical properties. This result further reflects the advantage of this 

newly developed LSP system. 

5. Summary 

This work presents a promising alternative to the currently used copper-based lightning strike 

protection(LSP) system. An all-polymeric conductive resin made of polyaniline(PANI) was 

developed, and the electrical conductivity and mechanical properties were compared with the 

customarily utilized Epoxy resin matrix. This newly developed PDPD resin was then evaluated as 

the CF laminate matrix and showed a high electrical conductivity and comparable mechanical 

properties. Such a conductive laminate was evaluated by a simulated lightning strike test, and 

the damage behavior was investigated. Results indicate that the conductive CF laminate shows 
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a self-protection ability against lightning strikes. Such a conductive CF laminate can be used as 

an alternative lightning strike protection system. 
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Abstract: The aim of this work is to compare the growth of carbon nanotubes (CNTs) at low 

temperature (480°C) using copper as a catalyst over fibers from two opposite extremes: well-

known state-of-the-art structural carbon fibers (CF) and natural, eco-friendly, cost-effective and 

relatively new basalt fibers (BF). The synthesis has shown to be independent of the type of 

microfiber substrate, resulting in “bamboo-like” CNTs, homogeneously distributed over both 

fibers. The CFs displayed no loss in mechanical properties after the CVD growth, while increasing 

by 23% and 35.5% the total pull out work and interfacial shear strength, respectively. However, 

CNT-grafted BF showed only a small increase in the interfacial shear strength and a considerable 

decrease in single fiber tensile strength and total pull out work. 

Keywords: Fiber/matrix interface; CVD; Carbon Fibers; Basalt fibers; Carbon Nanotubes  

1. Introduction 

Fiber-reinforced polymers are deeply inserted into the aerospace, automotive, marine, and 

construction industries. The superior performance combined with high strength, high fatigue 

resistance, high corrosion resistance and weight reduction makes carbon fibers (CFs) the most 

widely used as reinforcing material for advanced composites[1,2]. Natural fibers such as basalt 

fibers (BFs) also stand out by their recyclability, fire resistance, good resistance to chemically 

active environments with a lower price, while having great mechanical proprieties, especially 

compared to other natural fibers like the vegetable ones[3–5].  

The interface between the reinforcement and resin matrix plays a critical role in controlling the 

overall properties of the composites, however, smooth and chemically inert fiber surfaces 

usually result in poor matrix compatibility and weak adhesion between fiber and matrix 

reinforced composites[6,7]. The ability to grow carbon nanotubes (CNTs) directly over these 

fibers can provide through-thickness reinforcement and better load transfer at the fibers/matrix 

interface, and also enable other multifunctionalities due to the higher surface area, electric and 

thermal properties of these nanomaterials[8,9]. Nevertheless, the high temperatures involved 

in CVD process (usually above 600°C ) can significantly reduce the strength of the fibers, so the 

synthesis process must be tailored to maintain the fibers original mechanical properties[10–13].   
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To address these issues, herein we describe synthesis of CNTs by chemical vapor deposition 

using a copper-based catalyst at 480°C directly at the surface of carbon and basalt fibers[14]. 

Hence, we compared the mechanical and interfacial properties of both of these CNT-grafted 

fibers (a.k.a “fuzzy” fibers) by single fiber tensile and pull out tests.  

2. Materials and methods 

2.1 Raw materials 

Unsized BF, supplied by Mafic as a continuous roving, with a nominal diameter of 13 µm and a 

linear density of 450 tex, and unsized CF, supplied by Toho Tenax as a weave, with a nominal 

diameter of 7 µm and a linear density of 200 tex were used as substrates for the CVD and also 

named “bare fiber” in the tests. The micro composites for single fiber pull-out tests were 

prepared using an epoxy resin EPIKOTE Resin MGS® RIM 135 with EPIKURE Curing Agent MGS® 

RIM H 137 (Hexion). For the catalyst solution it was used:  0.005 M copper acetate (copper (II) 

acetate monohydrate from Acros, 98%) in acetonitrile (≥ 99.5%, Sigma Aldrich). 

2.2 Catalyst deposition 

The carbon and basalt fibers where set in a Teflon support at the center of a flask containing 100 

ml of the copper acetate solution. The flasks were placed under vacuum to evaporate the solvent 

until the solution meniscus passed below the support level. After removing the fibers from their 

respective solutions, they were placed on a rack under room temperature and room pressure to 

dry overnight. The BFs had an extra step of annealing at 300°C for 1 hour in air before CVD. 

2.3 CVD growth 

The catalyst-coated fibers were placed on top of a quartz support and inserted at the center of 

a quartz tube furnace. Before heating the furnace and after growth during cooling, the chamber 

was purged with inert gas to remove any other gas residue. The samples were heated under an 

argon and hydrogen flow (100 and 400 sccm, respectively), and when the temperature of 480°C 

was reached, the argon gas was replaced by acetylene (17 sccm) for 30min[14]. 

2.4 Single fiber tensile testing 

The mechanical properties of the single fibers were evaluated following the ASTM C1557 

standard. The tensile tests were performed at room temperature on a Zwick/Roell Z010 

equipped with a 100 N load cell with a sensitivity of 0.2 N. Tests were performed in displacement 

control at a cross-head speed of 2 mm/min. For each series of fibers, a minimum number of 30 

fibers were glued on paper supports with 25 mm gauge length. The diameters of the fibers were 

measured using an optical microscope Nikon Eclipse 150L with the image analysis software Lucia 

Measurement.  

2.5 Single fiber pull-out test 

The interfacial shear strength (IFSS) was evaluated with single fiber pull-out tests in an in-house 

constructed device from the Leibniz-Institut für Polymerforschung (Dresden, Germany) [15,16]. 

To prepare the micro composites with epoxy resin, the single fibers were embedded at 45°C for 

a length (le) of 100 μm. The cure of the samples consisted of 1 hour at 85°C in the embedding 
chamber followed by drying for 6 hours at 80°C in an oven before being cooled to room 

temperature. The pull-out machine worked with a force accuracy of 1 mN, a displacement 
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accuracy of 0.07 μm and a loading rate of 0.01 μm/s under ambient conditions. Around 15-20 

samples were tested for each fiber type. The apparent interfacial shear strength (τapp) was 

calculated by the Eq. (1): 𝜏𝜏𝑚𝑚𝑝𝑝𝑝𝑝 =
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚𝜋𝜋𝐶𝐶𝑓𝑓𝑇𝑇𝑚𝑚 (1) 

where Fmax is the maximum force required to extract the fiber out of the matrix, and df is the fiber 

diameter. The total pull-out work (W) is the area under the curve force/displacement from the 

pull-out test [17]. 

2.6 Morphological and structural characterizations 

The morphology of the fuzzy fibers was analyzed through scanning electron microscopy (Zeiss 

Sigma 300 VP Field Emission SEM) operating at 1 kV and the samples were coated with 10 nm 

gold to reduce charging. Transmission electron microscopy (TEM) imaging of the CNTs was 

performed by a FEI Tecnai (G2 Spirit TWIN) operated at an accelerating voltage of 120 kV using 

lacey carbon copper grids (01894 - PELCO NetMesh) 

3. Results and Discussion 

3.1 CNTs grafting and morphology  

Both carbon and basalt fibers were coated with the catalyst by the same copper-based solution, 

only differing by an extra annealing step at 300°C in air. This step converts the copper acetate 

into copper oxide[18], which is expected to have stronger interaction with the surface of the BF 

(composed mainly by Si-O and Al-O bonds) reducing the dewetting of the catalyst during the 

CVD process. Tests performed without the pre-annealing resulted in poor or no CNT growth. 

Despite the differences in surface chemistry from carbon and basalt fiber substrates, the growth 

morphology was very similar. Figure 1 shows the BF and CF covered by CNTs (named BF/CNT 

and CF/CNT, respectively). The fuzzy fibers are uniformly surrounded by a relatively dense array 

of misaligned CNTs.  

 

Figure 1. SEM images from a) BF/CNT and b) CF/CNT. 
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As illustrated in figure 2, the crystalline nanostructure of these nanocarbons synthesized on BF 

and CF is also very similar. The CNTs are made up of separated hollow compartments and 

“bamboo” knots which grow straight along the axis, which are known as “bamboo-like 

CNTs”[19]. They are composed of a broad range of walls in a highly tortuous shape, leading to 

the fuzzy morphology seen in figure 1. The CNTs from both fibers have very similar diameters, 

with the CNTs from CFs containing a higher number of walls which reduce the size of the hollow 

compartments. 

 

Figure 2. TEM images from CNTs grown over a) BF and b) CF. 

3.2 Effects of CVD on the mechanical properties of BF/CNT and CF/CNT 

Whereas the results from the CVD growth were very similar for both fibers, the mechanical tests 

exhibited a very different trend. To evaluate the consequences of the exposure to the CVD 

process on the tensile behavior of the fibers, the tensile strength of bare and fuzzy fibers was 

determined at room temperature by single fiber tensile tests. The results, summarized in figure 

3, revealed a strength loss of 19.5% for the BF/CNT compared to the bare BF. Although the 

reduction in tensile strength of the BF at this temperature was relatively large, the loss was much 

lower than described in other works (>50% [12,20]), indicating that CVD conditions applied in 

this work are potentially less harmful to the basalt fibers than heat treatments in air. For the 

CF/CNT, there was no statistical change in tensile strength compared with the bare CF, in 

accordance with a recent work on fuzzy CF[21,22], confirming that CF are more suitable for CNT 

growth by CVD. 
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Figure 3. Single fiber tensile tests for BF and CF, bare and after CVD growth 

 

3.3 Characterization of epoxy/fiber interface 

The interfacial properties of grafted basalt and carbon fibers with carbon nanostructures was 

investigated through the single fiber pull-out technique, one of the most accurate techniques 

for measuring interfacial adhesion. For this analysis, two main parameters were considered: the 

apparent interfacial shear strength (τapp) and the total pull-out work (W). Figure 4 display these 

parameters for both fibers, with and without CNTs. 

The BF/CNT exhibited only a small, but statistically insignificant, increase in interfacial shear 

strength combined with a 23.8% decrease in pull-out work compared to the bare BF. This 

indicates that although a small bonding between the CNTs and the BF might have been 

established, the overall deterioration of the BF at the CVD conditions contributes negatively for 

the overall epoxy/BF adhesion. 

For the CF/CNT, a large increase in interfacial shear strength and pull-out work is achieved (35.5 

and 23.1%, respectively) by the grafting of the CNTs on the CF. These results suggest a strong 

adhesion between CNTs and CF, effectively bridging CF and epoxy matrix, leading to a stronger 

interface. Previous work has showed that the synthesis of these CNTs follow a tip-growth 

mechanism[14], which facilitates a pure carbon-carbon bonding between CNT and CF (no copper 

in between). This type of covalent bond not only adds strength, but also conceivably allow a 

good electrical conductivity between CF and CNT, which could be hindered by the presence of a 

metal oxide nanoparticle at its interface (considering that the copper catalyst will likely oxidize 

when exposed to atmosphere). 

 

Figure 4 - Interfacial shear strength (left axis) and total pull-out work (right axis) from single 
fiber pull-out tests of BF and CF, bare and after CVD growth.  

4. Conclusions and future work 

In the present work we investigated the synthesis of carbon nanostructures over BFs and CFs by 

CVD at 480°C using copper as catalyst and compared their mechanical and interfacial properties. 
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Despite their highly different chemical structures, both fibers were uniformly coated with 

bamboo-like CNTs, demonstrating no major influence in the CVD process. 

Our results indicated that the BFs do not profit from the grafting on CNTs under the conditions 

applied here. The tensile strength was dramatically reduced with little to no increase in the 

interfacial shear strength and a decrease in debonding work in an epoxy matrix. Future work will 

attempt to grow carbon nanostructures over BFs at even lower CVD temperatures to reduce the 

deterioration of the fibers and allowing a gain in the interfacial properties. 

CF/CNTs on the other hand showed a substantial improvement both in interfacial shear strength 

and total pull-out work with no loss in tensile strength, indicating that the CNTs are effectively 

grafted to the CFs without damaging the fiber. Moreover, the bamboo-like CNTs synthesized 

here can enable other functionalities for these CF/CNTs. These structures have a well distributed 

number of defects and a higher ratio of edge-to-plane sites along their surface, which grant them 

better electrochemical properties than the straight, hollow CNTs[23,24], as well as excellent 

hydrogen and lithium storage capacity[25,26]. Further research will focus on exploring these 

multifunctionality aspects, such as investigating the CF/CNT application as structural electrodes. 
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Abstract: Nacre-like materials respond to the rising demand for EMI shielding materials, 

followed by the advancements in wireless technology and increased signal sensitivity in 

electrical/electronic devices, especially for the safety of aircraft and other structures. In this work, 

the EMI shielding properties of high content of graphene nanoplatelet (GNP) based 

nanocomposites are investigated. The shielding effectiveness (SE) of different nanocomposites 

has been determined in order to investigate the capacity of the material to attenuate the 

electromagnetic waves in the X band (8-12 GHz). Two different configurations have been 

considered, compact and porous, varying the filler content (from 10 wt% to 90 wt%) and the 

thickness of the samples. Specifically, four different systems have been tested: thin (i) and thick 

(ii) compact laminates and thin (iii) and thick (iv) porous coatings.  

Keywords: Graphene; EMI shielding; nacre-like materials 

1 Introduction 

With the development of electronic technologies and increasing uses of electronic devices, the 

exposure to electromagnetic field radiations has widely increased [1,2]. This results in an 

increased need for electromagnetic shielding and shielding materials, capable of blocking the 

EM waves [3]. These materials are characterized by excellent electrical conductivity and 

electromagnetic properties. To date, this function is performed by metals, but their use could 

be limited due to their weight and their susceptibility to corrosion. To overcome these 

drawbacks, researchers investigated the possibility of using nanocomposites reinforced with 

carbonaceous nanofillers [4,5]. Specifically, bidimensional lamellar nanoparticles, such as 

graphene, are optimal candidates thanks to their high thermal and electrical conductivities and 

intrinsic barrier properties [6,7]. Graphene also possesses wave absorption capabilities and 

could have good reflecting properties with unique electrical and mechanical features. 

Nevertheless, the main challenge is to reproduce on the macroscale the mechanical and 

functional properties of the nanometric reinforcement. To do this, special architectures can be 

considered, mimicking existing materials, such as nacre [8]. Thanks to its particular brick and 

mortar (B&M) architecture, constituted by a high quantity of stiff but brittle nanoparticles, 

bonded together by a small amount of soft but tough phase (<5 vol%), this material exhibits 

excellent performance. The oriented nanoplatelets form a conductive path along the in-plane 

direction, resulting in a higher in-plane conductivity rather than the out-of-plane conductivity 

[9,10]. 

In this work, the EMI shielding capacity of high content GNP based nanocomposites is 

investigated. The shielding effectiveness of different systems has been determined in order to 

assess the capacity of the material to attenuate the electromagnetic waves in the X band. Two 
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different configurations have been considered, compact and porous, varying the filler content 

and the thickness of the sample. In particular, four different systems have been tested with the 

waveguide measurement technique in the microwave band of the electromagnetic spectrum 

within 8-12 GHz: compact thin films (i) thick nanolaminates(ii) and thin (iii) and thick (iv) porous 

coatings. The morphology of the material has been assessed in order to determine the influence 

of nanostructure on the absorption capacity of the material.  

2 Materials and methods 

Graphite nanoplatelets (GNP) with a lateral size of 30 μm and thickness of 14 nm and epoxy resin 

HexFlow® RTM6 are employed to fabricate nanocomposites.  

Porous and compact samples with different filler content and thickness have been fabricated 

following a top-down approach. The phases of the fabrication process are sketched in Figure 1. 

GNPs are dispersed in acetone (m/V=1.4%) and mixed with a solution of epoxy diluted in acetone 

previously prepared by ultra-sonication (Step 1). The obtained paste is first deposited on a silicon 

non-sticky support using a semiautomatic tri-axes pantograph (Step 2). Then, the material is 

dried at room temperature all night to let the solvent evaporate. The result, at this stage, is a 

porous deposition. Porous coating of different thicknesses and filler content of 50 wt%, 70 wt% 

and 90 wt% have been fabricated. 

Compact samples are produced by adding a calendering step in the fabrication process (Step 3). 

The porous deposition of Step 2 is compacted, promoting particle orientation, and reducing the 

thickness by about four times. The final pre-impregnated layer is obtained by pressing and curing 

the layer at increasing compaction pressure up to 10 bars [11,12]. This process allows the 

production of flexible thin films with different filler content (from 10 to 90 wt%) [9,11,13]. Since 

these films are impregnated with polymer, they can be assembled to fabricate thick laminates, 

through a compression moulding process, applying a pressure of 40-50 bar. Samples with filler 

contents of 50, 70, and 90 wt% are manufactured at a nominal thickness of 1 mm (⁓20 stacked 

films). 

The list of fabricated samples is reported in Table 1. 

 

Figure 1. Manufacturing process: Step 1) Dispersion and mixing of GNP particles in acetone 

with epoxy; Step 2) spray deposition; Step 3) Calendering 
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(a) 

 
(b) 

Figure 2. Surface of porous (a) and compact (b) sample 

Table 1. List of tested material: C=compact; P=Porous 

System Fabrication process 
Level of 

compaction 

Thickness 

[mm] 

Filler content 

[wt%] 

(i) Spray + calendaring C ~ 0.10 10, 20, 40, 50, 70, 80, 90 

(ii) 
Spray + calendaring+ 

Compression moulding 
C ~ 1.00 50, 70, 90 

(iii) Spray P ~ 0.07 50, 70, 90 

(iv) Spray P ~ 0.20 50, 70, 90 

 

The morphology of the two architectures, porous and compact, has been investigated 

employing scanning electron microscopy (SEM) (FEI Quanta 200 FEG). Samples are fractured in 

nitrogen to have a picture of the internal cross-section. 

The shielding ability of the sample listed in Table 1 is investigated, in the X-band, using a 

waveguide measurement setup. Rectangular samples of dimensions 22.86 mm x 10.16 mm are 

placed, filling the section of a WR-90 rectangular guide, and five measurements are collected for 

each sample (see Figure 3).  

The reflection, absorption, and transmission contributions are computed according to Eq.(1) 

[14]. 
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S11 and S21 are the reflection and transmission coefficient at the sample, respectively (see Figure 

3).  

 

Figure 3. Measurement Setup 
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3 Results and discussion 

Figure 4 and Figure 5 report SEM images of the cross-section (fractured surface) of porous and 

compact samples. By comparing the pictures, it is evident that the morphology significantly 

modifies when the calendaring process is added, passing from a chaotic to a well-aligned 

nanoarchitecture.  

Also, by observing SEM images of compact samples (Figure 5), it appears that the nanostructure 

significantly modifies with increasing filler content. For samples with 10 and 20 wt% GNPs 

contents, the nanostructure is chaotic, while for filler content greater than 50 wt% the particles 

are highly oriented, with a laminated inner architecture and uniform texture. The nanoparticles 

geometry (i.e. high aspect ratio) combined with the processing technology ensure a good 

alignment in the plane at high filler content, resembling nacre architecture. However, samples 

with GNP content of 70 wt% show a more organised inner structure with nanoplatelets leaned 

on the film plane. Above this critical content the inner structure is threatened by dry spots and 

empty areas.  

 

 

Figure 4. SEM images at two different magnifications of “porous” sample with 50/50 wt/wt 

 

 

Figure 5. SEM images at two different magnifications of “compact” sample with different 

nominal filler content 

The results of the X-band waveguide measurement are reported in Figure 6. Reflection and 

absorption contributions are computed according to Eq. (1). 

A comparison between thin compact and porous samples for different filler content is reported. 

It appears that by making the nanostructure porous, the reflection coefficient decreases, and 

absorption increases. Also, in the compact sample, two different trends can be identified 

according to filler content: 

• For wf<40% reflection and absorption have an increasing and a decreasing trend 

respectively, with increasing filler content; 

• For wf>40% the influence of filler content is negligible. 

In general, the power transmitted through the sample diminishes when reflection and 

absorption increase. Both reflection and absorption depend on the material characteristics and 

thickness of the sample.  
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Figure 6. Reflection and absorption contribution of thin compacted vs porous samples at a 

different filler content 

According to the SEM images in Figure 4 and Figure 5, it appears that for high filler content, the 

material has a well-ordered nanostructure with nanoplatelets oriented in the plane direction. In 

this configuration, when the EM waves cross the material, reflection increases. On the contrary, 

for low filler content, the nanostructure is less organized, with nanoparticles randomly oriented 

in the volume. In this case, a small absorption contribution appears. 

The absorption capacity of the material can be expressed in terms of the effective absorption 

coefficient, as: 

1
eff

A
A

R
=

−
 (2) 

Thus, a comparison between reflection, effective absorption, and transmission coefficients for 

the four systems (i-iv), for filler content of 50, 70 and 90 wt%, is reported in Figure 7. It appears 

that: 

− Reflection (R) increases with thickness, and slightly decreases from compact to porous 

structures. 

− Effective absorption (Aeff) increases with thickness, both for compact and porous 

structures. 

− Transmission (T) decreases with increasing thickness both for compact and porous 

structures. 

 
(a)    (b)    (c) 

Figure 7. Contributions of reflection, absorption, and transmission for the four systems for 

samples with 50 wt% (a); 70 wt% (b) and 90 wt% (c) 
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By making the nanostructure porous, reflection decreases, and absorption increases [15]. Both 

for compact films at low filler content and porous samples, the chaotic structure allows better 

absorption. At the same time, the randomly oriented nanostructure reduces the reflection 

capacity of the material due to a worse alignment of the nanoplatelet of the surface.  

By increasing the thickness of the sample, both reflection and absorption increase. In the case 

of compact samples, a higher compaction pressure applied during the fabrication process leads 

to a higher level of alignment of the nanoplatelet, which results in a higher reflection capacity 

of the material [16]. For both porous and compact samples, absorption increases with increasing 

thickness due to the higher amount of material.  

On the contrary, the reflection mechanism, which appears linked to the level of alignment, could 

be related to the electrical conductivity, which is here measured referring to the static case, and 

reported in Errore. L'autoriferimento non è valido per un segnalibro.. 

Table 2. Electrical conductivity of compact GNP/Epoxy films 

F/M 

[wt/wt] 

Electrical conductivity 

[S/m] 

50/50 1.6 x 104 

70/30 4.5 x 104 

90/10 4.7 x 104 

 

 

 

(a) (b) 

Figure 8. Schematic representation of (a) aligned/compact (i, ii) and (b) chaotic/porous (iii, iv) 

nanoarchitecture 

 
(a)    (b)    (c) 

Figure 9. Shielding effectiveness in reflection, absorption and transmission for the four systems 

for samples with 50 wt% (a); 70 wt% (b) and 90 wt% (c) 
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A quantitative measure of the EM shielding is the shielding effectiveness (SE), which is measured 

in decibels (dB) [14]. The shielding effectiveness of the material has been computed according 

to Eq.(3), and it is reported in Figure 9. The shielding effectiveness in transmission increases with 

increasing thickness both for compact and porous systems and it is maximum in the case of 

nanolaminates (ii).  
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 (3) 

 

Pi, Pr, Pt and Pa are the incident, reflected, transmitted and absorbed power referred to the 

sample, respectively.  

 

4 Conclusions 

The shielding effectiveness in the X band of graphene-based nanocomposites has been 

experimentally investigated. The effect of the material architecture on the capacity to attenuate 

the electromagnetic waves has been assessed through experimental analysis.  

It is found that at low filler content, given the random orientation of nanoplatelets within the 

volume, the EM waves are partly absorbed. On the contrary at high GNP content, given the high 

level of organization and alignment in the plane of the nanoparticles, the EM waves are mostly 

reflected. In a laminated compact structure, the SE is mainly governed by reflection, since the 

densely stacked platelets are more favourable for reflecting the EM waves. On the other hand, 

in the porous structure, waves pass through the surface of the material, moving in a cell-like 

configuration. According to these observations, it is found that porous-thick samples (iii) 

promote absorption, while compact-thick samples (iv) promote reflection. Maximum effective 

absorption of 80% was shown for system (iii) with 50 wt%, while a maximum reflection of 93% 

was shown for system (iv) with 90 wt%. 

Therefore, the materials are able to block the incident radiation, thanks to a combined effect of 

absorption and reflection, with a maximum shielding effectiveness of 18 dB. 
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Abstract: Buckypaper is gaining increasing importance in various applications due to its high 

thermal and electrical conductivity, flexibility, biocompatibility along with its nanoscale, porous 

structure. Impregnation of buckypaper with polymer resins allows for creating polymer 

nanocomposite films with superior functional and mechanical properties; however, existing 

approaches for fabrication of buckypaper-based nanocomposites often require arduous, long 

processing conditions and are not suitable for scalable fabrication of nanocomposites. Here, we 

present our recent progress on rapid and facile development of buckypaper-thermoset 

nanocomposite films at ambient conditions and without any expensive equipment using a low-

viscosity resin system that easily impregnates into the carbon nanotube network and that can 

be cured rapidly in a few minutes with minimal energy input. 

Keywords: buckypaper, frontal polymerization, rapid curing, nanocomposites 

1. Introduction 

Addition of nanoparticles (e.g., carbon nanotubes, graphene, boron nitride nanotubes) to 

polymers and creation of polymer nanocomposites is a widely used approach for imparting 

various functional properties to the host polymer (e.g., electrical and/or thermal conductivity) 

and/or for enhancing the mechanical properties of polymers. Early approaches for creation of 

nanocomposites mainly relied on mixing/dispersing nanoparticles into polymers via solvent-

based approaches or direct mechanical mixing techniques [1,2]. While these approaches are 

useful for bulk preparation of polymer nanocomposites, they suffer from challenging processing 

steps, safety hazards, and limited amount of nanoparticles that can be added to polymers [1]. 

For example, in preparation of carbon nanotube-modified polymers, often less than 1 wt.% of 

nanotubes can be added to polymers, as increasing the nanotube content substantially increases 

the resin viscosity, making the processing conditions quite challenging. Additionally, it is 

extremely difficult to evenly disperse all nanotubes, resulting in agglomeration of nanoparticles 

in the polymer matrix and degradation of mechanical properties of produced nanocomposites 

compared to the pristine polymer. 

An alternative approach for preparation of polymer nanocomposites with a high content of 

nanoparticles is creation of papers or films of nanoparticles followed by impregnation of the 

produced nanostructured papers by polymer resins. Buckypaper, which is a macroscopic 

assembly of carbon nanotubes, is one of such papers that has been produced at large scales and 
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is commercially available in rolls of hundreds of square meters [3,4]. Other examples of 

nanostructured papers include sheets of graphene and boron nitrite nanotube (BNNT) papers 

[5,6]. Use of such papers allows for creating polymer nanocomposites with high concentrations 

of nanoparticles (up to 30 vol.%) while enabling easier and safer handling of nanoparticles 

compared to bulk counterparts. We have previously used buckypapers and BNNT papers to 

produce epoxy-based nanocomposite films with desired electrical and thermal properties [6–9]. 

Nanocomposite films were previously prepared by infiltration of nanoparticle networks with a 

thermosetting resin under vacuum and often at elevated temperatures to reduce the resin 

viscosity and facilitate the impregnation of the highly dense, porous network of nanotubes. 

Following the infiltration step, the material was cured in an oven according to the cure cycle of 

the thermosetting resin, which can typically take several hours for achieving a fully crosslinked 

polymer network. These processing steps make the manufacturing process slow and energy 

intensive. 

Here, we present a facile approach for rapid and energy-efficient fabrication of thermoset-based 

nanocomposite films at room temperature without using any vacuum conditions or ovens and 

in a few minutes as opposed to several hours of processing required in traditional approaches. 

In this new approach, we use a low-viscosity resin (h ~1.5 cP) based on dicyclopentadiene (DCPD) 

that can readily impregnate buckypaper networks at room temperature and ambient pressure. 

Following the rapid impregnation, the DCPD-based resin is cured via frontal polymerization [10]. 

Frontal polymerization (FP) is a promising alternative to traditional curing strategies that can 

substantially reduce the cure time and manufacturing energy of thermosets and their 

composites. In FP, a monomer solution containing a latent catalyst is heated locally to activate 

the latent catalyst and initiate an exothermic polymerization reaction [11]. The released heat is 

used to activate more catalyst and polymerize more resin. As a result, a self-propagating 

reaction wave is formed that propagates through the monomer solution until all available 

monomer is converted to polymer. Use of the frontally polymerizable DCPD resin system in 

processing of the nanocomposite films allows for rapid and net-zero energy curing of the 

thermoset matrix. The resulting frontally cured polymer is polydicyclopentadiene (pDCPD), 

which is a high-performance thermoset polymer with mechanical properties comparable to 

those of aerospace-grade epoxies, high fracture toughness (KIC ~3 MPa.m0.5), and high glass 

transition temperature (Tg ~120 °C), making it an ideal polymer for fabrication of durable and 

tough nanocomposites [12–14]. 

2. Experimental  

Dicyclopentadiene (DCPD), 5-ethylidene-2-norbornene (ENB), and second-generation Grubbs 

catalyst (GC2) were purchased from Sigma Aldrich and used as received. DCPD is solid at room 

temperature, therefore a 95:5 wt% solution of DCPD:ENB was prepared in order to depress its 

melting point. The DCPD/ENB solution will be referred to as DCPD resin hereafter in this article. 

Phenylcyclohexane (PCH) and tributyl phosphite (TBP) were obtained from TCI America. PCH is 

used to facilitate the dissolution of the GC2 catalyst in the resin solution, whereas TPB is used 

as an inhibitor to control the reactivity and pot life of the resin system. In a typical experiment, 

3.21 mg of GC2 was measured and dissolved in 400 µL of PCH. An appropriate amount of TBP (1 

molar equivalent with respect to GC2) was added to the GC2/PCH solution via a volumetric 

syringe. This solution was then added to 5 mL of DCPD and thoroughly mixed. Buckypapers were 

prepared in-house using the vacuum filtration technique. 

962/1602 ©2022 Ashrafi et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

Nanocomposite films were prepared by droplet casting of resin onto the surface of buckypaper. 

Upon dropping a few droplets of resin, the resin was let to saturate the nanotube network, after 

which the excess resin was removed using a Kimwipe. Frontal polymerization was initiated by 

heating the DCPD-impregnated buckypaper using a laboratory-scale hot plate at ~140 °C. Since 

the thickness of the film is low (~100-200 µm), the propagation of the FP reaction through the 

thickness was not noticeable, and the overall cure process, from initiation to full cure, was done 

within a few minutes. In other words, the resin was used here as a cure-on-demand resin system 

rather than as an FP-curable resin.  

2. Results and discussions 

An ideal resin system for fabrication of buckypaper-based nanocomposites with a high density 

of nanotubes and low void content should have a low initial viscosity, long pot life at room 

temperature while being rapidly curable at elevated temperatures, and chemical compatibility 

with buckypaper for easy impregnation. Additionally, the resulting polymer should exhibit 

excellent thermomechanical properties. DCPD offers most of these attributes; therefore, we 

studied the processing of buckypapers impregnated with this cure-on-demand resin to explore 

the feasibility of fabrication of pDCPD-buckypaper nanocomposite films under mild processing 

conditions compared to traditional approaches used for epoxy resins.  

The results of room-temperature rheological measurements on the DCPD resin are shown in 

Figure 1a,b. The initial viscosity of resin remained unchanged for approximately two hours, after 

which it slowly increased and reached a value of 750 Pa.s after five hours (Figure 1a); however, 

a b

c d

Figure 1. (a, b) Rheological profile of the DCPD resin system. (c) Thermal profile of an uncured 

resin sample and a cured polymer sample measured by DSC. (d) Contact angle measurement 

for a droplet of DCPD resin on the buckypaper substrate. 
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no gelation was observed within the five hours of the measurement (Figure 1b). As opposed to 

conventional epoxy resins, which have a high initial viscosity and short pot life, the low initial 

viscosity along with the long pot life of DCPD resin enable facile impregnation of buckypaper at 

room temperature and ambient pressure without the need for adding any solvents, which is 

highly desirable from the processing point of view. In addition, while the catalyzed 

dicyclopentadiene resin is stable for a few hours at room temperature, it rapidly cures at 

elevated temperatures and yields a fully cured solid polymer within a few minutes. Figure 1c 

shows the results of differential scanning calorimetry (DSC) measurements on an uncured DCPD 

resin sample as well as a sample cured at 140 °C for 5 min. The tall and sharp exothermic peak 

observed in the thermal profile of the uncured resin sample, which indicates the cure 

temperature range, clearly disappeared in the thermal profile of the cured sample. As a result, 

a high degree-of-cure (~99%) could be achieved by curing the resin for only five minutes. 

Contact angle measurements were also carried out to evaluate the wettability of buckypaper by 

the DCPD resin (Figure 1d). While an instant contact angle of 17° was formed between DCPD 

resin and buckypaper, the resin completely infused into the porous structure of buckypaper 

within a few seconds due to its low viscosity, demonstrating excellent compatibility between 

the resin and buckypaper.  

Several nanocomposite samples were prepared using droplet casting method. Compared to the 

pristine buckypaper, which is weak and fragile, the nanocomposite films are mechanically robust 

and can withstand various forms of deformation including twisting and bending. Scanning 

electron microscopy imaging (SEM) was used to observe the microstructure of the cured 

a b

dc

Figure 2. (a, b) Scanning electron microscopy (SEM) images from the cross-section of a 

nanocomposite film at two magnifications: (a) 500x and (b) 5000x. (c, d) Results of 

electrothermal measurements on nanocomposite films: (c) Correlation between input voltage 

and the saturated temperature, and (d) Steady-state temperature as a function of input power. 
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nanocomposite samples and gain an understanding of the quality of the impregnation process. 

Figures 2a,b present the SEM images taken from the cross-section of a nanocomposite sample 

at two different magnifications. The image captured at the higher magnification (Figure 2b) 

reveals a high quality of impregnation and low volume fraction of pores in the produced 

nanocomposite film, which are necessary for producing films with a good mechanical 

performance. The low-magnification image shows a thin layer of neat resin is formed at the 

surface (Figure 2b), which might affect electrical and mechanical properties of the produced 

nanocomposite. 

We evaluated the electrothermal (Joule heating) performance of the nanocomposites by 

applying various input voltages across the specimens and measuring their time-dependent 

temperature profiles. The nanocomposites demonstrate excellent electrothermal performance, 

where a steady-state temperature of ~135 °C was realized at a low input voltage of 11 V (Figure 

2c). The linear relationship between input power and steady-state temperature also 

demonstrates that the nanocomposite heater follows Joule’s law (Figure 2d). 

3. Conclusions 

We used a frontally curable thermoset resin with a low initial resin viscosity to fabricate 

buckypaper-based polymer nanocomposites. The low resin viscosity allowed for quick 

impregnation of the carbon nanotube network at room temperature and ambient pressure. 

Following the impregnation step, complete curing of the matrix resin was achieved in a few 

minutes via through-thickness heating of the material. The quality of produced nanocomposite 

films was determined by performing thermal characterization and electron microscopy imaging. 

Additionally, excellent electrothermal performance was obtained for the produced 

nanocomposites. Future efforts will focus on characterizing the tensile properties of 

nanocomposite films and comparing them with buckypapers and neat resin films. 
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Abstract: The incorporation of graphene materials can further improve the thermal and 

mechanical properties of composites. Yet, the use of graphene derivatives that were 

functionalized using plasma treatment is relatively unexplored. This study evaluates the change 

of the thermal and dynamic mechanical properties of nanocomposites and graphene-enhanced 

carbon fiber reinforced polymers (g-CFRP) by incorporating a non-functionalized form of reduced 

graphene oxide (rGO) and its amine-functionalized derivative (frGO) which was subjected to 

plasma treatment. The nanocomposites exhibited a strong increase of the thermal diffusivity and 

conductivity by up to 27% especially with high weight fractions of frGO. This was in contrast to 

the g-CFRP specimens that demonstrated a drastic reduction of these two thermal 

characteristics, but also exhibited a high void content. An increased storage modulus was 

established for nanocomposites with (f)rGO inclusions, but the g-CFRP demonstrated no 

significant change. 

Keywords: Nanoparticles; Resins; Thermosets; Thermal analysis; Surface treatment  

1. Introduction 

The ever-increasing demands required from composite materials have resulted in the 

incorporation of new materials such as graphene and its derivatives. Given the outstanding 

mechanical [1], thermal [2] and electrical [3] properties as well as the very large specific surface 

area, very low contents of graphene materials can lead to drastic changes in the composite’s 
performance [4,5].  

In order to improve the dispersibility and bonding strength between graphene materials and the 

polymeric matrix, a tailored non-covalent or covalent functionalization can be applied to the 

particles [6,7]. Given that a covalent functionalization usually allows a stronger bonding of the 

functional groups to the particle’s surface, it also enables a more pronounced enhancement of 

the composite’s material properties [8-11]. In addition, it permits a much larger range of 

different properties than a non-covalent functionalization [6]. For composite materials that use 

epoxies as their polymeric matrix, a functionalization of the used graphene materials with amine 

groups is particularly important as these functional groups can take part in the polymerization 

process [12,13]. 
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A covalent functionalization of graphene materials is usually carried out using tedious chemical 

processes in which large volumes of hazardous solvents and reagents are applied in a number 

of various non-robust and time-consuming processing steps that cannot be scaled to large 

quantities [14,15]. An alternative covalent functionalization process is the application of plasma 

treatment. Here, the ionized forms of gases such as NH3 or O2 are employed to create the 

respective functional groups on the particle’s surface with very short process times of a few 
seconds to minutes [6,16]. Furthermore, plasma treatment is comparatively easy to scale by 

extending the size or number of reactors. Yet, the characteristics of nanocomposites as well as 

graphene-enhanced carbon fiber reinforced polymers (g-CFRP) that incorporate graphene 

materials that underwent a plasma functionalization process is currently not well understood. 

This work evaluates the influence of two varieties of reduced graphene oxide on the thermal 

and mechanical properties on nanocomposites and g-CFRPs. Both types of composite materials 

were comprised of an epoxy matrix and incorporated either a non-functionalized or an amine-

functionalized grade of reduced graphene oxide for which the amine functional groups were 

created by plasma treatment. The thermal properties of the neat polymer, nanocomposite, neat 

carbon fiber reinforced polymer (CFRP) and g-CFRP were evaluated by quantifying the specific 

heat capacity, thermal diffusivity and thermal conductivity. Similarly, the mechanical 

performance of the materials was evaluated by means of dynamic mechanical analysis. This 

information will facilitate the choice of materials for various applications.  

2. Materials and methods 

2.1 Materials 

Graphit Kropfmühl GmbH (Hauzenberg, Germany) supplied two varieties of graphene 

derivatives in the form of a non-functionalized reduced graphene oxide EXG 98300 R (rGO) and 

an amine-functionalized reduced graphene oxide EXG 98300 R FNH (frGO) for which the 

functionalization was realized by the manufacturer by applying NH3 in a low-pressure gas 

plasma. These two particulate materials were used as received. The epoxy resin Biresin® CR83 

and the amine-based hardener Biresin® CH83-10 were obtained from Sika Deutschland GmbH 

(Stuttgart, Germany) and used as the matrix material. This system has a low mixed viscosity 

(155 mPa s at 25 °C) and matches the functional groups of the frGO particles. ZOLTEK™ 
(Bridgeton, USA) PX35 tow 50k with 200 g m-2 unidirectional carbon fibers were incorporated in 

the case of the CFRP samples. 

2.2 Sample preparation 

The dispersion of the (f)rGO particles in the epoxy resin using the three roll mill 80S PLUS from 

EXAKT Advanced Technologies GmbH (Norderstedt, Germany) to create (f)rGO/resin 

masterbatches are explained in detail elsewhere [17]. For the manufacturing of the neat 

polymer and nanocomposite specimens, the (f)rGO/resin masterbatches were manually mixed 

with the required amount of hardener and, if applicable, more resin to dilute the suspension to 

lower (f)rGO weight fractions. The resin/hardener mixing ratio of 100:30 parts by weight was 

used for all specimens. Next, the uncured suspensions were degassed in a vacuum chamber and 

subsequently casted into molds. The unidirectional g-CFRP laminates with 1.50 wt% (f)rGO with 

respect to the matrix were produced at room temperature using the automated laboratory-scale 

prepreg plant at the University of Bayreuth, Germany. After prepreg creation, the rolls were 

stored at -20 °C until they were further processed by hand lay-up. Depending on the required 
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specimen thickness, four or eight plies were stacked on top of each other at 0° fiber direction 

and enclosed by a vacuum bagging set-up. The neat CFRP laminate was produced using a vacuum 

resin infusion set-up. Both the nanocomposite and (g-)CFRP samples were left to cure for 48 h 

at room temperature and experienced a thermal post-curing in which they were heated from 

room temperature to 70 °C with 0.2 °C min-1, maintained at 70 °C for 12 h and cooled to room 

temperature at 0.5 °C min-1. 

2.3 Characterization 

Differential scanning calorimetry (DSC) was used to determine the specific heat capacity 𝑐𝑝 of 

the various materials. Using a TA Instruments (New Castle, USA) DSC 2920 and in accordance to 

DIN EN ISO 11357-4:2021 [18], the specimen was first maintained at -20 °C for 2 min and 

subsequently heated to 70 °C at a heating rate of 5 °C min-1. Three samples per material 

configuration were evaluated in a nitrogen atmosphere and using a modulated DSC.  

Laser flash analysis (LFA) was applied to measure the thermal diffusivity 𝑎 of the materials in 

accordance to DIN EN ISO 22007-4:2017 [19]. A total of three specimens per material 

configuration was analyzed using a Netzsch (Selb, Germany) Nanoflash LFA 447 for the neat 

polymer as well as nanocomposites and a Netzsch 467 Hyperflash for the (g-)CFRP laminates. 

Each specimen was analyzed four times in succession at the isothermal testing temperatures of 

room temperature, 40 °C and 60 °C. This data in conjunction with the determined specific heat 

capacity and density was used to calculate the thermal conductivity 𝜆 using 𝜆 = 𝑐𝑝𝑎𝜌.                   (1) 

The density 𝜌 of the neat polymer, nanocomposites and (g-)CFRP materials was measured using 

the procedure as detailed in DIN EN ISO 1183-1:2004 [20]. The fiber volume fraction Vf and void  

content Vo of the various (g-)CFRP laminates was evaluated by acid digestion based on DIN EN 

ISO 2564:2018 [21].  

Dynamic mechanical analysis (DMA) was conducted to examine the thermomechanical and 

viscoelastic performance of the different composites. In accordance to DIN 65583:1999 [22] and 

using a TA Instruments DMA 2980, three specimens per material configuration were heated 

from room temperature to 130 °C at a heating rate of 3 °C min-1 and a frequency of 1 Hz. 

3. Results and discussion 

3.1 Thermal properties 

The mean specific heat capacity of the various material configurations with respect to 

temperature is illustrated in Figure 1. A slight increase of the specific heat capacity with 

increasing temperatures can be observed for all samples. Small variations can be established 

between the neat polymer and nanocomposite samples, but the error of the measurements is 

too large to establish a significant effect of the (f)rGO particles. Similarly, no significant effect 

can be confirmed between the neat CFRP and the g-CFRP specimens. 

In contrast to the specific heat capacity, the thermal diffusivity of the neat polymer and 

nanocomposites is approximately constant with increasing temperatures (cf. Figure 2(i)). Yet, a 

significant effect of the presence of (f)rGO can be established. Increasing contents of (f)rGO 

result in a higher thermal diffusivity and the impact is more pronounced for frGO than for rGO.  
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Figure 1. Mean specific heat capacity of the evaluated composites as obtained by DSC.  

(i)      (ii) 

  

Figure 2. Mean thermal diffusivity and respective expanded uncertainty for a coverage 

probability of 95% of the evaluated composites as obtained by LFA. (i) Neat polymer and 

nanocomposites. (ii) Neat CFRP and g-CFRPs.  

For example, the thermal diffusivity of the 1.50 wt% frGO nanocomposite is 7% and 24% higher 

than the thermal diffusivities of the 1.50 wt% rGO nanocomposite and neat polymer at room 

temperature respectively. Unlike the behavior of the nanocomposite samples, the (g-)CFRP 

specimens exhibit a small decrease of the thermal diffusivity with rising temperatures (Figure 

2(ii)) which is expected for composite materials with high weight fractions of carbonaceous 

materials [23]. Nonetheless, a drastic reduction by 54% (72%) in comparison to the neat CFRP 

can be established for the 1.50 wt% rGO CFRP (1.50 wt% frGO CFRP) specimens. This is contrary 

to expectations as the available literature establishes an increase of the thermal diffusivity with 

the addition of graphene materials to CFRPs [24]. This inferior performance of our g-CFRP 

materials is most likely linked to the high porosity of those specimens. As can be deduced from 

Table 1, the specimens demonstrate similar fiber volume fractions. However, the void content 

of the g-CFRP laminates is drastically higher and the densities are slightly lower than those 

observed in the neat CFRP. Our previous work [17] has shown that the nanocomposites exhibit 

a homogeneous distribution of the graphene materials with no visible voids or agglomerates. 
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Furthermore, the viscosity of the suspensions with 1.50 wt% (f)rGO was several times higher 

than the viscosity  range of 1.5 – 2.4 Pa s that is recommended for the production of high quality 

laminates to enable a suitable processing behavior and a sufficient wetting of the fibers [25]. 

Consequently, the high void content of our g-CFRP samples can be ascribed to the high 

viscosities of the used suspensions that limit the processability for the used vacuum bagging 

setup. These voids are also associated with a reduction of the thermal diffusivity [26,27]. 

Moreover, the decrease of the thermal diffusivity is also linked to the shape of the laminate’s 
voids. For example, unidirectional fiber reinforced polymers like the ones analyzed in this work 

typically exhibit pores with the shape of elongated ellipsoids which are also associated with a 

more drastic reduction of the thermal diffusivity than spherical pores [27,28]. 

Table 1: Mean fiber volume fraction, void content and density of the neat CFRP and g-CFRP 

specimens. The error (expanded uncertainty) is stated for a coverage probability of 95%.  

Matrix of CFRP Fiber volume fraction Vf [%]  Void content Vo [%] Density 𝜌 [g/cm³] 

neat polymer 53.1 ± 1.9 1 ± 1 1.5 ± 0.0 

1.50 wt% rGO 51.6 ± 1.0 6 ± 1 1.4 ± 0.0 

1.50 wt% frGO 52.8 ± 3.3 5 ± 1 1.4 ± 0.0 

 

The thermal conductivity is influenced by the specific heat capacity as well as the thermal 

diffusivity and the established results for the various material configurations are visualized in 

Figure 3. Similar to the specific heat capacity, the thermal conductivity of all samples increases 

with rising temperatures. Moreover, the influence of (f)rGO is similar to the thermal diffusivity 

as a significant increase of the nanocomposites’ thermal conductivity can be observed with 
higher (f)rGO loadings. Comparably, a drastic reduction of the thermal conductivity of the g-

CFRP materials must be noticed.  

(i)      (ii) 

  

Figure 3. Calculated mean thermal conductivity and respective expanded uncertainty for a 

coverage probability of 95% of the evaluated composites. (i) Neat polymer and 

nanocomposites. (ii) Neat CFRP and g-CFRPs.  
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3.2 Mechanical properties 

The mechanical characteristics were analyzed by the use of DMA and the results are visualized 

in Figure 4. When comparing the nanocomposite samples to the neat polymer, a significant 

increase of the storage modulus in the glassy region E’g can be observed. A maximum increase 

of 38% (35%) with respect to the neat polymer can be established for the 1.50 wt% rGO 

(1.50 wt% frGO) nanocomposite. The stiffness of the neat CFRP and g-CFRP specimens as 

established by the storage modulus below the glass transition temperature exhibits no 

significant differences as this material characteristic is primarily governed by the carbon fibers 

and not the matrix material. Yet, a decrease of tan δ and a wider peak broadness can be 
established for the nanocomposite and g-CFRP materials. This indicates an improved interfacial 

bonding especially in the case of the frGO particles [29]. 

(i)      (ii) 

  

Figure 4. Mean dynamic mechanical properties of the evaluated composites as obtained by 

DMA. (i) Neat polymer and nanocomposites. Note that the curves for 1.50 wt% rGO and 

1.50 wt% frGO are nearly identical. (ii) Neat CFRP and g-CFRP.  

4. Conclusion 

This work examined the impact of the addition of rGO and plasma-treated frGO to epoxy-based 

nanocomposites and g-CFRPs on the thermal and mechanical properties. The presence of (f)rGO 

particles in the nanocomposites as well as the g-CFRPs did not affect the specific heat capacity. 

Yet, the nanocomposites demonstrated an enhanced thermal diffusivity and thermal 

conductivity of up to 24% and 27% respectively in the case of 1.50 wt% frGO. A drastic reduction 

of the thermal diffusivity as well as conductivity was, however, observed in the g-CFRP 

specimens which was likely to be caused by the high void content in these specimens. The 

characterization of the mechanical properties by DMA established an increasing stiffness of up 

to 38% in the case of nanocomposites with higher weight fractions of (f)rGO. No significant effect 

on the storage modulus was established between the neat CFRP and g-CFRPs as this parameter 

is primarily affected by the fibrous reinforcement. Yet, an enhanced interfacial bonding in the 

nanocomposites and g-CFRPs was observed especially in the case of frGO. These results suggest 

the opportunities for the use of rGO and particularly frGO in composite materials. Nonetheless, 

efforts are required to realize g-CFRPs with a high laminate quality that enable the use of the 

full potential of rGO as well as frGO.  
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Abstract: The main challenges in the development of CNTs reinforced metal matrix composites 

are the inhomogeneous distribution of CNTs in the metal matrix and the poor interfacial bonding 

between CNTs and metal. Thus, surface modification of CNTs with a suitable coating material 

prior to composite processing is a promising solution to overcome these issues. In this work, 

coated CNTs are used to improve the dispersion and the wettability of CNTs by the Mg matrix. 

This investigation found that a more homogeneous dispersion and better wettability could be 

achieved by using Ni-coated CNTs in comparison to pristine CNTs in AZ91 matrix. 

Keywords: carbon nanotubes; coating; lightweight metal; metal matrix composites 

1. Background 

The use of advanced lightweight materials specifically in the automotive and aerospace 

industries is highly potential to produce vehicles with excellent performance and to reduce the 

energy consumption and greenhouse gas emission which would fulfill future emission 

regulations [1,2]. Consequently, the increasing demands for energy efficient materials leads to 

a growing interest in magnesium (Mg) which is widely abundant and known as the lightest 

structural metal offering up to 30 and 70% weight saving in comparison to the more commonly 

used aluminium (Al) and steel, respectively. Mg possesses many desirable properties such as 

excellent specific strength, good castability and machinability, high damping capacity, good 

electromagnetic shielding and nontoxicity [3,4]. However, the use of Mg and its alloys is limited 

due to their poor creep resistance, low strength and modulus at high temperatures, and low 

wear resistance [5]. 

     The limitations of Mg and its alloys can be overcome through the fabrication of Mg 

composites by adding metallic or ceramic reinforcements. Among the various types of 

reinforcements, nanoscale reinforcements are more preferred than the micron-sized 

reinforcements since the later tend to severely decrease the ductility and strength of the 

composite due to their susceptibility to cracking and forming large voids at the particle-matrix 

interface [4]. Particularly, multiwalled carbon nanotubes (MWCNTs) are considered as ideal 

reinforcements in Mg matrix composites due to their high aspect ratio and superior mechanical 

and thermal properties [6,7]. In the recent years, many works based on the fabrication of CNTs 

reinforced Mg matrix composites which showed significant improvement in the mechanical 

properties of the composites have been reported in the literature. Some of these results are 

highlighted in Table 1. 
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Table 1: Summary of highlighted works based on the fabrication of CNTs reinforced Mg matrix 

composites 

Type of 

composite 

MWCNTs loading 

(wt%) 

% increase relative to the pure matrix 
Ref 

Yield strength Ultimate strength Ductility 

Mg-MWCNTs 1.3 Tensile: 11 Tensile: 9 Tensile: 69 [8] 

AZ31-MWCNTs 0.5 Compression: 58 Compression: 3 Compression: 5 [9] 

  Tensile: 10 Tensile: 17 Tensile: 68  

AZ31-MWCNTs 1.0 Tensile: 17 Tensile: 3 Tensile: 24 [10] 

AZ31-MWCNTs 1.0 Tensile: 31 - Tensile: 124 [11] 

AZ91- MWCNTs 0.1 Compression: 10 Compression: 20 Compression: 36 [12] 

AZ91-MWCNTs 1.0 Tensile: 47 Tensile: 64 Tensile: 112 [13] 

 

     However, comparison between the experimental and theoretical yield strength shows a large 

discrepancy in the results due the idealistic assumptions used in the theoretical calculations 

where the MWCNTs are perfectly aligned and individually dispersed with an ideal interface with 

the matrix [12]. CNTs tend to agglomerate due to their large surface area that promote inter-

tube bonding via the van der Waals forces therefore leading to an inhomogeneous dispersion of 

the nanotubes in the matrix. Additionally, CNTs cannot be wetted by Mg which prevents an ideal 

stress transfer from the matrix to the CNTs to occur. Therefore, the main challenges in the 

fabrication of CNTs reinforced Mg matrix composites are (1) to obtain a homogeneous 

distribution of the CNTs in the matrix and (2) to achieve a good wettability between the CNTs 

and the matrix. In this work, coated CNTs are used in the fabrication of AZ91 composite in order 

to improve the wettability between the CNTs and the matrix and subsequently to achieve a 

uniform dispersion of the CNTs in the matrix. 

 

2. Results and discussion 

2.1 Characterisation of coated CNTs 

Figure 1 shows the characteristics of pristine and Ni-coated CNTs as investigated by using TEM. 

In comparison with the pristine CNTs, the Ni-coated CNTs shows the formation of spherical 

aggregates with an average size of 7.0 ± 1.9 nm that are also connected with a thin layer of 

coating with a rough thickness of 2.2 ± 1.9 nm therefore giving a quasi-continuous layer of Ni 

coating along the individual tubes. Based on the coating morphology and the good wettability 

between Ni and Mg AZ91 which had been reported in the literature [16], it can be presumed 

that the individual tubes can be sufficiently wetted by the matrix during the composite 

fabrication. 
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Figure 1. TEM images of (a) pristine and (b) Ni-coated CNTs. 

 

2.2 Effect of coating on the dispersion of CNTs 

In order to investigate the state of dispersion of CNTs, the pristine and Ni-coated CNTs were first 

ultrasonicated in ethanol for 30 min. Figure 2 shows the optical micrographs of pristine and Ni-

coated CNTs dispersions in ethanol after the ultrasonication treatment. The pristine CNTs 

dispersion in Figure 1(a) shows large agglomerates of CNTs that are entangled together 

meanwhile much smaller agglomerates and a more homogeneous distribution of particles are 

observed in the Ni-coated CNTs dispersion in Figure 1(b). The improvement in the dispersion of 

Ni-coated CNTs can be attributed to the presence of Ni-coating layer which prevents the surface 

of the CNTs from being attracted together to form agglomerates. This investigation shows that 

a homogeneous dispersion of CNTs can be achieved by using ultrasonication either before or 

during the composite processing. 

  

Figure 2. Optical micrographs of (a) pristine and (b) Ni-coated CNTs dispersions in ethanol. 

 

2.2 Effect of coating on the strengthening of AZ91 matrix 

Pristine CNTs and Ni-coated CNTs reinforced AZ91 composites were fabricated by using a melt 

stirring technique as described in [12]. To investigate the strengthening effect of AZ91 matrix by 

the CNTs via grain refinement, the grain size of pure AZ91 alloy, and pristine CNTs and Ni-coated 

CNTs reinforced AZ91 composites was calculated as shown in Figure 3. The results showed that 

(a) (b

) 

(a) (b) 
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a grain size reduction by about 20% could be achieved by the addition of both pristine and Ni-

coated CNTs therefore contributing to the strengthening of the matrix by grain refinement. It is 

likely that the similarity in the grain size of pristine CNTs and Ni-coated CNTs reinforced AZ91 

composites is due to the low loading of CNTs used i.e. at 0.1 wt% pristine CNTs equivalent. 

  

  

  

Figure 3. Representative grain structures and grain size distribution of (a) pure AZ91, (b) 

pristine CNTs and (c) Ni-coated reinforced AZ91 composites 

         

     Furthermore, the wettability of the pristine and Ni-coated CNTs by the matrix were also 

investigated by SEM and the results are shown in Figure 4. Pristine CNTs were found in the matrix 
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as a huge agglomerate which was poorly wetted by the matrix therefore leading to the 

formation of a pore (Figure 4(a)). On the other hand, Ni-coated CNTs were observed to be almost 

completely infiltrated by the matrix (Figure 4(b)). This evidence shows that the presence of Ni 

coating can improve the wettability of CNTs by the Mg matrix which increases the potential of 

matrix strengthening via load transfer. 

   

  

Figure 3. SEM images of (a) pristine CNTs and (b) Ni-coated CNTs found in the AZ91 matrix. 
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Abstract: The interest to use carbon nanotubes (CNTs) to reinforce light metals has increased in 

recent years due to their potential application as lightweight high performance materials. One 

challenge in producing CNT composites is to achieve a homogenous dispersion of CNTs in the 

metal matrix. In order to effectively disperse CNTs in the Mg melt, we for the first time introduced 

the idea of using metal coated CNTs to promote the integration into Mg matrix. In this paper, Pt 

was selected to coat the CNT surface. TEM and EDX confirm that atomic Pt has been successfully 

deposited onto CNTs. The dispersion and stability of metal coated CNTs in solution have been 

investigated and compared to CNTs without metal coating. The Pt coated CNT reinforced Mg 

composites were also produced via a melt stirring process. The mechanical properties of such 

composites also showed a clear upward tendency, which we attribute to the Pt coating to help 

the dispersion of CNTs. 

Keywords: Lightweight metal composites; carbon nanotubes, dispersion, wettability.  

 

1. Introduction 

The automotive and aerospace industries have a perpetual need for advanced lightweight 

materials to enhance vehicle performance and to satisfy future legislation regarding greenhouse 

gas emissions. The aviation industry is one of the fastest growing sources of greenhouse gas 

emissions [1] and it is recognised that the uptake of emerging advanced materials is imperative 

for meeting future emission targets [2]. It has also been calculated that a 100kg weight reduction 

of an automobile can reduce the CO2 emissions by around 1600kg over a 10 year lifetime [3]. 

The UN Intergovernmental Panel on Climate Change estimated that “material substitution and 
advanced design could reduce the weight of vehicles by 20-30%” with the explicit mention of Al 
and Mg metals [4]. This highlights the importance of lightweight material development. 

Metal matrix composites reinforced with microscale particles have been shown to be a 

competitive alternative to unreinforced metals due to their improved strength, stiffness and 

hardness. However, these superior properties usually come at the expense of the ductility and 

machinability of the metal, and so this has limited their widespread use. Recently, research has 

transitioned from micro to nanoscale reinforcements. The manufacture of metal matrix 

nanocomposites (MMNCs) has shown the potential of improving metal strength whilst 

maintaining or even improving the metal’s ductility [5, 6]. Whilst the exact mechanisms 
underpinning the effects that nanoparticle reinforcements have on the metal matrix remain 
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unclear, it is well understood that a homogenous dispersion is critical for the exploitation of the 

potential improvements in mechanical properties; however, homogenous dispersion is 

extremely difficult to achieve. Therefore, a host of manufacturing methods have been explored 

for their sound fabrication, of varying cost effectiveness and scalability. 

Recently chemists have managed to coat metal atoms directly on the CNTs surface [7]. One 

promising way is to create an electrical charge on the surface of the CNTs by using different 

polyelectrolytes and then deposit the metal on the CNT surface. Coatings of CNTs with different 

metals give us the idea that it could help the dispersion of the CNTs in the metal matrix because 

the high specific surface energy can be reduced by the coated metals. Also an improved 

wettability of the metal coated CNTs in a metal matrix could be obtained through the metal 

coating, which may lead to a better interfacial bonding. Another advantage is that the metal 

coating can survive through the high process temperature of producing metal composites. The 

variety of metal coatings is big, for example copper, iron and nickel [8], platinum, palladium and 

tin [9], different metal complexes contained Pt, Mo and Pd [10] have all been tried. Simulations 

have been done to check the binding affinities and the interfacial structures of metal particles 

onto CNTs in a gold matrix [11]. One experimental example for such a MMC is a Sn-Ag-Cu solder 

with nickel-coated CNTs as reinforcements from Han [12].  

In our previous research, we have successfully produced CNT reinforced AZ91 composites by a 

two step process including a pre-dispersion and melt stirring [13-15]. In this work, we will coat 

CNTs with metal and produce their AZ91 composites. The metal coating and the composites will 

be characterized by various methods. 

 

2. Experimental 

CNTs were added to a beaker with aqueous solution of sodium chloride and then sonicated for 

one hour. Afterwards 400 mg of a PDDA solution was weighted in and stirred with 100 rpm for 

half an hour to make sure that the separated CNTs were covered with the positive electrolyte 

PDDA. The excess PDDA was removed by centrifugation cycles. The centrifuge was operated 

with a speed of 11000 rpm and a duration time of 8 min. The collected CNTs were redispersed 

in distilled water and 80 mg of the polyelectrolyte PSS. The solution was stirred at 100 rpm for 

another 30 min. The excess PSS was extracted by centrifugation with the same parameters like 

the PDDA before. Then the centrifuged CNTs were redispersed and another 400 mg PDDA was 

added, stirred again and washed by centrifugation afterwards using exactly the same 

parameters which were mentioned above. Now the CNTs have been coated by three 

polyelectrolyte layers on the surface and the outer polyelectrolyte has a positive charge on the 

CNTs outside wall. For the metal coating, the CNTs were diluted in 120 ml water. 85.9 mg 

H2PtCl6 and 240 mg of trisodium citrate dehydrate were added and sonicated for 30 min. 

Afterwards sodium sulfite aqueous solution with a concentration of 0.05 Mol/l was added drop 

by drop under mild sonification. As the last step the solution was centrifuged by 6 cycles to get 

rid of the residual such as the non-reacted metal-salt. After the last washing step the solution 

was dried by a heater at 80°C to get the resulted metal coated CNTs. 

The Pt-coated MWCNT/AZ91 composite was produced by the same two-step process [13]. Using 

the same process other samples such as non-coated MWCNT/AZ91 composite and pure AZ91 

alloy were produced for comparison. A FEI Titan3 80-300 transmission electron microscope 
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(TEM) equipped with an image aberration corrector was employed for analyzing the coating 

status of Pt on the surface of MWCNTs. Mechanical properties of the composites were measured 

by compression test. 

 

3. Results and discussion 

Initially to verify the metal or metal compound on the surface of CNTs, high resolution images 

were recorded by HRTEM and the corresponding metal element was checked by EDX. Figure 1a 

shows the metal coating on the surface of a CNT. The black dots indicate the presence of 

platinum clusters which can be confirmed by EDX (Figure 1b). 

 

Figure 1 (a) TEM image of Pt coating on the surface of individual MWCNTs; (b) EDX acquire at 

selected area on surface on Pt-coated MWCNTs. 

 

Different from coating continuous metal layers on CNTs as described in [16], surface decoration 

of CNT with metals as achieved as in Figure 1a may provide further benefits. If, instead of a 

continuous coating layer, isolated metal nanoparticles as in Figure 1a are deposited on the CNT 

surface then these nanoparticles may serve a dual purpose that goes well beyond what can be 

achieved by a continuous coating. Firstly, discrete metal nanoclusters on the CNT surface can 

help to prevent agglomeration by the simple means of acting as geometrical ’spacers’. This effect 
is well known in the context of graphene where decoration of exfoliated graphene sheets with 

Pt nanoclusters was shown to prevent face-to-face aggregation of the sheets [17]. Secondly, 

attaching metal nanoclusters rather than continuous metal coatings to CNT may have additional 

benefits. If a metal such as Pt or Ni bonds well to sp2 carbon and the interfaces between the 

nanoclusters and the CNT are strong, then such nanoclusters may act as ’nano-rivets’ enhancing 
interfacial shear stress transfer if the decorated CNT is embedded in a metal matrix. 

The mechanical properties of Pt coated CNT reinforced Mg composites were measured and 

showed improved properties compared to pure AZ91 and to AZ91/CNT composites based on 

uncoated CNTs as shown in Figure 2. 
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Figure 2 (a) Typical stress-strain curves of pure AZ91, 0.05 wt% raw MWCNT/AZ91 composite 

and 0.05 wt% Pt-MWCNT/AZ91 composite. Comparison of (b) 2 % yield strength, (c) ultimate 

compressive strength (UCS) and (d) compression at failure of 36 samples.  

However the change is relatively small compared to the usual scatter of experimental results. 

The reason for affinity of the average values is that the real amount of metal coated CNTs in the 

AZ91 composites is less than real 0.05 wt% due to the big amount of waste during the metal 

coating process. At the calculation of the amounts of metal coated CNTs for the composites, we 

assumed that there is no loss of metal coated CNTs. The weight of the CNTs after the metal 

coating also differs a lot because of the non-uniform coating with platinum. Nevertheless, an 

upwards tendency of the mechanical properties can still be found by using metal coated CNTs 

to produce CNT/ AZ91 composites. This can be attributed to an improved dispersing of CNTs, as 

well as a possible wettability. More experiments are required. 

4. Conclusions 

Pt has been deposited on the surface of multiwall carbon nanotubes. By adding small amounts 

of Pt coated MWCNTs, an upward trend in the mechanical properties of Mg AZ91 composites 

could be observed when compared to adding raw MWCNTs. Our explanation for this tendency 

is that a better dispersion of metal coated CNTs in AZ91 melt can be achieved as metal coating 

weaken the Van de Waal force between CNTs. On the other hand it is apparent that the 

improvement in mechanical properties is relatively small, hardly beyond the usual scatter band 

of results. This leads us to the conclusion that further improvements to the deposition process 

are required. 
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Abstract: Metal replacement by Carbon Fiber Reinforced Polymers (CFRPs) is common to benefit 

lightness structures and components. However, composite laminates suffer from delamination, 

limiting their usage. Recently, rubbery nanofibers have been proposed for hindering 

delamination, thanks to their high toughening ability. In this work, the use of Nitrile Butadiene 

Rubber (NBR)/Nomex mixed nanofibers is presented as an effective reinforcement for epoxy-

based CFRP laminates. NBR/Nomex nanofibers with a high rubber content (60 %wt) were 

produced via single-needle electrospinning, without the need for NBR crosslinking to maintain 

the nanofibrous structure. The two polymers arrange in a self-assembled fashion, whose 

disposition depends on the applied electrospinning process conditions. Delamination tests 

demonstrate that the interlaminar fracture toughness increases up to near 200 % in Mode I. The 

significant improvement of delamination resistance, together with the retention of original 

thermal and mechanical laminate properties, make rubbery NBR/Nomex nanofibrous mats a 

valid solution for contrasting delamination. 

Keywords: Nitrile butadiene rubber; Polyaramid; Electrospinning; Self-assembled nanofiber; 

Toughening 

 

1. Introduction 

Since years, epoxy-based Carbon Fiber Reinforced Polymers (CFRPs) have been proposed as a 

valid alternative to metals for reducing components weight, tough maintaining a high 

mechanical performance. Often, CFRP laminates represent the preferred choice to produce 

structural components. However, the laminar structure implies relatively low mechanical 

properties along the perpendicular direction with respect to the lamina plane. Indeed, the 

component failure by delamination, i.e. the debonding of the constituent laminae due to the 

formation and propagation of microcracks, is the most common failure mode of composite 

laminates [1]. For this reason, searching for systems able to prevent or limit delamination is of 

paramount importance. The integration of sensors capable of promptly detect out-of-plane 

loads (impacts) can be a valid (but expensive) solution to monitor the component health. Several 

solutions have been proposed, as the embedding of Bragg fibers and piezoelectric materials, 

even nanostructured, to avoid delamination induced by the integration of such sensors [2,3]. On 
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the other hand, it is possible to reduce the component failure making delamination more 

difficult to occur. In this case, the laminate modification aims at increasing the interlaminar 

fracture toughness, i.e. the energy required for promoting delamination. CFRPs intended for 

high performance applications requires a matrix with high thermal and mechanical properties, 

such as epoxy resins. Because of the valuable stiffness and glass transition temperature (Tg), the 

matrix has a brittle behaviour, making the CFRP laminate susceptible of delamination. 

Consequently, matrix toughening is a viable solution to improve delamination resistance. 

Rubbers are ideal candidates for this aim. The toughening material can be directly added to the 

bulk resin as uncrosslinked or crosslinked rubber, as well as core-shell particles [4–8]. However, 

the bulk modification of resin may lead to a relevant lowering of laminate stiffness and Tg [6], 

thus reducing its application field. A smarter approach involve the localized toughening of the 

laminate only in the interlaminar regions most subjected to stress, such as free edges, holes, ply-

drops and adhesive bondings [9]. This approach allows to sensibly limit the weaknesses that 

often affect modified laminates (reduced stiffness and Tg, increased weight). The integration of 

electrospun nanofibrous mats is effective at improving the interlaminar fracture toughness [10]. 

In the literature, almost all the nanofibrous mats used for reducing delamination are made of 

non-elastomeric thermoplastic polymers [10–13].  

Recently, the Authors demonstrated that rubbery nanofibers based on Nitrile Butadiene Rubber 

(NBR) strongly hinder delamination, especially under Mode I loading: the enhancement in GI 

reaches a +480 % [14,15]. Moreover, such nanofibers are able to improve composite damping 

up to +77 % [16]. However, due to the low melting temperature of the polycaprolactone (PCL) 

blended with the NBR for producing dimensionally stable uncrosslinked nanofibers, the 

composite Tg may be strongly reduced, depending on the modification extent. 

To overcome the abovementioned drawback, in the present work the thermoplastic PCL is 

replaced by Nomex, an aromatic polyamide characterized by a Tg higher than the laminate curing 

cycle temperature. NBR/Nomex nanofibers with a prevalent rubber content (60 %wt of NBR, 40 

%wt of Nomex) are produced via single-needle electrospinning and integrated into epoxy CFRP 

laminates. Investigations via Scanning Electron Microscopy (SEM) reveal that NBR and Nomex 

self-assemble in a particular fashion. The delamination behaviour of the nanomodified 

composite under Mode I loading is investigated by Double Cantilever Beam (DCB) test. 

 

2. Materials and methods 

2.1 Materials 

Carboxylated Nitrile Butadiene Rubber (NBR), Nipol 1072CGX, was purchased from Zeon 

Chemicals [68 %mol butadiene (Bu), 28 %mol acrylonitrile (ACN), 4 %mol methacrylic acid 

(MAA)]. Poly(m-phenylene isophtalamide) (Nomex) and lithium chloride were dried before use 

in an oven at 110 °C for 3 and 24 h, respectively. N,N-dimethylacetamide and chloroform were 

used without any preliminary treatment. Plain weave carbon fabric, 200 g/m2, in epoxy matrix 

prepreg (GG204P IMP503Z-HT) for composite production was supplied by G. Angeloni s.r.l., 

Venezia, Italy. 
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2.2 Nanofibrous mat production 

NBR solution (10 %wt) was prepared in chloroform, while the Nomex one (10 %wt) in N,N-

dimethylacetamide with lithium chloride (3.5 %wt with respect to the total solution weight). The 

NBR/Nomex 60/40 blend for producing mixed rubbery nanofibers with 60 %wt of NBR was 

prepared simply mixing the two starting solutions in a 60:40 wt proportion. For a detailed 

procedure, refer to [17]. 

The NBR/Nomex nanofibrous mats were produced via single-needle electrospinning technique, 

using a 4-needles machine (Spinbow®) equipped with 5 mL syringes. Needles, having an internal 

diameter of 0.51 mm, were joined to syringes via Teflon tubing. Nanofibers were collected on a 

rotating drum covered with poly(ethylene)-coated paper at a tangential speed of 0.39 m/s. The 

rubbery mat (15 × 20 cm) has a grammage of 10 ± 1 g/m2. The electrospinning process 

parameters are reported in Table 1. The process was conducted in the air atmosphere at 25 °C 

and 30 % relative humidity. 

 

Table 1: Electrospinning process parameters. 

Nanofiber Flow rate [mL/h] Potential [kV]  Distance [cm] 

n-60/40_f 0.20 25 18 

n-60/40_c 1.10 25 11 

 

The nanofibrous mat morphology was assessed via Scanning Electron Microscopy (SEM). The 

disposition of NBR and Nomex in the nanofiber was investigated via selective removal of the 

NBR fraction, carried out via two consecutive washes in chloroform (1 h each). 

 

2.3 Rubbery-modified CFRP production and characterization 

The NBR/Nomex nanofibrous mats were washed in distilled water to remove lithium chloride 

before composite lamination. 

Double Cantilever Beam (DCB) specimens were prepared via hand lay-up. Single and double 

nanofibrous mats were integrated in the central interface (7 CFRP plies / 1 or 2 rubbery mat(s) 

/ 7 CFRP plies), using a Teflon film as a crack trigger. For the sake of comparison, unmodified 

specimens (7 + 7 CFRP plies) were produced too. Laminate panels were cured according to the 

following procedure: i) pre-treatment of 2 h at 45 °C under vacuum to favour nanofibers 

impregnation; ii) curing cycle in autoclave for 2 h at 135 °C, under vacuum, 6 bar external 

pressure, heating/cooling ramp 2 °C/min). 

DCB tests were carried out using a universal testing machine (Remet TC-10) equipped with a 1 

kN load cell. DCB specimens were tested at 3 mm/min cross-head separation rate. At least 3 

specimens for each CFRP sample were tested. 
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The energy release rate in Mode I loading (GI) was calculated according to the following equation 

[18]: 

 𝐺I = 3𝑃𝛿2𝑏𝑎 (1) 

where P is the load, δ the cross-head displacement, a the crack length, b the specimen width. 

 

3. Results and discussion 

The production of uncrosslinked NBR nanofibers is prevented by the rubber cold flow arising 

from its low Tg. Trying to electrospin plain NBR leads to film formation over time instead of 

nanofibers (Figure 1), as already demonstrated [19]. 

 

Figure 1. Electrospinning of plain NBR, scale bar 10 m. 

Shaping rubbers into nanofibers is hard, and usually, crosslinking is necessary to maintain the 

fibrous structure [20]. A different approach involve the rubber blending with a semi-crystalline 

polymer: the crystal phase (melting temperature ≈60 °C [19]) enables the overall structure 

retention, as happens for NBR/PCL blend nanofibers [19]. Here, a similar approach is exploited: 

the polyester PCL is replaced by Nomex, a polyaramid with a high Tg (274 °C [17]). Its excellent 

thermal properties can be exploited for reducing the impact of the nanofibrous mat on the final 

CFRP properties. 

NBR/Nomex 60/40 blend electrospinning produces defect-free nanofibers (Figure 2A,B), 

characterized by a mean fiber diameter of 450 nm (standard deviation of ≈100 nm). The resulting 

membrane exhibits a ductile behavior with respect to Nomex-only [17] and common Nylon 66 

ones [21]. 

While the morphology of both as-spun n-60/40_f and n-60/40_c mats is similar, the selective 

removal of NBR reveals a completely different arrangement of NBR and Nomex into the 

nanofiber (Figure 2C,D). 
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Figure 2. NBR/Nomex 60/40 mat as-spun: A) n-60/40_f and B) n-60/40_c, scale bar 10 m. 

Mats after NBR removal via CHCl3 washing: B) n-60/40_f and C) n-60/40_c, scale bar 2 m. 

 

The only difference between the production of n-60/40_f and n-60/40_c membranes is the 

applied electrospinning processing conditions, as reported in Table 1. During the process, NBR 

and Nomex self-assemble, forming peculiar morphologies. A low flow rate generates a “fibril-
like” structure made of Nomex, while a higher one nanofibers resembling a quasi-core–shell 

morphology, with the rubber in the inner channel. 

 

3.1 Mode I delamination (DCB test) 

The CFRP delamination behaviour was evaluated by Double Cantilever Beam (DCB) test, in which 

the specimen beams are subjected to a perpendicular load with respect to the crack propagation 

plane. 

The rubbery-modified laminates behave significantly better than the reference CFRP (Figure 3). 

The quasi-core–shell mat (n-60/40_c) is more effective at contrasting delamination than the 

fibril-like one (n-60/40_f). 

 

990/1602 ©2022 Maccaferri et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

Figure 3. Mode I delamination test: A) load-displacement curves, B) GI vs. crack length trends. 

 

By analyzing GI data (Table 2), the CFRP modified with the n-60/40_c mat shows a +113 % in GI,C 

and a +179 % in GI,R, while the one with n-60/40_f enhancements of 76 % and 108 %, 

respectively. Moreover, it is possible to boost the interlaminar fracture toughness by integrating 

two nanofibrous mats, reaching a maximum enhancement near 200 % (CFRP-60/40_2c). 

 

Table 2: DCB test results. 

CFRP 
Interleaved 

mats 

Maximum 

load [N] 
GI,C [J/m2]  GI,R [J/m2] 

CFRP-Ref 0 46 ± 5 517 ± 106 558 ± 65 

CFRP-60/40_f 1 64 ± 5 (+39 %) 910 ± 55 (+ 76 %) 1161 ± 155 (+108 %) 

CFRP-60/40_c 1 75 ± 3 (+63 %) 1102 ± 107 (+ 113 %) 1559 ± 238 (+179 %) 

CFRP-60/40_2f 2 76 ± 4 (+65 %) 1346 ± 144 (+ 160 %) 1403 ± 208 (+151 %) 

CFRP-60/40_2c 2 73 ± 3 (+59 %) 1458 ± 184 (+ 182 %) 1663 ± 188 (+198 %) 

 

Since Nomex-only nanofibers promote delamination [17] due to potential slowing/hindering of 

epoxy curing [22] and/or bad adhesion to the matrix, the enhancement of the interlaminar 

properties should be ascribable to the high NBR toughening ability. Indeed, as evidenced by SEM 

micrographs of delamination surfaces, the matrix fracture is more ductile when NBR/Nomex 

mixed nanofibers are integrated (Figure 4). Moreover, when adding two veils of nanofibers, the 

lack of continuity between the two independent layers do not negatively affect the final 

performance. 
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Figure 4. Delamination surfaces of DCB specimens after tests: A) unmodified CFRP, B) CFRP-

60/40_2f, and C) CFRP-60/40_2c, scale bar 10 m. 

 

4. Conclusions 

NBR and Nomex processed via single-needle electrospinning self-assemble, forming peculiar 

morphologies in which the arrangement of the two polymers depends on the processing 

parameters. Two completely different nanofibrous morphologies can be obtained: one showing 

a fibril-like structure of Nomex, the other resembling a quasi-core–shell fiber with the rubber in 

the inner. Both NBR/Nomex nanofiber types significantly enhance the CFRP interlaminar 

fracture toughness. The quasi-core–shell morphology gives a better reinforcing action than the 

fibril-like one (up to +179 % in GI vs +108 %, respectively). The hindering action can be further 

improved by integrating two independent nanofibrous mats at the same interface, achieving a 

maximum GI boost near 200 %. The work demonstrates the high toughening ability of 

NBR/Nomex 60/40 nanofibers for contrasting delamination in epoxy-based CFRP laminates, 

showing also an easy tailoring of the effect playing on the number of integrated veils. 
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Abstract: Poly(propylene) (PP)-based graphene nanoplatelets (GnPs) nanocomposites were 

prepared by melt blending technique. To improve the adhesion between PP and GnPs, 

compatibilizers with different chemical active sites were employed during the nanocomposites’ 
processing. The influence of GnPs and 3 different compatibilizers presence on structural 

characteristics of the PP-based GnPs nanocomposites, as well as in their mechanical properties 

was analysed and discussed. The compatibilizers addition promoted chemical modifications on 

nanocomposites' polymeric chains, affecting their mechanical properties in different ways. For 

instance, the addition of maleic anhydride (MA) compatibilizer improved the mechanical 

properties of nanocomposite when compared to analogous non-compatibilized nanocomposite. 

The morphological characterization confirmed that the presence of compatibilizers plays an 

important role in enhancing the adhesion between PP and GnPs, resulting in an improvement of 

the nanocomposites' mechanical performance. 

Keywords: PP-based GnPs nanocomposites; Graphene nanoplatelets; Chemical 

compatibilizers; Injection moulding; Automotive applications  

1. Introduction 

Thermoplastics are a class of polymers that represent more than 80% of overall plastic 

consumption. This tendency is attributed to their certain characteristics namely high 

productivity, low density, and recyclability [1,2]. In the automotive industry, for example, the 

most common thermoplastic used is poly(propylene) (PP), which represents more than half of 

the polymeric raw material employed in auto parts [3]. Nevertheless, its structural applications 

can be limited by its low stiffness and poor impact toughness [4]. The addition of structural fillers 

begins as an approach to improve these properties. The PP-based composites developed with 

conventional fillers, such as short glass and carbon fibres [5], and talc [6] are used in auto parts 

to enhance their mechanical properties, but they must be used in a high load to be more 

effective [7]. On the other hand, the use of nanofillers such as graphene-based materials (GBM) 

can be effective at a relatively lower amount  

Recently, graphene nanoplatelets (GnPs) have emerged as promising GBM for reinforcing the 

PP matrix. GnPs are constituted by several graphene monolayers stacked together, able to be 

produced more easily and economically than totally exfoliated graphene sheets [8]. However, 

994/1602 ©2022 Melo De Lima et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
mailto:luizalima@ua.pt
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

the properties and performance of the PP-based GnPs nanocomposites depend mainly on the 

type of interactions between the PP and GnPs [9]. Thus, physicochemical modifications of the 

PP and/or GnPs have been reported as an important approach to improving these interactions 

[2]. The methods of modifying PP and GnPs can be mainly divided into chemical and non-

chemical modifications. The chemical modifications are characterized by covalent bonding 

between functional groups. On the other hand, the non-chemical modifications are mainly 

based on non-covalent attachment between molecules and the surface of nanoplatelets; i.e., 

this process involves mainly physical interactions such as van der Walls forces and π-π stacking 

interactions [10,11]. Both modification methods can induce the improvement of 

nanocomposites’ properties; however, chemical modification is often more effective. To date, 

various routes for chemical bonding have been proposed such as amidation, silanization, 

esterification, and substitution [12,13]. For instance, Park & Kim [14] prepared PP/dodecylated 

GnPs nanocomposites by melt blending process, however, the GnPs surface modifications were 

previously performed via solution mixing. During the solution mixing, to achieve the GnPs 

alkylation using dodecylamine (DDA), the authors performed an amidation and epoxide ring-

opening reaction between amine groups of DDA and carboxyl or epoxy groups of the GnPs’ 
surfaces. Lee et al. [15] also employed the solution mixing process to modify the GnPs surface 

with pyrene-functionalized PP grafted maleic anhydride (PPgMA) through π-π interactions. The 

authors confirmed through morphological analyse that the GnPs modification improved their 

dispersion within the matrix, as well as their adhesion with the matrix.  

So far, investigations focusing on the employing of solvent-free chemical and non-chemical 

modifications are limited. Trusiano et al. [2] reported the preparation of PP/GnPs 

nanocomposites by melt blending process and described that the addition of PPgMA enhanced 

the GnPs dispersion and their adhesion with the matrix. In addition to the use of PPgMA, Al-

Saleh et al. [16] also related the incorporation of ethylene-octene elastomer grafted MA 

(POEgMA) as compatibilizer in PP/GnPs nanocomposites. Based on the tensile properties of 

nanocomposites, the authors observed that PPgMA had better performance than POEgMA due 

to its stronger reactivity with PP; however, higher impact strength was achieved when POEgMA 

was used.  

In the present study, part of a project whose objective is to develop PP-based nanocomposites 

for automotive applications, we prepared PP-based GnPs nanocomposites by melt blending 

technique. Compatibilizers with different chemical active sites were studied to improve the 

adhesion between matrix and nanofillers. The effect of the compatibilizers on the structural 

characteristics of the nanocomposites as well as in their mechanical properties was evaluated 

and prioritized. 

2. Experimental 

2.1 Materials 

PP homopolymer (PP 595A) from SABIC, Germany, with a melt flow index of 47 g/10 min (230 

°C, 2.16 kg) and density of 0.905 g cm–3, was used as a thermoplastic matrix. GnPs from XG 

Sciences Inc. (xGnP, Grade C), USA, were applied as reinforcement phase of the nanocomposites. 

As compatibilizers, MA 99% and DDA 98% were used and dicumyl peroxide (DCP) 98% was 

employed as the initiator of MA grafting in the PP matrix. MA, DDA, and DCP were purchased 

from Sigma Aldrich, USA. 
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2.2 Preparation of PP–based GnPs nanocomposites 

The nanocomposites were compounded by melt blending technique, using a Brabender type 

internal mixer. Before compounding, PP pellets were dried at 60 °C for 24 h. Firstly, the PP pellets 

were loaded into the Brabender and melted for 2 min at 180 °C and 40 rotations per minute. 

Then, a certain amount of GnPs and compatibilizer were added and the system was mixed for 

an additional 10 min. To initiate the graft reaction of MA onto the PP matrix, the DCP (mass ratio 

of 0.1 DCP/MA) was added simultaneously with MA into the Brabender (MAd compatibilizer). 

Finally, to assess the individual effect of GnPs on the PP matrix, a formulation without 

compatibilizers was prepared by the same experimental approach. The nanocomposites 

formulations are described in Table 1. The compatibilizers’ amount was based on previous 

studies [14,17].  

Table 1: Sample code and formulations. 

Sample code PP (wt.%) GnPs (wt.%) DDA (wt.%) MA (wt.%) MAd (wt.%) 

PP 100.0 - - - - 

PP/GnPs 99.0 1.0 - - - 

PPDDA/GnPs 94.0 1.0 5.0 - - 

PPMA/GnPs 89.0 1.0 - 10.0 - 

PPMAd/GnPs 89.0 1.0 - - 10.0 

 

2.3 Characterization of PP–based GnPs nanocomposites 

The attenuated total reflection–Fourier transforms infrared (ATR–FTIR) spectra of 

nanocomposites were performed on FTIR spectrometer (FTIR Bruker Tensor 27), using an ATR 

Golden Gate (diamond) system. The spectra were collected in the 4000 – 600 cm–1 range, with 

256 scans recorded at 4 cm–1 resolution. The tensile tests were performed using a universal 

machine for mechanical testing (Shimadzu AG–IS), with a speed of 50 mm min–1 at room 

temperature. The tensile strength (σmax) and elongation at break (εmax) were obtained from the 

curve of stress versus strain. Young’s modulus (E) was calculated from the initial curve slope by 

linear regression. The Charpy impact tests were carried out using a universal pendulum impact 

system (Ray Ran RR/IMT). The tensile and Charpy impact tests were executed on five and ten 

specimens, respectively, and the results reported are average values. To obtain the specimens 

for both mechanical tests, a micro-injection moulding machine (BABYPLAST® 6/10P) from 

CRONOPLAST S.L. was used. The morphology characterization of samples after tensile tests was 

performed by scanning electron microscopy (SEM, Hitachi S4100). The samples were coated 

with Au/Pd for 3 min under Ar atmosphere and observed at an acceleration voltage of 25 kV. 

The GnPs distribution into the PP matrix was observed using a stereo microscope with LED and 

HD Camera (Leica EZ4HD). The experimental procedure for the preparation of samples for stereo 

microscope analysis was previously described [17].  

3. Results and discussion 

3.1 Structural characterization 
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Figure 1 shows the FTIR spectra of samples and compatibilizers agents. The typical peaks of neat 

PP can be identified, such as the vibration peak at around 2917 cm-1, which is ascribed to CH2 

asymmetrical stretching, and the vibration peaks at 1456 cm-1 and 1375 cm-1, both 

corresponding to the CH3 symmetrical bending [18,19].  

Concerning the PP/GnPs nanocomposite, the addition of GnPs resulted in a spectrum almost 

identical to that of neat PP, suggesting that adding GnPs into PP had a negligible effect on the 

chemical structure of PP. In the case of compatibilized nanocomposites, some chemical 

structural modifications were identified. Regarding the addition of DDA (PPDDA/GnPs), beyond 

the already identified PP characteristic peaks, another two weak peaks were identified which 

suggested the DDA modification of PP: the NH stretch related to an emergence of secondary 

amine (at 3307 cm-1), which may have resulted from the interaction between NH2 primary 

observed on DDA spectrum (box delimited area in Figure 1a) and functional groups of the PP, 

and the NH bend vibration of primary amine (at 1610 cm-1) also verified at around 1645 cm-1 of 

DDA spectrum.  

The spectra of PPMA/GnPs and PPMAd/GnPs exhibited similar vibration peaks of the neat PP 

spectrum, with exception of a vibration peak at 1456 cm-1 that shows a tendency to shift to a 

lower wavenumber. The formation of hydrogen bonds can cause some absorption peaks to shift 

in position and shape. Furthermore, the anhydride group of MA may have esterified with the 

hydroxyl group present on the GnPs surface under melt blending circumstances. This 

intermolecular reaction can improve the interfacial compatibility between PP and GnPs [20,21]. 

Additionally, it was observed the emergence of a weak band at around 1780 cm-1 in the 

PPMAd/GnPs spectrum, thus indicating that MA was grafted onto the PP chain due to the DCP 

presence as the initiator [22]. For the MA spectrum, it is visible its characteristic vibration peaks 

at 1753 and 1774 cm-1 related to the asymmetric stretching of the carbonyl group (C=O) of the 

cyclic anhydride [23]. 

a)

 

b) 

  
Figure 1. FTIR spectra of samples and compatibilizers agents: a) PP, PP/GnPs, DDA, and 

PPDDA/GnPs; b) PP, PP/GnPs, MA, PPMA/GnPs, and PPMAd/GnPs. 

3.2 Mechanical characterization 

The mechanical properties of samples namely σmax, εmax, E, and impact strength are presented 

in Figure 2. Compared to neat PP, the presence of GnPs increased by ≈ 12% on the σmax and ≈ 

13% on E of PP/GnPs, inferring an enhancement of the tensile properties with a stiffening effect 

of the nanocomposite due to the GnPs’ presence. Studies have reported similar outcomes on 
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thermoplastic-based GnPs nanocomposites [24,25]. The increase of stiffness is also reflected in 

a marked decrease of ≈ 98% on εmax due to the high restriction of PP chain movement. 

Additionally, the GnPs incorporation led to a decrease of ≈ 33% in the impact strength. The 

deterioration of impact strength could be related to weak compatibility between polymer matrix 

and nanofillers, which leads to failure in effective load transfer [16,26]. The use of 

nanocomposites in structural auto parts requires a compromise between σmax, E, and impact 

strength. Typically, attempts to improve one of these properties show an adverse effect on the 

others. Therefore, the improvement of one or more of these mechanical properties is frequently 

taken into account depending on the end application [11]. It is recognized that other aspects can 

affect the mechanical behaviour of PP/GBM nanocomposites, such as (1) the compatibility 

degree between GBM and matrix; (2) the GBM load; and (3) the dispersion into the polymeric 

matrix [7,11,27]. To improve the mechanical performance of PP/GnPs, the use of compatibilizers 

agents as an approach to promote the adhesion between PP and GnPs was evaluated. 

Compared to PP/GnPs nanocomposite, as a result of the addition of DDA, a decrease of ≈ 19% 

on σmax and of ≈ 46% on E of PPDDA/GnPs was attained. This mechanical behaviour suggested 

that DDA created a poor mechanism of stress transfer between PP and GnPs. On the other hand, 

it was noticed a significant increase of ≈ 4000% on εmax and ≈ 29% on the impact strength. This 

deterioration of σmax and E, together with the improvement of nanocomposite’ ductility and 
toughness suggested a plasticizer effect of DDA molecules in the PPDDA/GnPs [14]. The addition 

of both MA and MAd resulted in a decrease of ≈ 10% on σmax and a marginal effect on E of 

PPMA/GnPs and PPMAd/GnPs, respectively. In contrast, the MA and MAd presence increased by ≈ 
36% and 32% on εmax, respectively, also indicating an increase in plastic regime due to a 

plasticizer effect of MA-based compatibilizers, which retarded the breaking point of these 

nanocomposites [20]. Regarding the impact toughness, the addition of MA increased by ≈ 45% 

the impact strength. This improvement in the energy absorption capacity of PPMA/GnPs can be 

attributed to the enhancement of interaction between PP and GnPs [2,28]. The MA created a 

strong interfacial adhesion between nanoplatelets and PP chains, favouring the GnPs 

distribution into the matrix (as will be confirmed by the morphological analysis) and leading to 

an enhancement of PPMA/GnPs mechanical compromise. In contrast, the MAd introduction 

caused a decrease of ≈ 23% in the impact strength, suggesting that the graft of MA onto PP, as 

well as the chain scission initiated by the DCP presence, may have deteriorated the PPMAd/GnPs’ 
impact toughness.  

Sutar et al. [28] reported an increase of up to 43% in impact strength of PP-based 

nanocomposites after the GnPs incorporation. The authors suggested that GnPs increased the 

energy dissipation during crack propagation. Similar behaviour was identified by Juan [29] in 

PP/graphene nanocomposites with an increase of up to 26.7%. On the other hand, Al-Saleh et 

al. [16] observed that GnPs loading decreases the impact strength of PP/GnPs nanocomposites 

due to the incompatibility between PP and GnPs. However, with the addition of compatibilizer 

agents, namely PPgMA and POEgMA, the authors verified an improvement of the impact 

strength, indicating the increase of nanocomposite fracture toughness due to the enhanced 

adhesion between PP and GnPs.  

 

 

998/1602 ©2022 Melo De Lima et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

a) 

 

b)  

 
Figure 2. Mechanical properties of samples: a) tensile strength (σmax) and Young’s modulus (E); 

b) elongation at break (εmax) and impact strength. 

3.3 Morphological characterization 

The morphological analysis of specimens after tensile tests were performed through SEM (Figure 

3). SEM micrographs of the neat PP surface showed a smooth and regular surface. All 

nanocomposites revealed a full encapsulation of GnPs into the PP matrix The PP/GnPs 

nanocomposite exhibited a rough surface with some voids. The compatibilizers' incorporation 

changed the fracture surface of nanocomposites. Regarding the PPDDA/GnPs surface, it is evident 

the plastic deformation of the polymer is due to many coarse fibrillation structures. These 

fibrillations are signs of crazing in the nanocomposite, which increase the plastic deformation, 

as also verified by its significant increase on εmax. In contrast, the PPMA/GnPs nanocomposite 

exhibited a more regular surface when compared with non-compatibilized and compatibilized 

nanocomposites, indicating a better interface adhesion between PP and GnPs. The PPMAd/GnPs 

surface also showed a plastic deformation, with a small number of fibres on the fracture surface 

[2].  

   
   

  

 

Figure 3. SEM micrographs of samples. 

In the stereo microscope micrographs (Figure 4) was observed a homogeneous GnPs distribution 

in all nanocomposites. The use of compatibilizers has been employed as a strategy to improve 

the interaction between polymer matrix and fillers, which contribute to a reduction of GnPs 

aggregation into the matrix [2]. The PPMA/GnPs micrographs showed the lowest agglomeration 

PP PP/GnPs PPDDA/GnPs 

PPMA/GnPs PPMAd/GnPs 
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tendency of GnPs, implying once again the efficiency of MA as a compatibilizer able to improve 

the final performance of PPMA/GnPs nanocomposite.  

    
Figure 4. Stereo microscope micrographs of the samples (scale = 500 μm). 

4. Conclusions  

The influence of GnPs and compatibilizers presence on structural characteristics and mechanical 

properties of the PP-based GnPs nanocomposites were evaluated. The results confirmed the 

ability of chemical compatibilizers to promote surface modifications, able to improve the 

interactions between PP and GnPs. The mechanical properties suggested that GnPs caused a 

stiffness effect on the PP matrix, however, the results showed the importance of compatibilizer 

incorporation to achieve a compromise between σmax, E, and impact strength. The MA was the 

compatibilizer that better achieved this compromise, suggesting that the PPMA/GnPs 

formulation can be employed in auto parts for structural proposal.  
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Abstract: In simulations of piezoresistivity of carbon nanotubes (CNT)-based nanocomposites, 

finite element (FE) analysis is commonly used to predict the local details of the deformation and 

change of the tunneling contact distances between the CNTs. This is computationally intensive, 

making Monte Carlo calculations and optimizations involving variability of the RVE difficult. The 

present paper proposes a simplified, non-FE model for local changes of the tunneling distances. 

The CNTs are represented as trusses in an RVE, randomly generated according to the CNT volume 

fraction and their random orientation description. The analytical model of deformation in 

contacts combines the uniformity of micro-scale deformation over the CNT network (which 

defines translation of the contacting CNTs) with amplification of the deformation in the CNT 

contacts (which is the result of rotation of CNT sections near the contact). The model is 

benchmarked against full FE modelling and the predictions for random and aligned CNT 

nanocomposites are compared with literature data. 

Keywords: carbon nanotubes; electrical conductivity; intrinsic conductivity; tunneling 

conductivity; gauge factor  

1. Introduction 

The resistor networks model [1] was applied to CNT nanocomposites in early 2000. Such a model 

uses random generation of a CNT assembly which is transformed into a resistor network and 

then the conductivity is homogenized. At a given volume fraction of the filler, the input to the 

model includes geometrical characteristics of the CNTs (single- or multiwall as well as the wall 

count, outer diameter, length distribution), their waviness, geometrical characteristics of the 

CNT assembly (orientation distribution, level of agglomeration) and, finally, the electrical 

characteristics of the CNTs and their contacts. These electrical characteristics are intrinsic 

conductivity of CNTs themselves and tunneling conductivity of their contacts; the latter depends 

on the inter-CNT contact distances, which change with the material deformation. 

The resistor network approach is a basis for models of piezoresistive behavior of CNT nano-

composites [2-9]. These models use finite elements (FE) analysis of the CNT network 

deformation, extracting from the deformation fields change of the CNT tunneling distance, 

feeding this change to the calculation of the tunneling resistance of the contacts and then re-

homogenizing the conductivity (or resistance) of the whole network. The relative difference 

between the homogenized resistance after and before the deformation, divided by the applied 

deformation, defines the gauge factor of the material. 
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Because of randomness of the CNT networks, such calculations are performed as a part of Monte 

Carlo simulations, with tens – hundreds of CNT network realizations. Therefore, it is highly 

desirable to reduce the computational time for each realization. With large number of CNTs in 

a representative volume (several thousands), there are two bottlenecks: (1) FE analysis of 

deformation, which should use hundreds of thousands degrees of freedom, even if 

superimposed meshes (also called embedded regions in Abaqus) are used for CNTs and the 

matrix; (2) analysis of electric circuit, which is performed either also with FE [4], or via nodal 

analysis with hundreds of thousands of CNT contacts. 

The present paper proposes an analytical model for approximate calculations of the inter-CNT 

distances change, caused by applied average deformation. The proposed approach drastically 

reduces the time needed to step (1) above. Hence processing of hundreds of Monte Carlo 

realizations becomes feasible, and statistics of the gauge factor of CNT nanomaterials can be 

evaluated with confidence. The model is benchmarked against full FE calculations, taken from 

[4], and used to calculate statistical distribution of gauge factor of a nanocomposite with aligned 

CNTs. 

2. Geometric modelling of an RVE 

The CNT generation algorithm uses random choice of the direction of the generated CNT path 

segment, as it is widely done in literature, for example, in [10, 11], but with constraints, 

introduced in [12]. A centerline of a CNT is created as segments. For generation of an aligned 

assembly, the spherical angles of the segment orientation are defined in relation to a global 

Cartesian coordinate system with z-axis corresponding to the direction of the forest growth; for 

generation of a random isotropic assembly, the angles are defined on a local coordinate system 

with z-axis corresponding to the direction of the previous segment. The algorithm uses random 

choice of the direction of the generated segment, with the amplitude of the deviations from z-

axis depending on the waviness of the CNTs. The randomly generated angles are restricted by 

given maximum curvature and maximum torsion of the CNT centerline; these restrictions make 

the statistical characteristics of the CNT centerline independent of the chosen length of the 

segment. The reader is referred to [12] for details. 

Geometric periodicity of the RVE is assumed: if a CNT crosses an RVE face, then it is continued 

from the opposite face till the full length of the CNT is reached. The number of CNTs in the model 

is defined based on the prescribed fiber volume fraction (VF).  

3. Homogenization of the RVE electrical conductivity  

Once an RVE is created, the geometric network of the CNT assembly is analysed for contacts 

between the CNTs and then transformed into the set of nodes, connected with electrical 

resistances / conductances, which are assigned to the tunneling contacts and to the CNT sections 

between the contacts. The electrical boundary conditions are periodical. The homogenized 

conductivity tensor is then calculated. The details of the homogenization procedure can be 

found in [12].  

Conductance GCNT of the CNT segment of length lseg is calculated as: 𝐺𝐶𝑁𝑇 = 𝑔𝑖𝑛𝑡𝑟 𝐴𝑙𝑠𝑒𝑔,         (1) 
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where A is the CNT cross-section area, gintr is the effective volumetric conductivity of the CNT. 

The area is taken as the full area of the cross-section, 𝐴 = 𝜋𝑑2 4⁄ , where d is the outer CNT 

diameter. 

The tunneling conductance is calculated using Simmons’ formula [13, 14], which for low voltage 

on the contact is [15]: 𝐺𝑡𝑢𝑛𝑛 = 𝐺0 𝜏𝑠 𝑑232 exp(−𝜏𝑠),        (2) 

where s is the distance between the CNT surfaces, s   smin, smin is usually taken as 0.34 nm (van 

der Waals distance), d is the CNT outer diameter, 𝐺0 = 2𝑒2/ℎ = 7.72210-5 S (e = 1.60210-19 С is 
the electron’s charge, h = 6.62610-34 Js is Plank’s constant), and 𝜏 = 4𝜋√2𝑚∆𝐸ℎ ,           (3) 

where m = 9.10910-31 kg is electron mass, and E is the potential barrier. The potential barrier 

E is shown by [15] to have different values (E1 and E2) for the contact distances below and 

above the “polymer cutoff distance”, assumed to be equal to 0.6 nm.  

Under deformation of the CNT network, the length of the CNT segments changes negligibly 

because of much higher axial stiffness of the CNTs (~ 1 TPa) in comparison with the stiffness of 

the matrix (~ 1 – 3 GPa) and homogenized stiffness of the nanocomposite (~ 12 GPa, CNT content 

~ 1 wt%). The deformation affects inter-CNT distance s, which enters the expression of the 

tunneling conductance, Eq (2). 

4. Piezoresistivity model 

4.1 Inter-CNT distances and the tunneling conductance 

At deformation, distances s of the tunneling contacts, Eq (2), are changing, causing the change 

in the tunneling part of the conductivity. When modelled, care should be taken to apply correct 

values of potential barriers. As it was discussed in section 3, in the undeformed state potential 

barrier E1 is applied at distances shorter than the polymer cutoff distance 0.6 nm, while at 

larger distances the value of the potential barrier is switched to E2. The reason behind this is 

that at distances between two CNTs larger than 0.6 nm, polymeric chains begin to penetrate 

into ,this gap while at shorter distances it is prevented by the van der Waals’ forces.  

When the deformation is applied, distances between CNTs are changing. We assume that no 

polymer interpenetrates the opening gaps in this process. Then in the case when s becomes 

larger than 0.6 nm, the value of the potential barrier must be evaluated with the reference to 

the undeformed configuration, the potential barrier still remains E1 without changing to E2. 

On the contrary, when the gap is not opening, but closing, we expect the van der Waals’ forces 
to push the polymer out of this gap, changing thereby the potential barrier. Then in the case 

when s becomes smaller than 0.6 nm, the potential barrier switches from  E2 to E1. 

Finally, we assume that pairs of contact points, at which tunneling is happening, stay unchanged 

at deformation, and in the deformed configuration no search for new contact points is 

performed. 
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The piezoresistive gauge factor (GF) for uniaxial tension deformation  in i direction is defined 

as 𝐺𝐹 = 1𝜀 𝑔𝑖𝑖−𝑔′𝑖𝑖(𝜀)𝑔𝑖𝑖 ,         (4) 

where 𝑔𝑖𝑖   and 𝑔′𝑖𝑖(𝜀) are ii diagonal components (no summation) of the homogenized 

conductivity tensors before and after the deformation. 

4.2 Change of the inter-CNT distances under deformation 

Consider uniaxial tension of a nanocomposite, with applied deformation . Assumed a value for 

Poisson’s ratio of the nanocomposite, for example  = 0.3 [16]. Calculations of the distances of 

the tunneling CNT contacts proceed in the following steps, as illustrated in Figure 1. 

 

Figure 1. Calculation of the change of the tunneling contact distance under tension in vertical 

direction: Decomposition of CNT contact geometry into (a) relative displacement of the centers 

of gravity; (b) rotation of straight sections of the both CNTs. 

1. The change of a tunneling distance in a contact C between two CNTs (two contact points 

C1 and C2 on the centerlines) is defined by deformation of a “deformation element” 
(Figure 1a), which comprises sections (P11, P12) and (P21, P22) of the CNTs with the length 

½ of the inter-contact CNT lengths between subsequent contacts on the both sides from 

the contact C on each of the CNTs. 

2. The deformation element is approximated by two straight lines, with contact points 

belonging to these lines, length of the lines equal to the length of the CNT sections ||P11, 

P12|| and ||P21, P22||, orientation of the lines is the same as of vectors 𝑃11, 𝑃12⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ and 𝑃21, 𝑃22⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, positions of the contact points on the lines is the same as on the CNT sections 

in terms of distance from the contact points to the ends of the sections. 

3. Average deformation state of all deformation elements is the same and is defined by 

the applied deformation:  
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𝜀11 = −𝜀, 𝜀22 = −𝜀, 𝜀33 = 𝜀 .       (5) 

4. Conformal deformation of the CNTs in the deformation element has two components:  

a. displacements of the centers of gravity (CG) of the CNT sections in the element 

according to the deformation eq (5), the section length is not changed: 

𝐶𝐺′1𝐶𝐺′2⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = [− 0 00 − 00 0 
] 𝐶𝐺1𝐶𝐺2⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ ; ‖𝑃′12 − 𝑃′11‖ = ‖𝑃12 − 𝑃11‖ 

b. rotation of the CNT sections around the displaced centers of gravity (CG’); the rotation 
increases the Z-distance between the ends of each CNT section by a factor (1+) and 

preserves the section length: |𝑃"12𝑧 − 𝑃"11𝑧| = |𝑃′12𝑧 − 𝑃′11𝑧|(1 + 𝜀) ; ‖𝑃"12 − 𝑃"11‖ = ‖𝑃′12 − 𝑃′11‖ 

The new tunneling distance is the distance defined by the new positions of the contact points, 

C’’1 and C’’2, which result from the described deformation of the CNTs, which transforms their 

initial positions C1 and C2 first, after translation, in C’1 = C1 and C’2, and then, after rotation, in 

C’’1 and C’’2. 

4.3 Comparison with FE modelling 

To validate the approximate algorithm, described above, a comparison is done with FE 

calculations of the change of the inter-CNT contact distances and the nanocomposite resistivity, 

performed in [4]. Table 1 shows parameters of the model, and illustrates the random RVE 

realizations (centerlines of CNTs are shown). Table 2 compares results of calculations of 

homogenized conductivity in [4], performed using FE modelling, and the present calculations, 

done with nodal analysis of the electric circuit. Good correspondence between the results allow 

further comparison of the change of the RVE resistivity with deformation.  

Table 1: Parameters of the test model, multiwall CNTs [4] 

Parameter Value RVE image 

CNT diameter 50 nm 

 

CNT wall thickness 5 nm 

CNT length 5 µm 

CNT max curvature and torsion 1 µm-1 

CNT volume fraction 1% 

RVE size 7.5*7.5*7.5 µm 

Number of CNTs inside the RVE 430 

 

Table 2 compares relative change of resistance R/R, resulting from uniaxial tension 

deformation, applied to the RVE, under different levels of the applied strain calculated using FE 

modelling in [4] and with the present algorithm. The correspondence of the values is pretty 

good, given a very approximate character and strong assumptions of the proposed algorithm. 

Time-wise the present calculations of the change of the CNT contacts and the nodal analysis take 

few seconds per RVE random realization of a PC Intel(R) Core(TM) i9-9880H CPU @ 2.30 GHz, 32 

GB RAM. 
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Table 2: Comparison of the calculated conductivity and relative resistance change according to 

[4] and the present modelling 

Homogenized conductivity, S/m Relative resistivity change, VF = 1% 

VF [4]* 
present 

calculations** 
strain [4]** 

present 

calculations*** 

0.75% 0.15 0.15  0.20 0.2% 0.01 0.013 

1% 1.2 1.15  0.33 0.3% 0.02 0.030 

2% 15 14.5  0.80 0.4% 0.04 0.044 

   0.5% 0.08 0.054 

* based on [4], Figure 9 *** based on [4], Figure 10 

** mean and standard deviation  **** logarithmic mean 

5. Piezoresistivity of aligned CNT assembly 

The model is illustrated on random and aligned CNT nanocomposites [17, 18]. The model 

parameters are shown in Table 3. Figure 2 shows the calculated distribution of the gauge factor 

of the nanocomposites under uniaxial tension deformation, for 100 random realizations of the 

CNT configurations. The calculated range of the gauge factor corresponds to the experimentally 

observed values for the similar materials [19, 20], which are in the range 1 – 4 along CNTs and 4 

– 6 for the VF in the range 1% - 10%. 

Table 3: Parameters of the modelled CNT nanocomposites 

Parameter Random CNTs Aligned CNTs 

Data source [17] [18] 

CNT outer diameter, nm 1.6 8.0 

CNT length   

distribution type Weibull constant 

mean length, µm 2.0 20 

Weibull modulus 3.0 n/a 

Weibull scale, µm 2.24 n/a 

CNT orientation   

distribution type uniform aligned 

CNT shape   

maximal curvature, 1/µm 5 5 

maximal torsion, 1/µm 5 5 

Volume fraction variants 0.5%; 1% 2.5%; 7% 
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Figure 2. Gauge factor, histograms of the distributions: (a) random CNTs, VF = 0.5% and 1%, 

(b,c) aligned CNTs, along (b) and across (c) CNTs, VF = 2.5% and 7%. Intrinsic CNT conductivity 

104 S/m, tunneling potential barrier 3 eV. Sampling size 100. White arrows show the 

deformation direction. 

 

6. Conclusions 

The proposed analytical model for calculating change of the inter-CNT distances and the related 

change of the tunneling inter-CNT resistances has been validated against the full-FE simulations 

and provide predictions of the CNT-based nano-composite gauge factors corresponding to the 

experimentally measured values. 
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Abstract: Polydimethylsiloxane (PDMS)-based nanocomposites have attracted increasing 

attention due to their inherent outstanding properties. Nevertheless, the realization of high levels 

of dispersion of nanosilicas in PDMS represents a challenge arising from the poor compatibility 

between the two components. Herein, we explore the use of ionic interactions located at the 

interface between silica and PDMS matrix by combining anionic sulfonate-functionalized silica 

and cationic ammonium-functionalized PDMS. A library of ionic PDMS nanocomposites was 

synthesized and characterized to highlight the impact of charge location, density, and molecular 

weight of ionic PDMS polymers on the dispersion of nanosilicas and the resulting mechanical 

reinforcement. The use of reversible ionic interactions at the interface of nanoparticles-polymer 

matrix enables the healing of scratches applied to the surface of the nanocomposites. Molecular 

dynamics simulations were used to estimate the survival probability of ionic crosslinks between 

nanoparticles and the polymer matrix, revealing a dependence on polymer charge density. 

Keywords: Nanocomposites; PDMS, Self-Healing; Ionic interactions; Simulation. 

1. Introduction 

Polydimethylsiloxane (PDMS) is the most widely explored and utilized polysiloxane, possessing 

an extremely low glass transition (Tg), excellent thermal stability, high permeability and good 

biocompatibility. [1] As a liquid at room temperature, most applications require PDMS to be 

chemically crosslinked and/or combined with nanofillers to realize the requisite mechanical 

properties. Cross-linking PDMS via reversible dynamic bonds based on hydrogen bonds, ionic 

interactions, metal complexes and dynamic transesterification has led to smart materials 

exhibiting self-healing, high stretchability and recyclability.[2] A plethora of nanofillers has been 

used for reinforcement of the PDMS matrix, and fumed silica has been one of the most favored 

reinforcing nanofillers for silicones due to strong hydrogen-bond mediated interactions 

between hydroxyl groups from the fumed silica surface and PDMS siloxane bonds.[3] However, 

amorphous fumed silica nanoparticles consist of nanoparticles and clusters resulting in 

inhomogeneous size distribution of nanoparticles. While mechanical reinforcement of PDMS by 

nanofillers is well-known, the realization of consistently high levels of dispersion in a PDMS 

matrix remains a challenge. One of the existing strategies to improve nanoparticle dispersion 

consists of grafting oppositely charged ionic functional groups to the nanoparticle surface and 

the polymer matrix, respectively, creating nanoparticle ionic materials (NIMS).[4] This approach 

has been used to design ionic nanocomposites with high levels of nanosilica dispersion in 
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poly(ethylene oxide),[5] polylactide, poly[ε-caprolactone-co-D,L-lactide] [6]  and polyurethane 

matrices.[7] Herein, we explore the use of ionic interactions to enhance the distribution and 

dispersion of nanosilica in a PDMS matrix by combining cationic ammonium-functionalized 

PDMS and anionic sulfonate-functionalized nanosilicas. The effects of PDMS molecular weight 

(MW), charge density and charge location on nanosilica dispersion and mechanical 

reinforcement are investigated. In addition, the use of reversible ionic interactions located at 

the interface between nanosilica and ionic PDMS matrix was exploited to trigger the scratch 

healing of the ionic PDMS nanocomposites films. The experimental studies have been 

complemented by coarse grained molecular dynamics simulations of ionic nanocomposites to 

estimate the expected lifetimes of ionic crosslinks between ionic nanoparticles and polymers. 

2. Results 

A library of ionic PDMS polymers with molar masses in the range of 6 500 – 50 000 g mol-1 and 

trimethylammonium concentrations varying from 0.07 to 1.73 mmol g-1 were prepared either 

by a direct quaternization of (aminopropylmethylsiloxane-r-dimethylsiloxane) copolymers or 

hydrosilylation of (methylhydrosiloxane-r-dimethylsiloxane) copolymers in a two-step reaction. 

The hydrosilylation of poly(methylhydrosiloxane-r-dimethylsiloxane) copolymers having molar 

masses of 6 500 and 25 000 g mol-1 with respective concentrations of 0.87 and 0.69 mmol g-1 of 

methylhydrosiloxane was performed in the presence of N,N-dimethyl allylamine and PtO2 

catalyst. The quaternization reaction in the presence of methyl bromide was performed in a 

second step to give the trimethylammonium-functionalized PDMS corresponding to P1 and P2, 

respectively. The direct quaternization of poly(aminopropylmethylsiloxane-r-dimethylsiloxane) 

copolymers having molar masses of 20 000 (P3) and 50 000 (P4) g mol-1 with respective cationic 

charge densities of 1.73 and 0.83 mmol g-1 was achieved in the presence of a large excess of 

methyl bromide and sodium bicarbonate in THF over 4 days. The impact of charge location on 

nanosilica dispersion was investigated by functionalizing the chain-ends of PDMS with 

trimethylammonium from aminopropyl-terminated PDMS having molar masses of 5 000, 25 000 

and 50 000 g mol-1 to yield P5, P6 and P7, respectively. 

• Thermal and rheological properties of ionic PDMS 

The synthesized ionic polymers were characterized by DSC to determine the impact of cationic 

pendant group location and concentration on the glass transition temperature (Tg) and 

crystalline melting point (Tm).  (Table 1) It is well-known that linear PDMS is a semi-crystalline 

polymer that melts around -40°C, crystallizes at approximately -90°C and vitrifies upon cooling 

around -125°C.  The DSC analysis of ionic PDMS polymers revealed the expected PDMS Tg at ≈ -
120°C and a second Tg attributed to the ionic component of the copolymer, in the range of 70 

to 85°C. The latter assignment is supported by analysis of the highly functionalized P3 

copolymer, which showed a single Tg at 75°C. In contrast, with the aforementioned systems, 

where no obvious MW effects were observed, the introduction of ionic groups at the chain ends 

alone impacted the thermal property of the PDMS as a function of MW. The P5 exhibited a Tg of 

-124°C with no melting peak, while the P6 and P7 of higher MW additionally revealed single 

melting peaks at -46°C and -43°C, respectively. This is consistent with observations that, as with 

other polymers, very low molecular PDMS crystallizes poorly compared to its high molecular 

weight counterparts. Crystallization was also observed in the aminopropyl-terminated P6 

precursor, which displayed a melting point of -43°C and a Tg of -124°C. Double melting peaks 
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were observed at -45 and -38°C for the P7, consistent with other reports on the complexities of 

PDMS crystallization behavior. [8] 

Table 1. Thermal and rheological properties of ionic PDMS.  

Ionic 

Polymer 

Mw 

(Kg/Mol) 

Cation 

Content 

Mmol/g 

Charge 

Location 

Thermal 

transitions (DSC, 

°C) 

Rheological 

properties (1 Hz, 

RT) 

    Tg1 Tg2 Tm G’ G’’ Ƞ 

P1 6.5 0.87 Grafted -119   1.2 2.8 0.5 

P2 25 0.69 Grafted -119   8.4 17.5 3.1 

P3 20 1.73 Grafted  76     

P4 50 0.83 Grafted -117 85  4.8 11.4 1.9 

P5 5 0.58 Chain-ends -124   13.1 10.6 2.7 

P6 25 0.14 Chain-ends   -46 77.4 24.3 12.9 

P7 50 0.07 Chain-ends   -43 101 8.6 16.1 

 

The viscoelastic properties of the ionic PDMS copolymers were assessed through frequency 

sweep analysis by measuring the storage and loss moduli G’(ɷ) and G”(ɷ) as a function of 

angular frequency at room temperature. The trimethylammonium-grafted PDMS copolymers 

(P1, P2 andP4) were dominated by a viscous response, with G”(ɷ) higher than G’(ɷ) over almost 

the entire range of studied frequencies and with crossover observed only at the highest 

frequencies. In contrast to the ionic-grafted PDMS copolymers, the ammonium-terminated P6 

and P7 displayed a much greater propensity for solid-like behavior over the range of studied 

frequencies, with higher plateau moduli vs. grafted systems of similar MW and with crossover 

observed at much lower frequencies, i.e. 0.079 Hz and 0.016 Hz, respectively. Below the 

entanglement molecular weight, Me (12 000 g/mol), the measured moduli of the P5 dropped 

and no plateau modulus was observed in contrast with PDMS of higher MW, but the material 

remained solid-like at most frequencies, with a cross-over point at 0.039 Hz. One possible 

explanation for these observations is that repulsion between high concentrations of cationic 

groups in the grafted systems makes the formation of physical crosslinks (in the form of 

entanglements) exceptionally difficult, thus ensuring that liquid-like behavior dominates in such 

materials. In contrast, in end-functional systems, the tendency of small concentrations of polar 

end-groups to phase-separate and form clusters with reduced mobility may actually cause the 

formation of additional physical crosslinks vs. non-functionalized PDMS. This would explain why 

such a low crossover frequency is observed even in the lowest MW end functionalized PDMS, 

which would otherwise be expected to behave as a liquid at all frequencies. 

• Dispersion of nanosilica in ionic PDMS 

PDMS-silica nanocomposites films were prepared by mixing sulfonate-functionalized nanosilicas 

with trimethylammonium-functionalized PDMS. PDMS nanocomposites were prepared by 

dissolving the synthesized trimethylammonium-grafted PDMS in DMSO. In tandem, an aqueous 

nanosilica dispersion was diluted with an equal volume of DMSO, then concentrated under low 

pressure using a rotovap to remove the water. Nanosilicas dispersed in DMSO were then added 

to the ionic PDMS solution in a Teflon dish and the mixture was heated at 150°C for two hours, 

then dried under vacuum overnight to yield transparent PDMS-silica nanocomposite films. A 

second set of PDMS-silica nanocomposites was prepared from trimethylammonium-terminated 
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P5, P6 and P7 polymers in the presence of sulfonate-functionalized nanosilicas. Due to lower 

solubility of the trimethylammonium-terminated PDMS in DMSO, other polar organic solvents 

had to be tested. P5 polymer was found to be soluble in DMF, and thus the corresponding 

nanocomposites were prepared following the same procedure as for the ionic grafted-PDMS 

copolymers in DMSO. Using the aforementioned approach, a series of PDMS-silica 

nanocomposites films was prepared by mixing the ionic PDMS with 10 wt% of sulfonate-

functionalized nanosilica into different ammonium-functionalized PDMS polymers. The weight 

fraction of nanosilica in different nanocomposite films was estimated by TGA analysis and the 

concentration was found to be between 11 and 14 wt% except for the P3 (20.3 wt%), P5 (16.8 

wt%) P7 (16.9 wt%). This discrepancy may be reflective of an inhomogeneous distribution of 

nanoparticles in these materials, resulting in higher nanoparticle concentrations in the materials 

sampled for TGA. To assess nanosilica dispersion levels, Scanning Transmission Electron 

Microscopy (STEM) was performed. The dispersion and distribution of the nanosilica was found 

to depend on the charge density of the PDMS as well as the corresponding MW. 

Considering first those systems based on PDMS with ionic group grafted along the chain, well-

dispersed nanosilica was observed in all cases as shown as an example for the P4 loaded with 

10 wt.% of silica. (Figure 1. a) The observation of high levels of dispersion is consistent with the 

effects of a combination of repulsive ionic interactions between nanosilica particles and 

attractive (electrostatic) interactions between nanosilica and the PDMS matrix.  

 

Figure 1. STEM images of the bulk from the PDMS-Silica nanocomposites films prepared from P4 

(a) and the self-healing behavior of a P1 nanocomposite film as evidenced by Micro-CT images 

(b). 

PDMS-silica nanocomposites prepared from PDMS bearing ionic groups at the chain ends were 

also tested to investigate the impact of charge location on the dispersion of nanosilica. While 

the use of PDMS with MW above 25 000 g/mol resulted in nanoparticle aggregation, the P5-

based nanocomposites of higher charge density displayed improved nanosilica dispersion. This 

observation of high levels of dispersion in a non-entangled (ionic) PDMS matrix agrees with a 

prior report that layered silicates may be dispersed in non-entangled PDMS with polar end 

groups, and that, more broadly, layered silicate dispersion in PDMS is driven by polar group 

content.[9] 
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• Mechanical properties of ionic PDMS-silica nanocomposite 

While the unfilled polymers here were too weak / liquid-like in character to enable such work, 

quasi-static tensile testing was performed on trimethylammonium-grafted PDMS-based 

nanocomposite films. Tensile test analysis was performed on a PDMS-silica nanocomposite film 

prepared from P1 and 10wt% of silica. While rheometry revealed viscous behavior influenced 

by interactions between cationic groups within the PDMS chains, the addition of nanosilica 

resulted in mechanical reinforcement with a tensile strength of 0.16 MPa ± 0.03 and a break 

strain of 118 ± 1%. Increasing the MW of ionic PDMS to 25 000 g/mol (P2) (above the 

entanglement MW) resulted in significantly greater mechanical performance at 10 wt% 

nanosilica loading, with a tensile strength of 0.91 ± 0.20 MPa but a reduced break strain of 68 ± 

12%. This decrease in break strain was interpreted as indicative of higher nanosilica mobility in 

a low MW matrix. [10] The mechanical reinforcement by nanosilica in a higher MW PDMS 

copolymer of 50 000 g/mol was also tested. P4 containing 10 wt% nanosilica exhibited lower 

mechanical strength (0.18 MPa ± 0.05) and break strain (25 ± 1%) than the corresponding lower 

MW P2-based nanocomposites.  

Given the levels of mechanical performance observed with 10 wt% nanosilica, the P2 matrix was 

chosen to study the effects of variations in nanosilica loading. Decreasing the nanosilica loading 

to 7.5 wt% gave results in line with the expected reductions in crosslink density, with a lower 

break stress (0.41 ± 0.01 MPa) and a higher break strain (90 ± 6%) observed. While better 

reinforcement might be expected at higher nanoparticle loadings (20 wt%) given an anion to 

cation ratio closer to 1, the onset of nanosilica aggregation resulted in nanoparticles clustering 

and poor mechanical reinforcement when the nanosilica loading was doubled. A tensile strength 

of only 0.21 ± 0.07 MPa and a strain at break of 20 ± 1% were measured, confirming the optimum 

nanosilica loading as 10 wt%. The same effect was observed when the charge density of the 

polymer was doubled (to 1.7 mmol g-1 in the case of P3) while maintaining a nanoparticle 

loading of 10 wt%, resulting in the lowest observed break stress and break strain values (0.16 ± 

0.01 MPa and 16 ± 5%, respectively).  

For end-functionalized P5, mechanical reinforcement was assessed by rheology since no free-

standing polymer film could be prepared. In this case nanosilica addition was observed to reduce 

the RT storage modulus at both 5 and 10 wt% nanosilica. While a substantial reduction in loss 

tangent vs. that of the unfilled polymer was observed in both cases, as would be expected given 

an increase in crosslink density, the apparent reduction in absolute stiffness was a surprise. One 

possible explanation for this is that the clustering of the chain ends in the unfilled polymer, 

previously posited to give rise to its significant increase in solid-like character, might be 

disrupted through nanosilica addition, with the subsequent interactions with the nanosilica 

being unable to make up for this change.  

• Self-healing of ionic PDMS nanocomposites 

Cross-linking PDMS through reversible interactions promises the possibility of self-healing 

behavior as previously demonstrated on linear polymer chains, [11] polymer conetworks [12] 

and coatings [13]. The self-healing in ionic PDMS nanocomposites was tested by creating a 

scratch on the surface of various ionic PDMS nanocomposite films and monitoring the scratch 

over time, both by optical microscopy and micro-computed x-ray tomography (micro-CT). Two 

polymer matrix materials were chosen, namely P2 (which gave a nanocomposite with the 
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highest break stress of any tested) and P1 (which gave a nanocomposite with the highest break 

strain of any tested). The film samples (180 ± 20 µm thick) were placed on a glass substrate and 

a scratch was created a using a scalpel, giving a scratch width of 25 ± 5 µm. A healing 

temperature of 80°C was chosen based on the observation of a glass transition between 70 and 

85°C (Table 1) previously assigned to the ionic groups in the system. It was posited that the 

heating of the ionic nanocomposite films to temperatures close to the glass transition would 

induce scratch healing as previously demonstrated in polyurethane-based ionic 

nanocomposites. [7] The first healing tests were performed for 24 hours at 80°C on three 

samples: P2-10%, P2-7.5% and P1-10%. However, no healing was observed in any case. -It was 

hypothesized that the high strength of the ionic interactions between the nanoparticles and the 

PDMS matrix might be impeding healing under these conditions. To test this, the healing 

experiment was repeated with the sample placed in a humid environment (a sealed glass 

desiccator with water placed below the sample shelf in place of desiccant; RH = 100 %), then 

heated to 80°C for 24 hours. In this case, optical microscopy revealed that, among the three 

samples, the P1-10% possessed the ability to heal rapidly, presumably due to the higher mobility 

of nanosilica in a non-entangled PDMS matrix.  A decrease in scratch width in this system was 

observed after 30 minutes and after one hour, complete healing of the scratch was observed. 

This was confirmed with micro-CT analysis, which revealed a scratch 5 mm and 25 ± 5 µm wide 

prior to healing vs. the near-complete disappearance of the scratch following healing in a warm 

and humid environment (Figure 1-b). These results confirm the sensitivity of the ionic 

interactions in these systems to the presence of moisture, and its very strong impact on 

nanoparticle mobility and relaxation of the polymer chains.  

• Modeling of crosslinks in ionic nanocomposites 

Complementing the experimental work described here, we have used coarse grained molecular 

dynamics simulations of both ionic and traditional (attractive, nonionic) nanocomposites to shed 

light on the formation of ionic crosslinks between ionically functionalized nanosilicas and PDMS 

chains. The model is composed of spherical nanoparticles with surface beads, to mimic 

nanosilicas, and multibead-spring linear polymer chains (Kremer–Grest model) with N=200 

monomers (this corresponds to a ratio of N/Ne > 2, where Ne is the number of monomers 

between entanglements 42) at two nanoparticle volume fractions (φ=0.062, 0.12). Polymeric 
and surface beads may or may not carry a permanent charge, while the nanocomposite systems 

are overall neutral in each case. Details about the simulations and the model used in this study 

can be found elsewhere in the literature. [14] We model polymers of different charge densities, 

charged either on their chain ends or along the backbone (one charge every three monomers = 

p3 type; one charge every 10 monomers = p10 type; one charge every 25 monomers = p25 type), 

or entirely without charges but incorporating a short-range attraction between polymers and 

the nanoparticle surface.[15] It is observed by coarse grained simulations [16] that nanoparticle 

dispersion depends on the ratio of electrostatic strength to distance between charges, rather 

than on the matrix MW. For all ionic nanocomposites modeled in this work, nanoparticle 

dispersion in the entangled polymer matrix has been observed. 
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3. Conclusion 

A library of PDMS-based polymers containing cationic groups was successfully synthesized and 

characterized to study the impact of charge density and charge location on the structure and 

properties of nanocomposites formed with oppositely charged nanosilica. Thermal analysis of 

ionic polymers revealed higher thermal stability in the case of end-functionalized PDMS vs. 

cation-grafted PDMS. The viscoelastic properties of these materials as assessed by frequency 

sweep experiments in a parallel plate rheometer showed evidence of a significant viscous 

response in the case of cation-grafted PDMS, while end-functionalized PDMS exhibited solid-like 

behavior. The dispersion and distribution of nanosilica in these ionic PDMS matrix materials was 

driven at least as much by charge location and charge density as by charge balance, with good 

dispersion possible in all cation-grafted PDMS (albeit with more and more inhomogeneous 

nanosilica distribution observed as charge density increased), whereas in the end-functionalized 

PDMS case, only the system with the highest charge density produced high levels of nanosilica 

dispersion. The highest break stress was observed in the entangled P2 (MW > Me) with a 

nanosilica loading of 10 wt%. Here, the relatively low overall charge density helps to avoid the 

formation of a kinetically trapped nanostructure exhibiting inhomogeneous nanosilica 

distribution. High levels of nanoscale dispersion coupled with uniform distribution and an 

entangled polymer phase all contribute to increased break stress. The highest break strain was 

observed in P1 with a nanosilica loading of 10 wt%. This is ascribed to the higher mobility of 

nanosilica dictated thanks to the presence of non-entangled PDMS chains. The aforementioned 

nanocomposite also displays rapid (within 30-60 minutes) self-healing at 80°C in a humid 

environment, consistent with the proposition of high mobility coupled with the reversible nature 

of ionic interactions.  
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ABSTRACT 

In order to successfully address the target application, a material or composite structure created 

for a certain function must meet certain specifications. Mechanical properties of membranes are 

important in pressure-driven membrane processes, as these materials carry the mechanical loads 

generated by the flow of liquids. The membranes may be subjected to substantial physical 

compression at high working pressures, which can diminish or even destroy their performance. 

When a membrane's functional portion has poor intrinsic mechanical qualities or its dimensions 

prevent it from operating at high pressures, one approach is to support it with a porous substrate 

with appropriate mechanical stability. As a result, the mechanical behavior of both the active 

membrane and the substrate of a composite membrane is noteworthy and must be thoroughly 

investigated. Carbon nanomembranes (CNMs) are a type of two-dimensional material created by 

using low-energy electron irradiation to cross-link self-assembled monolayers (SAMs) of aromatic 

precursor molecules. The thickness and porosity of CNMs can be adjusted according on the 

precursor molecules and the preparation circumstances, from which they also inherit their 

terminal functionality. In contrast with macro-materials, measurement of the mechanical 

properties of nanometer-thick membranes is a very challenging task. For this reason, the 

membranes were suspended over patterned substrates and evaluated quantitatively in their 

intrinsic mechanical properties via Atomic Force Microscopy (AFM). The mechanical properties 

of substrates and composite membranes were studied by tensile experiments using a DebenTM  

micro-test tensile stage. The effect of the thickness and porosity of the substrates were also 

examined.  

 

KEYWORDS: Carbon nanomembranes, mechanical properties 
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1. INTRODUCTION 

A material or composite structure produced for a specific function must meet certain 

standards in order to successfully handle the target application. Membrane mechanical 

characteristics are critical in pressure-driven membrane processes because these materials carry 

the mechanical loads generated by liquid flow. At high operating pressures, the membranes may 

be subjected to significant physical compression, which might reduce or even destroy their 

performance. When the functional section of a membrane has weak inherent mechanical 

properties or its dimensions preclude it from operating at high pressures, one solution is to 

support it with a porous substrate with adequate mechanical stability. As a result, the mechanical 

behavior of both the active membrane and the substrate of a composite membrane is significant 

and warrants more investigation. 

Carbon nanomembranes (CNMs) are two-dimensional materials synthesized by cross-linking 

self-assembled monolayers (SAMs) of aromatic precursor molecules using low-energy electron 

irradiation [1]. CNMs can have different thicknesses and porosities depending on the precursor 

molecules and preparation parameters, from which they also get their final functionality. CNM 

Technologies (a spin out of the University of Bielefeld) has modified these membranes to CNM-

composite membranes. By combining CNMs with a polymer support with micron-sized pores the 

CNM-composite membrane can be produced without the delicate process of transferring the 

active layer (CNM) from the original growth substrate to a porous support. 

Measuring the mechanical properties of nanometer-thick membranes, in contrast to macro-

materials, is a difficult undertaking. To perform such demanding analysis, the membranes were 

suspended over patterned substrates and their intrinsic mechanical properties were quantified 

using Atomic Force Microscopy (AFM). The mechanical properties of the polymer substrates and 

composite membrane were studied using a DebenTM micro-test tensile. Performing such 

mechanical tests, the influence of substrate thickness and porosity was determined. Finally, 

Thermogravimetric Analysis was used to investigate the behavior of composite membranes at 

high temperatures (TGA). 

 

2. METHODOLOGY 

CNMs and CNM-composite membranes were produced by CNM Technologies in Bielefeled, 

Germany. Three types of samples were used: a) CNM (NBPS) [2]: a self-assembled monolayer of 

[3-([4’-Nitro-1,1’-biphenyl]-4-yloxy)-propyl]-phosphonic acid (NBPS) was prepared on an 

aluminised polyethylene terephtalathe (PET) film by immersion of the substrate into a solution 

of the precursor molecule in technical ethanol. The molecular layer was crosslinked by irradiation 

with low energy (100 eV) electrons with an electron dose density of 50 mC/cm². The CNM/Al/PET 

was then protected by a spin-coated layer of polymethylmethacrylate (PMMA). After the 

production of sandwiched structure of PMMA/CNM/Al/PET, a transfer process was performed 

to lay CNMs on flat or perforated substrates. A lab scissor is used to cut the samples into 1 cm2 
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squares. Then, an etching procedure is carried out at a temperature of 80 °C in an aqueous 

solution of 20 wt % NaOH. The etchant intercalates after a few minutes, and the Al substrate 

begins to dissolve. The PET support is separated when the Al layer has completely disintegrated, 

and the PMMA/CNM composite is left floating on the solution's surface. The NaOH solution is 

then replaced with three times deionized water, and the item is washed numerous times. Finally, 

the composite is "fished out" by the substrate of choice and dried overnight in a nitrogen 

atmosphere. Afterwards, the sample is soaked twice in an acetone bath for 10 minutes each time 

to remove the PMMA coating, then dried overnight. SiO2/Si, quartz glass slide, and Si3N4 

perforated with 0.8 μm holes were used as substrates in our research. b) CNM-composite 

membranes: they were made by casting and crosslinking a molecular thin layer of NBPS precursor 

molecules on an ion-beamed PET-film with subsequent one-sided etching of the ion-tracks into 

open pores. Since the CNM on top acts as an etch-stop, the track-etched pores in the PET-support 

are covered with a free-standing CNM [3]. c) NBPS/PET-CNM: By complete etching other PET-

support, it is possible to release the active CNM layer and handle it as a freestanding layer (after 

a transfer equivalent to that described above). 

All AFM measurements were carried out in a noise isolation chamber under ambient settings 

using a Bruker Dimension Icon. Silicon TESPA-V2 probes (R=8nm, k=37N/m, f=320kHz) were 

employed for topographic imaging using PeakForce-Quantitative nano-Mechanical (PF-QnM). To 

gain a clearer representation of the finer sample features, the forces were kept as low as possible. 

In addition to the topography, nanomechanical data was collected and correlated. The tip was 

calibrated for deflection sensitivity on a sapphire standard for quantitative nanomechanical 

characteristics, and the Sader method was employed for spring constant [4]. For non-contact 

imaging of the suspended membranes, the same probes were employed. 

Tensile mechanical studies were carried out in a DebenTM micro-test tensile stage to 

investigate the mechanical behavior of substrates and composite membranes. The stage was 

built specifically for determining the mechanical properties of thin films. It has a 250 N load cell, 

allowing great sensitivity on samples with minimal force demands. Samples were cut into 30 mm 

× 2 mm strips and evaluated at a displacement rate of 1.5 mm/min for each sample. Force-

displacement pair data were continually recorded throughout the test, and stress-strain curves 

were generated from their analysis. 

 

3. RESULTS AND DISCUSSION 

A transfer from the sandwiched structure to a SiO2/Si substrate was required to analyze the 

various produced CNMs for topographic characteristics and inherent mechanical properties. An 

atomically flat surface is critical for the best potential results on the intrinsic properties of 

ultrathin films like CNMs. Both contact and tapping modes were used to collect topography, and 

the findings were in good agreement. 
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For mechanical measurements, it's critical to choose a tip that can generate enough sample 

deformation while maintaining high force sensitivity. Furthermore, the tip has to be calibrated 

for deflection sensitivity on a sapphire reference sample and spring constant using the Sader 

method [4] in order to obtain quantitative data. The maximal force was chosen to ensure that 

any deformations that occurred throughout the scan were completely elastic. Figure 1 shows 

topographical data as well as mappings of mechanical characteristics of CNM (NBPS) transferred 

to a SiO2/Si surface for a random region.  With an approximate roughness of 0.5 nm, the 

topography and mechanical properties of transferred CNMs show excellent homogeneity. The 

energy dissipation for the CNM is low because the experiments were done in the elastic regime. 

PMMA residues from the transfer process were visible in all obtained channels and could be 

differentiated from the CNM by their nano-mechanical properties. The adhesion force between 

the tip and the sample was estimated to be around 10 nN, while the Young's modulus was ~8 

GPa. 

 
Figure 1: Representative area of CNM (NBPS) with its respective nano-mechanical properties. The images display 

mappings of (a) Topography, (b) adhesion, (c) deformation and (d) Young’s modulus. The white dots on the 

topography denote PMMA residues from the transfer of the membrane on the SiO2/Si substrate. (e) Histogram of 

the point-by-point analysis for the Young’s modulus mapping. 
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In order to measure the mechanical characteristics of the ultrathin active CNM-layer of a CNM-

composite membranes, which is critical for pressure-driven membrane applications, they were 

transferred to normal patterned Si3N4 substrates with 0.8 μm diameter holes (NBPS/PET-CNM). 

This allowed for membranes to be suspended, which could then be used to acquire the 

suspended material's intrinsic mechanical properties without the need for a substrate. Surface 

forces, such as van der Waals interactions between the substrate surface and the supported 

membrane, induce thin films to adhere to the inner walls of the supporting substrate after thin 

membranes are suspended on a substrate (Figure 2a).  

The outer ring of the suspended material exhibits a change in mechanical properties, as shown 

by the mappings (Figure 2). This change tends to impart unequal tension on the suspended 

membrane, resulting in a fluctuation in mechanical characteristics within the "drum." More 

particular, in the top-right region, the tip-sample adhesion is lower, indicating that the material 

is not well attached to the substrate walls. As can be seen from the profile distribution inside the 

hole, this difference in adhesion results in a difference in the suspended membrane's Young's 

modulus. This is also supported by the deformation channel, which shows greater values along 

the hole's edge, indicating that it is simpler to distort for the same force. This unequal load 

distribution and the reduction of mechanical characteristics is problematic for membrane 

applications because they can act as failure spots. As a result, it's clear that transfer processes 

have an impact on the system's mechanical properties. Outside of the hole, the CNM's 

mechanical performance is quite homogeneous, as one would expect given the excellent contact 

and adhesion between the flat Si3N4 and the membrane. Young's modulus values extracted for 

CNM/PET-CNM were 2.5-3 GPa. 

 
Figure 2: Representative mechanical properties of suspended CNM (NBPS/PET-CNM). Mappings of (a) Topography, 

(b) adhesion, (c) deformation and (d) Young’s modulus. 
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Finally, the mechanical characteristics of CNM-composite membranes were examined, taking 

in account the etching time, the pores sizes and density. For the various parameters investigated, 

the composites are labeled 01, 02, and 03 (A to C). Table 1 shows the composites' detailed 

features. Figure 3 present the stress-strain curves for each sample family, as well as the effect of 

etching duration on mechanical performance. The engineering values taken from the curves are 

given in Table 2. 

 

Table 1: Characteristics of the prepared CNM-composite membranes. Etching time was 10 minutes for A samples, 8 

minutes for B samples and 0 minutes for C samples. 

Sample Etching time (min) Thickness (μm) Pore density (cm-2) 

01A 10 36 20E+6 

01B 8 36 20E+6 

01C 0 36 20E+6 

02A 10 23 20E+6 

02B 8 23 20E+6 

02C 0 23 20E+6 

03A 10 23 1.5E+6 

03B 8 23 1.5E+6 

03C 0 23 1.5E+6 

 
Figure 3: Characteristic stress-strain behavior of (a) 01, (b) 02 and (c) 03 sample series. 

Table 2: Extracted engineering values from the stress-strain curves. 

Sample Young’s modulus (GPa) Ultimate strength (MPa) Strain (%) 

01A 2.1 ± 0.3 55 ± 8 16.3 ± 2.0 

01B 3.2 ± 0.6 83 ± 9 17.6 ± 2.5 

01C 4.5 ± 0.4 119 ± 11 19.2 ± 2.7 

02A 1.7 ± 0.3 46 ± 4 12.0 ± 2.0 

02B 2.1 ± 0.3 62 ± 12 19.3 ± 0.5 

02C 5.2 ± 0.7 159 ± 14 30.1 ± 1.5 

03A 3.5 ± 0.3 121 ± 8 32.6 ± 2.5 

03B 3.6 ± 0.7 123 ± 3 33.0 ± 1.7 

03C 4.8 ± 0.2 141 ± 12 35.1 ± 2.8 
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All three-sample series, as shown in Figure 3, shows the characteristic tensile behavior of 

polymers, i.e., elastic behavior for small strains with lengthy plastic deformations for larger 

strains. The range of engineering values observed is comparable to those of a normal PET sample 

(100 MPa strength, 3.5 GPa Young's modulus, and 20% maximum strain). Unetched specimens 

(C type samples) have values that are extremely comparable to virgin PET, while pores have no 

negative impact on mechanical properties. On the other hand, substrate etching has a negative 

impact on mechanical performance since it reduces the tensile characteristics of the etched 

samples. In fact, longer etching times result in a more pronounced loss of characteristics. The 

above findings prove the mechanical potential of using composite CNM/PET membranes in 

demanding water separation applications. 
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Abstract: In this study, an intense pulsed light (IPL) welding process and mechanical roll-pressing 

method were employed to enhancing performance for the silver nanowire/polyethylene 

terephthalate (AgNW/PET) composite electrode. The conditions of two processes were optimized 

to maximize welding and embedding of AgNWs. Scanning electron microscope (SEM) analysis 

was conducted to investigate the welded and embedded AgNW network. The surface roughness 

of AgNW/PET composites were observed and evaluated using atomic force microscope (AFM). 

The optical properties (transmittance and haze) of AgNW/PET composites were measured by UV-

vis spectrometer. The AgNW composite electrode with IPL irradiation and roll-pressing showed 

a high electrical conductivity, high transmittance, and a reduced surface roughness. Finally, 

heating film based on AgNW/PET composite electrode was successfully operated showing stable 

performance. 

Keywords: transparent conductive composite; surface roughness; flexible; silver 

nanowire; 

1. Introduction 

Due to excellent optical performance (Transmittance > 90%) and electrical performance (sheet 

resistance (< 20 Ω∙sq-1), Indium tin oxide (ITO) has been used widely for transparent conducting 

electrodes (TCEs) material[1]. Although ITO have such performance for optoelectronic 

application, ITO has limiations such as high temeperature conditions, high cost, and brittleness. 

In those limitation, the brittle charateristic of ITO was critical issue for flexible transparent 

conducting electrode (FTECs)[2]. To overcome such problems, various materials such as 

graphene[3], carbon nanotube[4], metal grid[5, 6] and nanowires[7] for FTCEs have been applied. 

Among these materials, the silver nanowire (AgNW) was attracted attention as apporpiate 

candidate for FTCEs because it has excellent optical, electrical, and mechanical properties than 

other matal materials[8]. However,  the conductivity of AgNW-based composite electrodes were 

degraded by contact resistance between nanowire junctions. In addition, the high surface 

roughness due to nanowire junction  cause the electrical short in nano-scale electronic devices. 

Thus, the junction of AgNWs needs to be reduced by the effective welding process.  

To weld the junction of AgNWs, various welding process such as thermal annealing[9], a 

mechanical pressing[10], and plasmonic welding[11] have been studied. Normally, thermal 
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annealing process for polymer-based composite electrode was inappropriate because of their 

low glass transition temperature (terephthalate, Tg: 80 – 110 ℃)[12]. In case of mechanical 

pressing method, it requires high pressure conditions to weld and embed AgNWs effectively. 

Such harsh processes, the AgNW/polymer-based composite electrode can be damaged by 

excessive heat and pressure. Thus, welding process should be applied at low temperature and 

pressure to minimize the damage. As an alternative to the conventional welding processes, the 

intense pulsed light (IPL) welding process was suggested as an effective welding process for the 

junction of AgNWs[13]. The IPL welding process can weld and embed the junction of AgNWs 

without any damage in substrate because of the short process time. Many researchers have 

been reported that the conductivity of AgNW composite electrode could be enhanced by IPL 

irradiation[14]. However, the surface roughness of AgNWs was not prominently reduced. 

Therefore, the advanced process to minimize the surface roughness of the AgNW FTCEs has 

been required. 

In this study, we propose a novel approach to weld and embed AgNWs by combining the IPL 

welding process and mechanical roll-pressing. Such two processes conditions were optimized to 

weld the junction of AgNWs effectively and embed the AgNWs into the PET substrate. The sheet 

resistance of AgNW composite electrode was measured by a four-probe method and their 

surface morphologies were characterized by scanning electron microscopy (SEM) and atomic 

forced microscopy (AFM).  

2. Experiment section 

2.1 The IPL welding process for AgNW composite electrode 

The AgNW (Diameter: 20 ± 5 nm, Length: 30 ± 5 nm) dispersed in D.I water (0.1 wt%) was 

coated on the polyethylene terephthalate (PET) film (Thickness: 40 um) by bar-coating method. 

After coating process, the AgNWs were dried by NIR (Near-Infrared Radiation) lamp at a power 

of 40 W for 300 s. The AgNWs were welded by IPL welding process at room temperature under 

ambient conditions. The xenon lamp from IPL system emits the intense pulsed light which had a 

visible wavelengths range (350 nm – 950 nm). In this process, the IPL irradiation energy was used 

at 5 to 9 J/cm2. The pulse duration (10 ms) and pulse number (1 pulse) were fixed in such IPL 

welding process. 

2.2 The IPL irradiation with simultaneous mechanical roll-pressing 

The schematic diagram of the IPL irradiation with the mechanical roll-pressing were shown in 

Figure 1. The AgNW composite electrode on the quartz plate was irradiated by intense pulsed 

light from xenon ramp and was roll-pressed by steel-roller simultaneously. During one pulse 

irradiation, the entire PET side of AgNW composite electrode was pressed by steel-roller moving 

at a constant speed (60 mm/s). The conditions of IPL irradiation with the mechanical roll-

pressing were divided according to number of irradiation and roll-pressing. The specific 

conditions of two method were shown in Table 1. 

1026/1602 ©2022 Ju et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

Figure 1. The schematic diagram of IPL irradiation with simultaneous mechanical roll-pressing 

Table 1: The conditions of the IPL irradiation with mechanical roll-pressing 

Case 
IPL pulses 

[counts] 

Irradiation energy per pulse 

[ J/cm2] 

Number of roll-pressing 

[counts] 

1 1 7 1 

2 2 3.5 2 

3 3 2.33 3 

4 4 1.75 4 

 

2.3 Characterization 

The four-point probes method was used to measure the sheet-resistance of AgNW composite 

electrode. The surface morphology of AgNW composite electrode was observed using a 

scanning electron microscope (SEM, S4800; HITACHI). The surface roughness of AgNW 

composite electrode was measure by atomic force microscope (AFM, XE-100; Park systems). 

3. Result and discussion 

3.1 The IPL welding of AgNW composite electrode 

The sheet resistance of the AgNW composite electrode respect to various IPL irradiation 

energies (5 J/cm2 - 9 J/cm2) were shown in Figure 2. As shown in Figure 2, the sheet resistance 

of the AgNW composite electrode before IPL irradiation was 50 Ω/sq. The sheet resistance of 

AgNW composite electrode decreased as the IPL irradiation energy increased from 5 J /cm2 to 7 

J/cm2 because AgNWs were welded and the polymer binder was evaporated by generated 

heat.[14] The lowest sheet resistance was measured at an IPL irradiation energy of  7 J/cm2. As 

shown in Figure 3(b), it is obvious that the AgNW network were more welded and embeded than 

before the IPL irradiation (Figure 3(a)). However, the AgNW network were not fully welded and 

embedded despite IPL irradiation. The sheet resistance of the AgNW composite electrode was 

increased at high IPL irradiation energies  (8 – 9 J/cm2). Such results indicated that excessive IPL 

irradiation energy cause to damage in AgNW and PET. Figure 3(c) shows cracking of AgNWs and 
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melting of PET substate by high IPL irradiation energy (9 J/cm2). From these results, only IPL 

welding process for AgNW composite electrode was not enough to weld and embed the AgNW 

network to the PET substrate completely. Therefore, the advanced process must be applied to 

welding and embedding of AgNWs to improve its electrical and mechanical performance 

effectively. 
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Figure 2. The sheet resistance of the AgNW composite electrode with IPL irradiation according 

to IPL irradiation energies. 

 

Figure 3. The SEM image of the AgNW composite electrode with various IPL irradiation 

energies: (a) No irradiation, (b) 7 J/cm2, and (c) 9 J/cm2 

3.2 The IPL irradiation with simultaneous roll-pressing for AgNW composite electrode 

In this study, the IPL irradiation and the roll-pressing method were conducted to improve 

electrical and mechanical performance of AgNW composite electrode. Photo-induced heat is 

generated at AgNWs junction due to surface plasmon resonance when IPL is irradiated on AgNW 

composite electrode[15]. The generated heat melted the AgNWs junction and immediately 

softened the PET substrate for a few milliseconds. In these states, the AgNWs might be easily 

welded and embedded into PET substrate assisted by mechanical pressure. To maximize the 

synergistic effect of IPL irradiation and roll pressing, two processes were simultaneously applied 

as shown in Figure 1. 

As shown in Figure 4(a), the sheet resistance of AgNW composite electrode treated by IPL 

irradiation with simultaneous roll-pressing was observed. It is noteworthy that the sheet 

resistance of AgNW composite electrode was meaningfully decreased compared to the IPL 

welded AgNW composite electrode. Specifically, the sheet resistances of AgNW composite 
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electrode after IPL irradiation with simultaneous roll-press were 33.0 Ω/sq (Case 1), 28.3 Ω/sq 

(Case 2), 23.9 Ω/sq (Case 3), and 30.2 Ω/sq (Case 4), respectively. From these results, the IPL 

irradiation with mechanical roll-pressing could enhance the electrical properties effectively. The 

surface morphology of AgNW composite electrode after IPL irradiation with mechanical roll-

pressing was shown in Figure 4(b). The junctions of AgNWs were fully welded and embedded 

into PET substrate, formed a continuous pathway for electric carriers. Thus, the sheet resistance 

of AgNW composite could be reduced dramatically compared IPL welding process.  

 

Figure 4. (a) The sheet resistance of the AgNW composite electrode with IPL irradiation with 

mechanical roll-pressing, (b) The SEM image of AgNW with simultaneous IPL irradiation and 

roll-pressing (Case 3) 

3.3 The analysis of surface roughness of AgNW composite electrode 

To investigate embedding of AgNWs, the surface roughness of AgNW composite was measured 

and analyzed using AFM analysis. Figure 5 showed the AFM images of AgNW composite 

electrode after IPL irradiation and IPL irradiation with simultaneous roll-pressing, respectively. 

As shown Figure 5(a), the maximum surface roughness of AgNW composite with IPL irradiation 

was similar to twice the diameter of the AgNW. It was found that the embedding of AgNWs is 

insignificant even though the AgNW were irradiated by IPL. On the other hand, the surface 

roughness of AgNW composite electrode with IPL irradiation and mechanical roll-pressing 

simultaneously was almost identical to the dimeter of the AgNW (See Figure 5(b)). Again, it was 

because the junction of AgNWs could be fully welded and embedded into PET synergetic effect 

of the plasmonic local heating with simultaneous mechanical pressing.  
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Figure 5. The AFM image and line profile of AgNW composite electrode according to (a) IPL 

welding process and (b) IPL irradiation with mechanical roll-pressing 

4. Conclusion 

In this work, a highly conductive, and smooth surface AgNW composite electrode were 

fabricated by IPL irradiation with simultaneous mechanical roll-pressing. Due to synergetic 

welding and embedding of AgNWs with plasmonic local heating and mechanical roll pressure, 

the sheet resistance of AgNW composite electrode could be decreased dramatically compared 

to AgNW composite electrode with no irradiation. In addition, the surface roughness was also 

reduced effectively due to fully welding and embedding of AgNW network. 
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Abstract: The aim of the present work is to investigate the direct growth of carbon 

nanostructures (CNSs) onto quartz fibres to improve interfacial properties in polymer composites. 

Mechanical properties of quartz fibres are known to be reduced due to exposure to typical 

conditions (primarily temperature) for CNS growth, e.g., herein quartz fibres at 600 °C for 1h in 

air give a strength loss of 58%. Cu as a novel low-temperature (<500 °C) catalyst is explored as 

an alternative to the more typical Fe which requires temperatures higher than 600 °C. As part of 

a larger study, Cu- and Fe-catalysed CNS growth on quartz fibres are shown at high temperature 

(740 °C). Weibull analysis of the tensile data, FE-SEM investigation and X-ray diffraction analysis 

were carried out to identify possible damage mechanisms in the exemplary heat-treated fibres, 

setting up additional work to compare results at lower-temperature CNS growth known to be 

achievable with copper.  

Keywords: Quartz fibres; Chemical vapour deposition (CVD); Carbon nanostructures; 

Interface/Interphase 

1. Introduction 

Grafting carbon nanostructures (CNSs) onto the surface of microscale reinforcing fibres 

improves the structural performance of fibre-reinforced polymers (FRPs) by enhancing 

fibre/matrix interfacial adhesion and matrix-dominated properties [1]. Moreover, due to the 

unique properties of CNSs, their incorporation into composite materials offers the opportunity 

to implement additional electrical, chemical, or thermal functions.  

Among the techniques reported to graft CNSs onto the fibre surface, direct growth through 

chemical vapour deposition (CVD) is often preferred as it ensures excellent control over the 

density and orientation of CNSs [2]. Direct CNS growth has been explored on various fibre 

materials, including carbon, glass, and alumina fibres. However, depending on the substrate, the 

high temperatures involved in the CVD process (≥600 °C) may have detrimental effects on the 

mechanical properties of the fibres. The most severe thermal degradation is observed in the 

case of E-glass fibres, which exhibit appreciable strength losses at temperatures as low as 250 

°C [3]. Quartz fibres, also known as ultrapure silica glass fibres, are designed to withstand service 

temperatures much higher than E- or S-glass fibres. Therefore, they are emerging as a promising 
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candidate for the direct growth of CNSs. Recently, De Luca et al. [4] achieved uniform coverage 

of carbon nanotubes (CNTs) on quartz fibres resulting in both a 12% improvement of IFSS and a 

piezo-resistive response suitable for strain-sensing applications. Nevertheless, they detected a 

50% decrease of the tensile strength of the fibres exposed to 760 °C for 30 minutes in N2. A 

significant drop of quartz fibre tensile strength was also reported by Zheng et al. [5] after 10-

hour exposure in the temperature range 600-900 °C in air atmosphere. However, whilst the 

thermal strength loss of general-purpose glass fibres has been widely investigated, mechanisms 

behind quartz fibre strength loss still need to be clarified. 

To preserve the mechanical properties of the pristine fibres, a new catalyst, namely copper, can 

be employed to reduce CNS growth temperature, as it requires lower temperatures to be 

activated (<500 °C) [6] than the more common catalysts based on Fe, Ni and Co. This work is 

part of a larger study aiming at (i) assessing the effects of thermal exposure to medium-high 

temperatures (400-800 °C) on the mechanical properties of quartz fibres and discussing the 

resulting damage modes, and (ii) achieving low-temperature CVD growth of CNSs on quartz 

fibres using Cu as an innovative catalyst. In particular, this paper discusses at first the behaviour 

of quartz fibres exposed for 1h at 600 °C in air as a benchmark for highlighting the decrease in 

mechanical properties and then reports on Cu- and Fe-catalysed CNS growth at high 

temperature (740 °C), as a preliminary research aimed at achieving lower-temperature CNS 

growth by means of future optimization of the process parameters. It is worth noting that 

thermal exposure in air usually represents the worst scenario for fibre degradation compared to 

inert atmospheres [3]. 

2. Materials and methods 

2.1 Raw materials 

Quartz fibres (Quartzel® C14 1600 QS1318) with a commercial epoxy resin compatible sizing 

were kindly provided by Saint-Gobain as a continuous roving with a nominal fibre diameter of 

14 µm. Catalyst precursors for the CVD process were iron (III) nitrate nonahydrate (Fe(NO3)3∙ 
9H2O, ≥98%) and copper(II) acetate monohydrate (Cu(CH3COO)2∙H2O, ≥98%). Such precursors 

were dissolved in 2-propanol ((CH3)2CHOH, ≥99.5%) and acetonitrile (C2H3N, ≥99%), respectively. 

2.2 Mechanical characterization of single fibres 

A tube furnace (Lenton Thermal Designs Ltd., Hope, UK) was used to heat treat bundles of as-

received quartz fibres at 600 °C for 1 hour in air atmosphere. Cooling of the fibres was carried 

out outside the furnace at room temperature. After the heat treatment, tensile tests were 

conducted at room temperature on both as-received and heat-treated fibres. Tests were carried 

out in accordance with ASTM C1557, using a Zwick/Roell Z010 tensile machine equipped with a 

100 N range load cell. Displacement control and a cross-head speed of 2 mm/min were selected. 

At least 60 specimens with a gauge length of 20 mm were tested for each group of fibres. The 

actual specimen elongation was calculated by subtracting the displacement related to the 

system compliance from the total cross-head displacement. To evaluate the system compliance, 

specimens of as-received fibres were tested at three different gauge lengths, i.e., 20 mm, 30 

mm, and 40 mm.  

The data of the tensile strength and Young’s modulus were analysed using the two parameter 
Weibull distribution in equation (1) 
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𝐹(𝜎) = 1 − exp [− ( 𝜎𝜎0)𝑚]                                                                                                                    (1) 

where F(σ) is the probability of failure at a stress σ, m is the Weibull modulus and σ0 is a scale 

parameter. The probability of failure was estimated according to equation (2): 𝐹𝑗 = 𝑗−0.5𝑁                                                                                                                                                     (2) 

where N is the number of tested specimens and j is the rank of the jth data point. 

2.3 Growth procedure of carbon nanostructures 

Prior to the CVD growth, catalyst precursors were deposited onto the surface of quartz fibres by 

dip-coating. To achieve the deposition of a Fe-based catalyst precursor, bundles of as-received 

fibres were dipped into a 50 mM solution of iron(III) nitrate nonahydrate in 2-propanol for 5 

minutes. The Cu-based precursor was deposited by dipping into a solution of copper(II) acetate 

monohydrate in acetonitrile. The molarities (1, 2.5 and 5 mM) and the immersion times (3, 4.5 

and 6 h) were varied to find the optimal conditions for uniform CNS growth onto the fibre 

surface. Both processes were carried out at room temperature. After the deposition process, 

fibres were allowed to dry at room temperature overnight. 

Subsequently, catalyst-solution coated quartz fibres were located on the heating element of a 

high vacuum reaction chamber to achieve the growth of CNSs through Fe- and Cu-catalysed CVD. 

To reduce the catalyst precursor and achieve a homogeneous distribution of active 

nanoparticles on the fibre surface, an annealing treatment was first performed. H2 was 

introduced into the chamber up to a partial pressure of 8∙10-1 mbar and temperature was raised 

at 720 °C for 4 minutes. Afterwards, the actual growth process was carried out at 740 °C for 10 

minutes by introducing acetylene as a carbon source up to a partial pressure of 60–70 mbar. 

Finally, the fibres were allowed to cool down to room temperature.  

2.4 Morphological and structural characterizations 

Morphological investigations of lateral and fracture surfaces of the fibres were carried out by 

means of a Mira3 field emission scanning electron microscope (FE-SEM) by Tescan. To 

investigate the effects of high temperature exposure on quartz fibre structure, X-ray diffraction 

analysis (XRD) was carried out at room temperature on as-received and heat-treated fibres by 

means of a Philips X'Pert PRO powder diffractometer (CuK1 α radiation = 1.54060 Å, CuK2 α 
radiation = 1.54443 Å). XRD patterns were collected in the range of 2θ = 10°̶ 70° with a scan rate 

of 1°/min and a scan step 2θ = 0.02°. 

3. Results and Discussion 

3.1 Effects of heat treatment on the mechanical properties of quartz fibres 

To evaluate the consequences of exposure to typical CVD temperatures on the tensile behaviour 

of quartz fibres, a heat-treatment at 600 °C for 1 hour in air atmosphere was performed. 

Afterwards, the tensile strength and Young’s modulus of untreated and heat-treated fibres were 

determined at room temperature by single fibre tensile tests. The results, summarized in Table 

1, revealed a strength loss of ~58% for heat-treated fibres, while Young’s modulus did not 
undergo significant changes, in accordance with a recent work on quartz fibres [4].  
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Table 1: Results of tensile tests for as-received (R.T.) and heat-treated single quartz fibres in 

terms of average value (standard deviation). 

Heat-treatment temperature [°C] Tensile strength [MPa] Young's modulus [GPa] 

R.T. 2379.1 (355.4) 89.0 (3.3) 

600 1002.1 (194.9) 84.1 (5.2) 

 

A FE-SEM investigation of the fibre fracture surfaces (Fig. 1) revealed a failure mechanism typical 

of brittle materials, with a characteristic morphology composed of three different regions, 

namely mirror, mist, and hackle, originated by changes in the crack propagation rate during 

breakage. The fracture mechanism did not change for heat-treated fibres, but the size of the 

mirror zone was found to increase, in accordance with previous works on other ceramic fibres 

[3,7]. For both untreated and heat-treated fibres, the location of the mirror zone indicated that 

the flaws responsible for failure were located on the fibre surface. 

     

Figure 1. SEM micrographs of the fracture surfaces of as-received (R.T.) and heat treated (600 

°C) quartz fibres. The mirror zone is highlighted with a white dashed line. 

The outcomes from the tensile tests were analysed through a two-parameter Weibull 

distribution, obtaining the results reported in Table 2. The linear trend in the Weibull graph in 

Fig. 2 suggests the existence of a single population of defects and seems to indicate that thermal 

exposure does not affect the nature of defects, but rather their concentration and severity.  

Table 2: Weibull distribution parameters for as-received (R.T.) and heat-treated quartz fibres. 

Temperature [°C] 
Tensile strength  Young's modulus  

mσ σ0 [MPa] mE E0 [GPa] 

R.T. 8.0  2526.4  31.1 90.5 

600 5.9 1082.7 19.5 86.4 

 

As a confirmation, a morphological characterization of the fibre lateral surfaces (Fig. 3) revealed 

that, after heat treatment, the smooth morphology observed for as-received quartz fibres is 

replaced by a more irregular one. This can be ascribed to the total, or at least partial, loss of the 

protective sizing, which caused the exposure of the inherent fibre flaws, as previously reported 

R.T. 600 °C 
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for glass fibres [8]. It is also worth noting that sizing removal directly implies a loss in the 

fibre/matrix interfacial adhesion of the composite material [9]. 

 

Figure 2. Weibull plot of fibre strength for as-received (R.T.) and heat treated (600 °C) quartz 

fibres. 

    

Figure 3. SEM micrographs detailing the lateral surface of as-received (R.T.) and heat treated 

(600 °C) quartz fibres. 

 

Figure 4.  X-ray diffraction patterns for as-received (R.T.) and heat treated (800 °C) quartz fibres. 

According to the XRD spectra reported in Fig. 4, the thermal exposure of quartz fibres did not 

involve crystallization phenomena, as a fully amorphous structure was identified for both as-

received and heat-treated quartz fibres.  

In the current study, a strength reduction mechanism that occurs predominantly at the surface 

of quartz fibres was identified. This is consistent with the obtained XRD spectra, which revealed 

no bulk structural rearrangement. The measured Young’s modulus, which was hardly affected 
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by the heat treatment, confirms the irrelevance of any bulk modification phenomena. On the 

contrary, Young’s modulus has been found to increase for other ceramic fibres, especially 
general-purpose glass fibres and basalt fibres, due to structural relaxation mechanisms occurring 

in the bulk of the fibres.  

However, it is worth noting that structural relaxation is a phenomenon that occurs faster at the 

surface than in the bulk of the fibre, as previously reported by Feih et al. [3] for E-glass fibres 

and demonstrated by Lilli et al. [7] for basalt fibres. Therefore, due to the high drawing stress 

during quartz fibre fabrication, the occurrence of surface relaxation phenomena cannot be 

excluded, but detailed investigations are needed.  

3.2 CVD growth of carbon nanostructures on quartz fibres  

As a baseline for the CVD growth of CNSs onto quartz fibres, a Fe-catalysed CVD process was 

performed. Highly dense arrays of vertically aligned CNSs were obtained (Fig. 5). CNS diameter 

was around 40 nm while the length of longer CNS arrays fluctuated from 15 to 80 µm. The 

organization of CNSs onto the fibre surface followed a ‘Mohawk’ morphology, previously 

observed for CNSs grown on other fibres [10]. In fact, when CNS length is larger than the fibre 

diameter, the radial symmetry is broken and CNSs continue to grow in a common direction due 

to van der Waals interactions among nearby CNSs.  

  

Figure 5. SEM micrographs of CNS-grafted quartz fibres following the Fe-catalysed CVD 

process. 

Temperatures above 700 °C were necessary to achieve the Fe-catalysed growth of carbon 

nanostructures, in accordance with temperatures usually reported for Fe-catalysed thermal CVD 

[11,12]. Therefore, to meet the need for a low temperature process, Cu-catalysed thermal CVD 

growth of CNSs was investigated. Although copper was initially thought to be inactive towards 

CNS growth, in the last decade many works have demonstrated Cu-catalysed CVD growth of 

different CNSs, including multi-wall and single-wall CNTs [13,14]. Copper’s activity towards the 

growth of carbon nanofibres has been proved at temperature as low as 250 °C [6], making it a 

promising option for low temperature CVD.  

To assess the possibility to grow CNSs onto quartz fibres using Cu as a catalyst, CVD conditions 

were left unchanged from those previously found to be effective for Fe-catalysed growth. On 

the other hand, catalyst deposition conditions were varied in terms of immersion time and 

concentration of copper(II) acetate monohydrate in acetonitrile. A uniform growth of CNSs was 

achieved for fibres dipped in a 5 mM solution for 4.5 hours (Fig. 6), confirming the activity of Cu 

towards CNS growth. Cu-catalysed CVD led to a tangled CNS morphology with a CNS carpet 

thickness ranging from 2 to 8 µm. Moreover, the obtained CNSs have bigger diameters (~80 nm 

or more) than those catalysed by Fe.  
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Figure 6. SEM micrographs of CNS-grafted quartz fibres following the Cu-catalysed CVD 

process. 

4. Conclusions 

The present work investigates quartz fibres as a candidate substrate for the direct growth of 

CNSs. The exposure to a typical CVD temperature (600 °C) for 1 hour in air atmosphere caused 

the strength of quartz fibres to decrease by ~58%, while no significant changes were detected 

for Young’s modulus. These findings confirmed the higher thermal resistance of quartz fibres 

compared to E-glass fibres, for which strength losses of more than ~70% have been reported 

[8]. On the other hand, they highlighted a significant strength decay, which has been ascribed 

to damage mechanisms occurring at the fibre surface. To preserve the fibre mechanical 

properties, a first step towards the development of a low temperature growth has been taken 

by using an innovative catalyst, namely copper. By varying dip-coating parameters (i.e., 

immersion time and concentration), optimal catalyst deposition conditions were identified. A 

Cu-catalysed CNS growth was successfully achieved for fibres dip-coated for 4.5 hours in a 5 mM 

solution, using the same CVD conditions previously proved to be effective for a Fe-catalysed 

growth. While the Fe-catalysed CVD led to the growth of dense arrays of aligned CNSs, a tangled 

morphology of CNSs with bigger diameters was obtained following the Cu-catalysed process. 

Future work will optimize the CVD parameters of the Cu-catalysed process to control the 

diameter, density, and orientation of CNSs and achieve a low temperature growth.  
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Abstract: The inclusion of nanomaterials within fibre-reinforced polymer composites can 

enable novel high-performance structures, and graphene is one of the most promising 

candidate nanomaterials with a unique combination of exceptional mechanical, 

electrical, and thermal properties. Near-term graphene nanocomposites need to adopt 

both a scalable nanomaterial synthesis technique and a scalable method to integrate 

nanomaterials into composites during the manufacturing process. This work explores the 

spray-deposition of liquid phase exfoliated graphene for the interlaminar enhancement 

carbon-fibre reinforced polyether ether ketone (PEEK) composites. This approach 

enables spray-deposited nanomaterial thin films that can be incorporated directly into 

composites during advanced manufacturing processes such as laser-assisted automated 

tape placement, which we demonstrate here. Our preliminary investigations suggest 

that the presence of graphene can enhance the thermal history of the composite during 

manufacturing in addition to enhancing the properties of the manufactured composite 

material. 

Keywords: graphene; nanocomposite; laser-assisted automated tape placement 

1. Introduction 

Nanocomposites, composite materials including one or more components with dimensions on 

the nanoscale (1–100 nm), have demonstrated great potential to improve upon the already 

outstanding properties of engineered composites [1]. The combination of fibre reinforcement 

and high-performance nanomaterials could provide important advantages through increased 

thermal stability, electrical conductivity, toughness, and strength/stiffness. However, the 

interaction between the nanomaterials, the polymer matrix, and the reinforcing fibres could also 

have detrimental effects on the manufacturing process and on composite material properties, 

especially after traversing the many processing steps during manufacture. The fabrication 

technology and processing conditions used to manufacture composites can strongly affect 

material properties and structure on the nanoscale and, as a consequence, manufacturing 

composites and composite structures with retained nanostructure remains a challenge [1–3]. 

Traditional thermo-mechanical composite processing such as hot pressing and autoclaving 

creates an environment conducive to mechanisms like grain growth and aggregation, which 

have a tendency to eliminate or degrade the beneficial properties associated with nanostructure 

[2, 4]. Thus, modifications must be made to these manufacturing processes before they are 

capable of effectively enabling nanomaterial-enabled improvements at the macroscale [2, 4]. 

Alternatively, non-equilibrium processing techniques such as laser-assisted automated tape 
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placement (LATP) are excellent candidates for successful nanocomposite consolidation because 

they are rapid and avoid prolonged periods of time at high temperature and pressure [2].  

Graphene-like materials have emerged as particularly promising nanomaterials for enhancing 

composites because they possess impressive intrinsic material properties such as strength, 

stiffness, and conductivity [5]. Their 2D nanoplatelet geometry allows for increased surface area 

to volume ratios and also enable self-assembly into laminated structures which is significant for 

imparting anisotropic properties (e.g. fracture toughness, permeability) [6], and they are 

galvanically compatible with carbon fibres unlike metallic nanomaterials [7]. From a cost, 

scalability, and nanomaterial quality perspective the ideal technique for graphene generation is 

liquid-phase exfoliation (LPE) [8]. However, LPE-produced nanosuspensions must be further 

processed to generate graphene solids and so significant work is required to effectively integrate 

graphene from suspension into consolidated composite materials. Given the excellent scalability 

of LPE for graphene synthesis, it is likely that graphene and similar high-performance 2D 

nanomaterials will be commonly supplied in liquid-phase suspension; therefore, developing 

manufacturing and processing techniques that leverage those suspensions will be worthwhile. 

Interlayer modifications (e.g. interlayers/interleaves or localised nanoadditions like spray 

deposition) have demonstrated capability for nano-enhanced composite materials [9–12]. 

However, it is still unclear to what extent the nano-addition to interfacial regions translates to 

an enhancement in full-scale consolidated parts. Limitations of these interlayer modification 

techniques can include the possibility of delamination between plies that have thick interlayer 

additions [12] and migration of nanomaterials away from ply surfaces after 

infusion/consolidation [13].  Spray deposition is a particular attractive option because it is a 

simple and effective way to add high-performance nanomaterials to precise locations within the 

composite, which is a scalable pathway for realistic, industrial-scale nanocomposites 

manufacturing [9, 10]. Our recent work has successfully demonstrated the enhancement of 

composite materials via the spray-deposition of nanosuspensions [14, 15]. Successful 

nanosuspension formulations would enable rapid generation of spray-templated, functionalised 

nanocoatings that can be incorporated directly into composites during manufacturing 

processes.  

In this work, we investigate the integration of a nanomaterial spray-deposition system with LATP 

manufacturing, as visualised in Figure 1. Aqueous graphene nanosuspension synthesised using 

LPE methods was aerosolised and sprayed to generate graphene thin films on CF/PEEK. The 

resultant graphene thin films were characterised using both microscopy and surface profiling, 

while the chemical structure of graphene was chemically analysed using Raman spectroscopy. 

Finally, the interactions between graphene and the IR laser in LATP was studied in a simulated 

consolidation process. 
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Figure 1. (a) The laser-assisted automated tape placement (LATP) concept based on 

commercial systems for thermoplastic-based carbon composites (adapted from [16]) and (b) 

the LATP process with integrated nanomaterial spray-deposition either pre- or post-

consolidation. 

2. Materials and Methods 

Concentrated aqueous graphene suspension (1.5 wt% graphene, FlexeGRAPH Pty Ltd) was 

synthesised using surfactant-assisted liquid phase exfoliation in a continuous flow cell with a 

Q700 sonicator and 1” diameter probe tip attachment (Qsonica, USA) following the 

methodology developed by Notley [17]. Graphite was used as the feedstock material and non-

ionic pluronic F68 surfactant (Sigma Aldrich) was continuously added for the first half of 240 hrs 

exfoliation time for a final graphite:F68 feed ratio of 1:1. 90x40 mm plies of carbon fibre 

(AS4)/polyether ether ketone (CF/PEEK) unidirectional tapes supplied by Toray Cetex (fibre 

volume fraction 59%) were used as the composite substrate material. 

The graphene nanosuspensions were sprayed using a 30 mm diameter syringe filled with 

graphene suspension and placed in a NE-300 syringe pump (New Era Pump Systems Inc.). The 

suspension was fed into a flat fan air atomising nozzle (SUE15, Xinhou Industrial Co. Ltd) at a 

flow rate of 5 mL/min and aerosolised at 1 bar, as shown in Figure 2a. The substrate was placed 

at a distance of 300 mm and sprayed for 30 s before being placed on a hot plate at 50°C to dry. 

This process was repeated five times to generate the graphene thin film.  

The CF/PEEK plies and spray-deposited graphene thin films on CF/PEEK (hereafter referred to as 

G-CF/PEEK) were characterised using optical microscopy and white light interferometry (WLI).  

Nikon Eclipse E200 microscope captured on a DS-Vi1 microscope camera (Nikon). Surface 

topography and roughness measurements were conducted on VEECO Wyko NT9100 Optical 

Profiling System using Vertical Scanning Interferometry (VSI) techniques. Five scans were taken 

at different locations on the sample for average root-mean-square roughness measurements. 

Renishaw inVia confocal Raman microscope was used at a magnification of × 50 to chemically 

characterise graphene quality. Samples were exposed to a 532 nm wavelength laser at about 

0.3 mW power with use of a 1200 mm−1 grating to isolate the signal and measurements were 
integrated over a period of 1 s with 10 accumulations to reduce signal to noise ratios. 

For the LATP work, the optics on the laser tape placement head (AFPT GmbH) are supplied with 

a NIR laser beam ( = 940–1100 nm) via fibre optic cables connected to a 4 kW laser (Laserline 

GmBH). A representative schematic of the LATP process is shown in Figure 1a. A 6-axis robot 
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arm (KUKA KR series) is used to control the position of the laser tape placement head and 

associated laser optics. To simulate graphene thin films being present during LATP consolidation, 

both CF/PEEK and G-CF/PEEK were irradiated with the AFPT tape placement head consolidation 

laser with a fixed laser power of 470 W and a tape placement head movement speed of 100 

mm/s. The approximate dimensions of the laser spot projected on the sample are 55 mm and 

23 mm in the process and transverse directions respectively, at a 60° angle of incidence. 

3. Results and Discussion 

Optical microscopy and WLI were used to characterise the quality and uniformity of the spray-

deposited graphene thin film. The optical microscope images clearly show the carbon fibres and 

the presence of a light-scattering graphene thin film after spray deposition (Figure 2b, d). F68 

surfactant is also present in the thin film but is not visually distinguishable from graphene. The 

natural gaps and channels in the CF/PEEK prepreg result in a surface roughness (RRMS = 3.3 µm) 

as shown in Figure 2c. The aerosolisation and deposition of graphene nanosuspension covers 

the surface and fill in the gaps between fibres, resulting in a relatively smooth, conformal 

graphene thin film (RRMS = 1.86 µm) on the surface of CF/PEEK (Fig 2e).  

 

Figure 2. (a) Spray deposition process and parameters to aerosolise and deposit graphene 

suspension onto CF/PEEK composite plies. Graphical representation of graphene and pluronic 

F68 surfactant suspension inset. Optical microscope images (b ,d) and white light 

interferometry surface profiles (c,e) at 5x magnification of the CF/PEEK substrate and graphene 

thin film on CF/PEEK, respectively. 

CF/PEEK and G-CF/PEEK materials were then subjected to IR laser heating in a simulated LATP 

manufacturing process. This simple process involved measuring the process parameter data 

both with and without graphene present pre-consolidation. The data from process monitoring 

for both CF/PEEK and G-CF/PEEK is shown in Figure 3. The in-situ process monitoring thermal 

camera is used to control the LATP consolidation parameters and is not directly equivalent to 

surface temperature due to process control algorithms and data processing. However, that 

surface temperature data is shown here as an indicator of how the graphene thin film affects 

heating rates and surface temperatures of both CF/PEEK and G-CF/PEEK materials. 
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Figure 3. Process control thermal camera temperature and output laser power from the LATP 

placement head. The grey region represents the area covered by the 90 mm long prepreg plies 

as the head passes over the sample. The rectangular boxes indicate the 95% confidence interval 

for average steady-state surface temperature from the process thermal camera. 

The G-CF/PEEK material heats up at a faster rate and to a greater temperature (481 ± 20 °C, 95% 

confidence) than neat CF/PEEK (423 ± 20 °C, 95% confidence). This is likely due to direct heating 

of graphene within the thin film, as exfoliated graphene can show a strong and broad absorption 

in the infrared region [18]. This suggests that the presence of graphene on the surface enhances 

absorption of the IR radiation, which could be beneficial to LATP manufacturing. Rapidly heating 

nanocarbon materials in air could negatively impact their properties. Therefore, the quality of 

graphene in the spray-deposited thin films before and after laser irradiation was assessed using 

Raman spectroscopy, shown in Figure 4. 

 

Figure 4. Raman spectra (microscope images from the Raman microscope inset) of the as-

deposited graphene thin film on CF/PEEK and the same thin film after exposure to the LATP 

consolidation laser at 470 W power moving at 100 mm/s. 
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The G peaks on both the as-deposited graphene thin film and the graphene thin film post-laser 

exposure can be fit with one Lorentzian curve at 1572 cm−1 before and 1581 cm−1 after laser 

exposure. The G peak is associated with the frequency of aromatic carbon rings stretching at 

≈1580 cm−1 [19]. The D peak fit was centred at 1338 cm−1 before and 1351 cm−1 after laser 

exposure; the D peak is activated when defects are present in the graphene due to elastic 

scattering of charge carriers which only occurs when armchair edges are present [20, 21]. There 

is virtually no D’ band present at 1620 cm−1 which suggests a low number of edge defects [20]. 

The D and D’ peaks only occur when there is some level of disorder present in the graphene 
structure [20] and can be related to corrugations (e.g. ripples, wrinkles), topological defects (e.g. 

dislocations and grain boundaries), and atomic vacancies or adatoms (i.e. missing carbons, extra 

carbons, or carbon substitutions in the structure) [22]. The ID/IG peak intensity ratio increases 

with disorder and correlates with reduced charge carrier mobility [23]; the ID/IG ratio of the thin 

films in this work was equal to  ≈0.5 before and  ≈0.375 after laser exposure, typical for ultrasonic 

exfoliation synthesis [20, 24]. For context, the ID/IG ratio is  ≈0 for pristine monolayer graphene 

and as high 1.31 for graphite [25]. The analysis of the D and G peaks in the spray-deposited 

graphene thin film are indicative of nanocrystalline carbon with few edge defects [20, 26]. The 

2D peaks represent valance (π) and conduction (π*) bands where single layer graphene (SLG) 
can fitted using a single Lorentzian peak [27]. In bilayer and few-layer graphene (< 5 layers), 

electronic interactions between the layers cause the π and π* bands to split into four phonons 
which requires four Lorentzian bands to fit the 2D peak [28]. Four bands appeared at 2638, 2664, 

2687, 2711 cm−1 before and 2661, 2685, 2705, 2726 cm−1 after. The 2D peak centres at 2682 

cm−1 before and 2700 cm−1 after laser exposure. The intensity ratio of G to 2D (IG/I2D) both before 

and after laser exposure are both ~2.35, which falls in the appropriate range for exfoliated few 

layer graphene about 5 layers thick [29]. The full width half maximum of the 2D peak is 112 cm−1  

before and 79 cm−1 after laser treatment which correlates to five or more graphene layers, but 

the 2D peak centres of ≈2700 cm−1 is indicative of 2–4 layer graphene [27]. The general blue shift 

of all peaks could be due to a laser-driven reduction in the number of layers in graphene, while 

a reduction in D band intensity could be due to a reduction of graphene edge defects. Blue shift 

could also arise because of the removal of surfactant after laser heating, which could change 

graphene surface strain. Collectively, the Raman spectroscopy analysis above suggests that the 

spray-deposited graphene thin films are high-quality exfoliated graphene roughly 4 to 7 layers 

thick [30]. After IR laser heating, the graphene Raman spectra presents a lower intensity D band, 

a slightly more pronounced 2D peak, and a general blue shift by about 13 cm-1, which indicates 

laser-driven reduction in graphene edge defects and possible reduction in average graphene 

layer number. Overall, Raman analysis indicates that the graphene thin films are well suited to 

functionalising carbon fibre composites both before and after laser exposure. 

4. Conclusion 

The aerosolisation of aqueous graphene suspensions was able to generate smooth thin films on 

CF/PEEK prepreg tapes (RMS roughness 1.86 µm). The presence of this graphene thin film 

improved absorption of IR radiation from the LATP consolidation laser at fixed laser power (470 

W), allowing surface temps to rise faster and to reach higher temperatures than CF/PEEK alone 

(481°C with vs 423°C without graphene).  This suggests that a graphene thin film enables more 

efficient surface heating than neat CF/PEEK in LATP. Raman spectroscopy of the graphene thin 

films shows that high-quality multilayer graphene is present both before and after IR laser 

irradiation. The next step in this workflow is to consolidate a graphene-enhanced CF/PEEK 
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laminate using spray-deposition and LATP and to subsequently measure the mechanical, 

electrical, and thermal properties of that material. X-ray microCT scans will be also be used to 

explore the microstructure of graphene-modified CF/PEEK composites. 
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Abstract: Ultrasonic treatment is effective in deagglomerating and dispersing nanoparticles 

during composite manufacturing via liquid state processing route. However, the exact 

deagglomeration mechanisms were difficult to observe owning to opaque metal melt and 

containers. Here, an analogue experiment was carried out in de-ionize water to study the 

deagglomeration mechanisms and the influence of sonotrode amplitude during ultrasonication 

of multiwall carbon nanotubes in light-weight metal melt. Particle image velocimetry was 

applied to the captured images with a higher Field of View to calculate the average streaming 

speeds distribution. These data allowed direct comparison with modelling results. For images 

captured at higher frame rates and magnification, different patterns of deagglomeration were 

identified, and categorized based on different stages of cavitation zone development and for 

regions inside or outside the cavitation zone. The results obtained and discussed in this paper 

can be also relevant to a wide range of carbonaceous and other high aspect ratio nanomaterials.  

Keywords: High-speed imaging; ultrasonication; analogue experiment; CNTs 

1. Introduction 

Light-weight metal matrix nanocomposites (LMMNC) have attracted the attention of 

researchers in the last two decades due to their ability to attain good mechanical properties 

while maintaining low density (1). However, the high tendency for nanoparticles to agglomerate 

in the as-received state and during the composite fabrication process (especially in the melt 

route) (2) bottlenecked the real-life application for these materials by forming pre-mature cracks 

under loading.  

High-frequency vibration, e.g., ultrasonication (US) was proven to be an effective method for 

deagglomerating nanoparticles in the melt route fabrication (3). During US, many tiny cavitation 

bubbles will be generated and imploded within the solutions or melt within one acoustic cycle 

(4) which created a shockwave that dramatically increased the pressure and temperature in the 

neighbouring region (5). This generated pressure was sufficient to overcome the Van der Waal’s 
attraction between the individual nanoparticles that result in cluster breaking (6). In addition to 

the localised acoustic cavitation effect describe above, US could also lead to a macroscopic 

streaming effect which further disperses the deagglomerated particle throughout the melt (7). 
A further complexity in the case of CNTs is that scission may occur, attributed to axial 

acceleration or buckling of these high aspect ratio particles (6, 8). According to Huang et al. (6, 

8), the implosion of cavitating bubbles near CNTs not only leads to individual nanotube 

separation but also shortening above a critical shear-lag length. They attributed this scission 
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mechanism to the stress built-up along CNTs by the radial acceleration during the implosion of 

nearby bubbles. In contrast, Guido et al. (9) simulated the dynamic behaviour of a single CNT 

near a collapsing bubble, as a function of length. This model assumes that the CNTs aligns 

tangentially to the growing bubble during the initial stages; the results suggest a length-

dependent bending or rotation which may break the CNTs by buckling or stretching above a 

critical threshold. However, due to the opacity of the alloy melt and crucible and relative high 

processing temperature (typically 600 – 700 oC), the exact mechanisms for US induced 

deagglomeration in the nanocomposite (especially CNT nanocomposite) melt were still under 

investigation (3, 10-12) due to the lack of appropriate techniques.  

Due to the advancement of 3rd generation X-ray synchrotron, in-situ observation of ultrasonic 

cavitation process within the alloy melt become possible(4, 13-16). For example, Mirihanage et 

al (17) compared the radiographs of pure Al-10%Cu alloy melt and the melt with Al2O3 

nanoparticles addition during US. Their result showed a higher cavitation bubble propensity and 

flow speed in the melt with nanoparticle addition which may result from more cavitation nucleus 

due to nanoparticles addition. However, both the individual nanoparticles and their clusters 

cannot be resolved in the radiograph, hence, no direct observation of the de-agglomeration 

process was captured.  

An alternative method for in-situ observation of the US deagglomeration process in of ‘melt like’ 
organic transparent solutions through high-speed imaging (10, 18, 19). The in-situ observation 

of these special transparent liquids has been used to analogue the metal behaviour since 1965 

(20) which for example included the study of the interaction between particles and solidification 

front (21) and dendrite fragmentation (22). Tzanakis et al. (23) compared a few parameters 

related to flow and materials properties between three common transparent analogue liquids 

and Al melt at 700 oC. They found that water should share very close flow properties as Al melt 

during US due to their closed Reynold numbers and Ohensorge number. After the theoretical 

studies, they compared the acoustic spectrum between these two liquids and confirmed their 

closing flow behaviour during US by showing a similar pattern across the whole spectrum 

broadband. This work provides a theoretical basis for future analogue experiments in 

transparent liquids. Later, cavitation induced de-agglomeration of MgO cluster in water was 

observed in-situ by Mi’s group (10). The result suggested this process happen from the surface 

of agglomerates rather than from the inside. This process more resembles chipping off individual 

particles from the surface rather than rupture of agglomerate from within its bulk This explains 

why the de-agglomeration takes such a long time. In recent work, Morton et al. (18) (first ever) 

used high-speed imaging to study the sono-exfoliation of graphite in DI water. By taking 

advantage of the high frame rate, four specific cavitation bubbles related phenomena during 

graphite exfoliation were captured and identified. Similar to in-situ X-ray CT, this alternative 

method still cannot resolve individual nanoparticles, however, the micron-sized agglomerates 

can be easily observed in each frame. Table 1 below compared the advantages and drawbacks 

between these two methods.  

Table 1: The advantages and drawbacks of X-ray CT and optical analogue experiment. 

Techniques Advantages Drawbacks 
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X-ray CT 

1. Direct in-situ 

observation in 

the alloy melt.  

1. Very expansive equipment and setups (22).  

2. Relative low FOV (22) → Cannot give overall 

dispersion.  

3. Thin container, the free growth of the sample and 

development of acoustic flow field was constrained 

(13). Hence, the results were not representative to 

the bulk sample.  

4. Large data size, thus quickly saturating the storage 

capacity of the camera imaging system (13).  

5. Alloys compositions need to be adjusted to give a 

better contrast (13, 24).  

6. Cannot fully characterize the flow pattern in the 

melt.  

7. No qualitative info about dispersity in the melt (No 

sign of change in X-ray absorption).  

8. Limited to a small sample volume (23). 

Optical 

analogue 

experiment 

1. Cheaper 

experiment 

setups.  

2. Relative larger 

FOV.  

3. De-

agglomeration 

of micron size 

clusters can be 

captured. 

1. Nearly all of the in-situ study using transparent 

organic materials has the Hele-Shaw confinement 

effect that can potentially impact the quality and 

relevance of the results (25). 

2. It has been known that the behaviour of transparent 

alloys is not completely identical to that of metallic 

systems, because of their low thermal conductivity, 

in particular, in alloys, dendritic growth is mainly 

controlled by solute diffusion, because the thermal 

diffusivity is much higher than the solute diffusivity, 

typically about three orders of magnitude (26, 27). 

3. Organic transparent alloys and solutions are very 

different from liquid metal alloys in terms of density, 

viscosity, surface tension, mass transfer coefficient 

and sound velocity (14). 

 

In this paper, the dispersion of MWCNTs in DI water during UST was captured for the first time 

by using high-speed imaging. The amplitude of the UST generator was varied to study the 

influence of input UST intensity. Furthermore, the distributions of average streaming flow speed 

at 20% amplitude was calculated and compared with simulations for model validation and 

theoretical studies. Different MWCNT deagglomeration mechanisms were also identified and 

categorised based on different stages of cavitation zone development and for regions inside or 

outside the cavitation zone. 
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2. Experimental 

The detailed experimental setup and numerical modelling for this work was describe in 

somewhere else (28). To be short, 27 mg of NC-7000 MWCNTs (average diameter of 9.5 nm and 

length of 1.5 µm) and 54 ml of DI water were mixed in a transparent rectangular vessel (3B 

scientific) with an inner dimension of 77 x 74 x 23 mm3 (length x height x thickness). The UST 

system was Sonic VCX 750 processor equipped with a standard 12.7 mm diameter and 139.0 

mm length Ti64 probe. For the imaging system, a high intensity LED was used as a light source. 

A Phantom VEO 640 high-speed camera and Tokina 100 mm F2.8 Macro lens were used for high-

speed filming. two resolutions (2560 × 1600 and 640 × 480) were used to capture the distribution 

of MWCNTs in the bulk solution (in high resolution for wider Field of View (FoV)) and the 

dynamic interaction between cavitation bubbles and agglomerates (in lower resolution for 

higher frame rate) in three different amplitudes (24, 36 to 48 μm). LaVision Davis 10 with 

Flowmaster package was used for image processing and PIV analysis. A three-dimensional 

coupled numerical model has been developed using COMSOL Multiphysics to predict the 

acoustic streaming within the vessel. The vessel dimensions and process conditions in the 

numerical model were assumed to be the same as the experimental work. The Navier-Stokes 

equations coupled with a nonlinear Helmholtz-type model (29) were used to simulate the 

acoustic pressure field and acoustic streaming. 

3. Results and discussion 

The experimental setup for high-speed imaging was adjusted to obtain high quality image ready 

for PIV analysis. At the beginning, a transparent cylindrical beaker (Fig. 1 (a)) was used as the 

apparatus for high-speed observation. However, artefacts were shown in the captured film due 

to the reflection caused by the curved glass wall. Also, the sample rate of the film cannot reach 

Figure 1. (a) The original experimental setup with a cylindrical glass breaker. (b) Cines captured 

by the original experimental setup and image information. (c) Final experimental setup. (d) Cine 

captured by final experimental setup and image information. 
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the full potential of the camera (1400 FPS) and showed flickers due to the AC nature of the weak 

indoor light source. Therefore, the equipment setup was adjusted and finalized by using a 

rectangular vessel and strong chargeable LED light source (Fig. 1 (c) & (d)). By using this setup, 

all the reflection artefacts were removed, and the full potential of the camera can be achieved.  

The deagglomeration and dispersion of MWCNTs were successfully captured by the high-speed 

camera. Using PIV, the experimental images were converted to give the averaged fluid velocity 

as Fig. 2. (a) along with the corresponding standard deviation (Fig. 2 (b)) for 24 µm amplitude. 

The PIV procedure was not able to capture the main downward flow jet, directly below the 

sonotrode, due to the excessive velocities. This region appears blank in Fig. 2. (a) and coincides 

with the highest standard deviations from the PIV measurements. The numerical modelling 

results predict that there should be a high velocity jet below the sonotrode. These results can 

be plotted as a slice of the numerical solution in the mid-plane of the vessel, containing the 

centre of the sonotrode (Fig. 2. (c)), or as averaged velocities along the z direction representing 

a ‘projection’ of the velocity field (Fig. 2. (d)). A direct comparison of the numerical and 

experimental data is difficult as PIV is a 2-dimensional representation of what is inherently a 3-

dimensional particle velocity field, due to the relatively large length scale in z and uncertain focal 

depth (The focusing plane for this study was chose as the middle cross-section of the sonotrode). 

By considering the hydrophilic and porous nature of the CNTs agglomerate (30), bubbles or air 

pockets were expected on the surface and inside the MWCNTs agglomerates after adding them 

to water. These pre-existing bubbles tend to continuous oscillation and coalescence with each 

other or other bubbles to form a micro-bubble clusters (31). These micro-bubbles showed a 

chaotic motion with continuous splitting and coalescence during oscillation, which perpetually 

eroded the surface of the MWCNTs clusters by impelling liquid entrainment through micro water 

jets (31, 32) (known as the sono-capillary effect). This corresponded to the ‘comet’ feature 

Figure 2. Plots of velocity magnitude for the average over 0.5 s for experimental PIV data for 
24 µm amplitude (a), and standard deviation of the PIV data (b), a center xy slice in the 
numerical model (c), the average velocity in z for the numerical model (d), Note, numerical 
and experimental scale bars have been matched to highlight the bulk flow.  
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observed in Fig. 3. After a period of oscillation, these microbubbles would either separate from 

the parent agglomerates through implosion. Other deagglomeration mechanisms have also 

been observed and identified, however, due to page limit, these results has been summarized 

somewhere else.  

 

4. Conclusion 

In this paper, UST assisted deagglomeration and dispersion of MWCNTs in DI water by UST were 

captured and analysed for the first time by using high-speed imaging and numerical modelling. 

The experimental setup was adjusted to capture films with no reflection artefacts or flickers. PIV 

analysis was applied to calculate average flow speeds and compared with numerical modelling 

which suggested the PIV failed to capture the acoustic streaming jet flow directly underneath 

the sonotrode due to its 2D nature and limited spatial resolution. However, the remainder of 

the flow field matched well with the simulation results providing model validation. Films capture 

at higher frame rate enabled obviously deagglomeration phenomena to be captured, and the 

reasons for that were inferred as sonocapillary effect and micro-bubble explosion.  

 

 

 

 

 

 

 

 

 

 

Figure 3. A deagglomeration process captured near the ROI near sonotrode.   
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Abstract: Conductive particle reinforced nanocomposite-based strain sensors have been widely 

investigated owing to their unique material properties. Numerous studies on nanocomposite 

strain sensors have focused on the enhancement of stretchability, flexibility, and gauge factor 

(GF) for wearable and health care applications. However, flexible polymer-based strain sensor 

has a limitation for use in high temperature such as cure monitoring of composite structures due 

to the semi-crystalline structure of the polymer. The semi-crystalline polymers have a substantial 

creep when the slippage of the molecular chain at the amorphous region is occurred. Moreover, 

the slip phenomena are maximized at the high temperature because the mobility of the polymer 

chain is increased, which results in overestimated strain. The cross-linking process of 

thermoplastic is one of the possible solutions to reduce creep at high temperature. 

Conventionally, melt-mixing method has been used for the fabrication of cross-linked 

thermoplastics. However, the melt-mixing method is not suitable for fabricating fiber shape 

owing to extremely high viscosity because polymer melting and cross-linking reaction are 

occurred simultaneously. In this work, microwave-assisted cross-linking method was introduced 

to overcome the limitation of conventional cross-linking process. The ultra-high molecular weight 

polyethylene (UHMWPE) core fiber was fabricated by using a dry-jet wet spinning system. 

Microwave post-treatment was performed under the peroxide bath to enhance the creep 

resistance through the cross-linking reaction. By using the creep resistance enhanced core fiber, 

coaxial-structured fiber strain sensor which has multi-layer structured shell parts was fabricated 

by using a facile dip-coating method. The load carrying capacity and creep resistance of the core 

fiber were estimated by measuring the tensile strength and minimum creep rate at the high 

temperature. Sensitivity and linearity of the fiber sensor were checked by means of an electronic 

test equipment during static tensile test. In addition, accuracy of the fiber sensor at high 

temperature was evaluated and compared with that of a conventional strain gauge.  

Keywords: Microwave post treatment; Fiber structured strain sensor; Core-shell structured 

fiber; Creep resistance; Multi-layer structure.  

1. Introduction 

Over the years, post-processing such as stretching[1], drawing[2], and heat setting[3] methods 

have been investigated to enhance the creep resistance of polymer by increasing crystalline 

contents. But, these conventional methods are limited to enhance the creep resistance because 

the amorphous region is still remaining after the post-treatment. To overcome these problems, 

the crosslinking method of thermoplastic has been deemed as a highly promising technology 

because the intermolecular movement in the amorphous region can be strongly constrained by 

a covalent bond. Conventionally, melt blending method[4] with crosslinking agent and Gamma-
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ray or Electron beam irradiation process[5] have been used for fabricating cross-linked 

thermoplastic materials. The melt blending method is one of the easy ways to fabricate the 

cross-linked polymer, however, bi-products after crosslinking reaction are remaining in the final 

products. Also, the blending process is proceeding at a higher temperature than the melting 

point of the polymer so that it can affect the mechanical properties of the cross-linked polymer 

due to thermal degradation. Additionally, the microscale products with a large aspect ratio such 

as fiber are hard to manufacture using the melt blending method, because the polymer melting 

and crosslinking reaction simultaneously occur during the mixing process so that the viscosity of 

the mixture is extremely increased. On the other hand, the irradiation crosslinking method has 

an advantage that can be applied to manufactured products. But, it has limitations that required 

extremely high energy sources and polymer chain scissoring has simultaneously occurred during 

crosslinking process. 

Herein, we report the novel microwave-assisted crosslinking method of a ultrahigh molecular 

weight polyethylene (UHMWPE) fibers for enhancing the sensing accuracy of UHMWPE core 

fiber based coaxial structured fiber strain sensors through the enhancing the creep resistance of 

core fibers (Figure 1). Cross-linked UHMWPE core fibers were fabricated by using a microwave 

treatment under the hydrogen peroxide bath to enhance the creep resistance and the load 

carrying capacity of fiber sensor at the high temperature. The coaxial structured soft strain 

sensing layer was introduced to consist of polyurethane (PU) layers and MWCNT layers formed 

by dip coating method. The chemical composition change and crystallinity after microwave 

treatment was investigated using a Fourier-transform infrared spectroscopy (FT-IR) and X-ray 

diffractometer (XRD), respectively. Furthermore, the crosslinking densities were calculated 

using solvent extraction method. The creep resistance and the load carrying capacities of cross-

linked core fibers at the high temperature were estimated by measuring the minimum creep 

rate and tensile strength at various microwave treatment conditions. The strain sensitivity (i.e. 

gauge factor) and temperature sensitivity were checked by means of electronic test equipment. 

Finally, the measurement accuracy at the high temperature was evaluated to compared with 

the conventional strain gauges. 

2. Experimental 

2.1 Dry-jet spinning process 

A UHMWPE fiber was fabricated by the dry-jet wet spinning method with the 4 wt.% spinning 

solution and a lab-scale spinning instrument (Wet spinning system, DISSOL, Republic of Korea) 

as shown in Figure 1. The spinning solution was fed to the 0.65 mm diameter of spinneret under 

170 oC. The UHMWPE fibers were formed by solidification of the polymer solution extruded from 

the spinneret in a coagulation bath containing distilled water at 25 oC. The residual solvent after 

solidification process was removed by rinsing process using hexane (Sigma-Aldrich Inc., USA) for 

24 h at 25 oC. The hot-stretching process was introduced to enhance the initial crystallinity of 

as-spun UHMWPE fibers. The stretching ratio and treatment temperature was adjusted by 14 

and 120 oC, respectively. 
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Figure 1. Dry-jet spinning process of UHMWPE core fiber 

2.2 Microwave post-treatment 

The microwave-assisted crosslinking post-treatment process was introduced for the 

enhancement of mechanical properties and creep resistance at the high temperature of 

UHMWPE fibers. The microwave treatment consisted of two parts as shown in Figure 2. In the 

step 1, the stretched UHMWPE fiber was fixed on the ceramic mold. The fiber was irradiated for  

2 min., 3 min., 4 min., and 5 min. with microwaves with an effective intensity per unit mass of 

12 kW/kg at 2.4 GHz under the 3% concentrations of hydrogen peroxide (386790-M, Sigma-

Aldrich, USA) solution bath. In step 2, the mold was taken from the bath, and then, the UHMWPE 

fiber was dried by microwaves for 4 min. to remove the excessive water and hydrogen peroxide.  

 

Figure 2. Microwave crosslinking post-treatment process 

2.3 Dip coating process 

Figure 3 shows the schematic configuration of creep resistance enhanced fiber sensors, 

consisting of the following sequency from the core outward: the microwave treated UHMWEP 

core fiber, 1st PU layer, multi-conductive MWCNT layer, and 2nd PU layer, sequentially. The shell 

parts of fiber sensor was coated using simple dip-coating method using PU solution (Akuarane 

26302, T&L Co., Ltd., Republic of Korea) and MWCNT solution (K-Nanos 100P, Kumho 

petrochemical Co., Ltd., Republic of Korea). 
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Figure 3. Dip coating process 

 

2.4 Characterization of fiber sensors 

The strain sensitivity and temperature sensitivity was measured for calibration process of fiber 

sensors. The fabricated fiber sensor was attached on the center of tensile test specimen of UD 

laminated composite and the conventional strain gauge (KFRPB-5-120-C1-11, Kyowa Electronic 

Instruments Co., Ltd., Japan) was attached on the beside of specimen. Then the relative 

resistance change from fiber sensor by LCR meter (E4980A, Keysight Technologies, USA) and 

strain value from strain gauge by DAQ (NI-9235, National Instruments Corp., USA) was measured 

under the tensile load, simultaneously. Fiber sensor and K-type thermocouple was attached on 

the ceramic plate. Then the relative resistance changes and temperature data was measured 

under room temperature to 125 oC using LCR meter and DAQ, respectively.  

The measurement signal comparison between conventional strain gauge and fiber sensor under 

80 oC, and 125 oC was performed to evaluate the sensing performance of the fabricated fiber 

sensor. The schematics of specimens was same as strain sensitivity measurement. The 

conversion of relative resistance change to strain value was performed using flowing equations 

with measured gauge factor and temperature sensitivity coefficient. 

∆R/R0 =KT∆T + Kε ∆ε                                                                                                                    (1) 

 

where ∆R⁄R0  is the measurement results of relative resistance change, KT is the temperature 

sensitivity coefficient, ∆T is the measured temperature, Kε is the gauge factor of fiber sensor. 

 

3. Result and discussion 

3.1 Effects of microwave-assisted crosslinking methods 

Figure 4 shows the measurement result of the tensile properties of UHMWPE core fiber with 

respect to the post-treatment methods. It was confirmed that the tensile strength and modulus 

enhanced by 26% and 94%, respectively, compared to the neat fiber. These results show that 

the mechanical properties increase rate is higher than that of the heat setting method, which is 
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a conventional post-treatment method used to improve the mechanical properties of the fiber 

material. Therefore, it is considered that the mechanical properties of the core fibers are 

significantly improved as crosslinks are formed between the main chains of UHMWPE by the 

microwave-assisted crosslinking reaction.  

 

Figure 4. Mechanical properties of microwave treated UHMWPE core fiber 

 

3.2 Evaluation results of sensing performance 

 

Figure 5. Sensing performance of fiber sensors 

 

Strain signal comparison results between general strain gauge and fiber sensors to evaluate the 

sensing accuracy of fabricated fiber sensors were shown in Figure 5. In the case of the sensor 

using the neat fiber, the measurement error between the strain gauge and the fiber sensor 

measurement result was extensive in high temperature environments where the measurement 
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error was up to 96% at 80 oC. In addition, measurement error increased after the converging of 

temperature because the neat fiber, which has the lowest creep resistance, was used as core 

fiber. By contrast, the measurement error of the fiber sensor with microwave treated core fiber 

shows the 3% at 80 oC compared with the strain gauge. After temperature converging, the 

measured signal was stable compared with the neat and heat set core fibers. Consequently, the 

measurement accuracy of the fiber sensor with microwave treated core fiber was significantly 

improved through the increased creep resistance by the cross-link formation after the 

microwave treatment. 

4. Conclusions 

In this study, microwave-assisted cross linking method was introduced to enhance the 

mechanical properties and creep resistance of core fibers. The effects of microwave treatment 

were investigated by measurement of high temperature tensile strength and modulus, and 

sensing response. Based on the results the following conclusions were obtained. 

(1) The tensile test results of microwave treated UHMWPE core fiber showed enhanced 

mechanical properties. The tensile strength and modulus of microwave treated fiber 

sensors increased by 29% and 92%, respectively. 

(2)  Comparison results of measurement accuracy between strain gauge and fiber sensor 

showed a effects of microwave treated core fiber. The measurement error decreased 

by 3% at the 80 oC when microwave treated core fiber was applied as core fiber of fiber 

sensor. 
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Abstract: Graphene is known to have high levels of stiffness and strength and so is an obvious 
candidate for the reinforcement of polymers. The mechanics of reinforcement by graphene are 
now understood through a theory we developed to predict the stiffness of the bulk 
nanocomposites from the mechanics of stress transfer from the matrix to the graphene 
reinforcement based upon the rule of mixtures and shear-lag deformation. Here we demonstrate 
how this theory can be extended to other types of ultrathin 2-dimensional (2D) materials, 
hexagon boron nitride, hBN and tungsten disulfide, WS2.  

Keywords: 2D materials; nanocomposites; micromechanics; Raman spectroscopy; 
photoluminescence  

1. Introduction 

Following the successful exfoliation of graphene [1], ultrathin 2-dimensional (2D) materials with 
excellent and diverse mechanical, optical, thermal and electronic properties [2, 3] have attracted 
attention worldwide. In particular, nanometer-thick 2D hexagonal boron nitride (hBN) 
nanosheets (BNNSs), successfully exfoliated in Manchester [4] a few months after the first 
reports of graphene, have been the subject of particular interest. BNNSs are different from 
graphene, having a 6 eV indirect band gap [5], and exhibit superior oxidation resistance [6], 
chemical and thermal stability [7, 8] compared with their carbon analogues. The reduced 
electron-delocalization in the B-N π bonds leads to the BNNSs having a large band gap [9], 
making them both electrically insulating and optically transparent.  

Graphene is an electrical conductor that limits its wider applications where a bandgap is needed. 
Hence, transition metal dichalcogenides (TMD have started to attract attention since their 
tunable bandgap offers more controllability. As a typical example of TMDs, tungsten disulfide 
(WS2) has received significant interest for applications in transistors [10], photo-detectors [11], 
photovoltaic devices [12] and composites [13]. Of particular interest is that WS2 exhibits a 
transition from a direct- to indirect-bandgap semiconductor both as the number of layers 
increases [14] and when the WS2 flakes are subjected to strain [15]. Beyond the electronic 
applications, WS2 flakes have also been found to have a reasonable interfacial interaction with 
polymers as reflected by their good reinforcement of polymers, determined by their lateral size 
and its distribution, even at a low loading [16]. This sets the foundation for making use of WS2 
for the next generation multifunctional nanocomposites for a number of different applications, 
such as transistors, sensors, photo-detectors, photovoltaics and absorbers etc. [10-12]. 

In present study, we have used Raman spectroscopy to follow the deformation of BNNNs and 
combined Raman and photoluminescence spectroscopy to monitor the strain distributions in 
mechanically-cleaved monolayer WS2 flakes, both deformed on flexible substrates.  
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2. Deformation of hBN nanosheets 

Large single crystals commercial hexagonal boron nitride (hBN) were exfoliated mechanically 
and the flakes transferred using the standard tape cleavage technique The BNNSs were 
exfoliated using adhesive tape and deposited directly on the centre of a rectangular PMMA 
beam with no top coat applied. The BNNSs on the PMMA beams were identified and 
characterised using the Zeiss optical microscope on a Horiba LabRAM Evolution HR spectrometer 
with a 488 nm sapphire laser and a 50 lens. The in-situ Raman deformation analysis was 
conducted by inserting the BNNS-loaded PMMA beams into a four-point-bending rig fixed on 
the Raman microscope stage. A resistance strain gauge was used on the PMMA beam surface to 
monitor the strain applied on the PMMA substrate. The beams were deformed up to 0.4% strain 
in 0.04% intervals and Raman spectra were collected and peak fitted at each strain level. The 
exposure time for each Raman scan was 20 s with a power output 1.3 mW and a laser spot size 
of 2 μm using a 50x objective lens. The most prominent Raman band of hBN is the E2g mode 
which originates from in-plane atomic displacement and is equivalent to the G band of 
graphene. Raman line mapping was undertaken using a 100x objective lens. 

Our previous work on 1L graphene [17] has demonstrated that it is possible to monitor stress 
transfer from a substrate to the flake of a 2D material by mapping the strain along the flake. 
Figures 1(a&b) shows a hBN nanosheet of 11 μm length and 17 nm (Figure 1(c)) in thickness 
deformed in tension parallel to its axis. An intense G band for the BN nanosheet can be seen in 
Figure 1(d). Figure 1(e) shows the Raman spectra obtained from the middle of the nanosheet 
(marked by a black square in Figure 1(b)) before and after 0.2% strain was applied. It can be seen 
that the G band clearly shifts to lower frequency and broadens after deformation. As shown in 
Figure 1(f), there is a linear red shift of the G band with stepwise straining up to 0.15%. The shift 
stops at 0.2% strain and eventually became irregular when a higher tensile strain was applied. 

The Raman G band position was monitored along the solid line in Figure 1(b) in 1 μm steps. 
Figure 1(g) shows the variation of axial strain across the BNNSs flake when a low strain (0.1%) 
was applied to PMMA substrate. It can be seen that the strain builds up from the two edges and 
becomes constant along the middle of the nanosheet where the strain in the flake equals to the 
applied matrix strain. This is analogous to what we observed for the strain distribution of a 
polymer-sandwiched graphene monolayer under relatively low strain (<0.4%) [17] for which 
there was good bonding between 2D material and polymer matrix. This behaviour can be 
analyzed by the well-established shear-lag theory [18] where it is assumed that the elastic stress 
is transferred from the matrix to the reinforcement through a shear stress at 2D 
material/polymer interface. The variation of strain in the BNNS, εBNNS, is given as  
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and εm is the applied matrix strain, s is the aspect ratio of the BNNS, x represents the position in 
the flake, l is the length of the flake, Gm is the matrix shear modulus, Ef is the Young’s modulus 
of the 2D material, t is the thickness of the BNNS and T is the thickness of polymer matrix. The 
parameter n has been widely accepted as a parameter for evaluating the interfacial stress 
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transfer efficiency. The dashed line in Figure 1(g) is a reasonable fit of Equation (1) to the Raman 
mapping results using ns  10. The aspect ratio for the hBN nanosheet in Figure 1 is s = 10 μm/17 
nm  590. Since for this BNNS, ns = 10 and so n = 0.017. This value of n is some 30x larger that 
the value of n = 6x10-4 determined for a sandwiched graphene monolayer on a polymer 
substrate [17]. The higher value of n implies that better stress transfer can be expected between 
BNNSs and a polymer matrix than for graphene, presumably a result of the more polar nature 
of the bonding in hBN. 

 

Figure 1. (a) Optical micrograph and (b) AFM image of the hBN nanosheet (outlined in (a)) used 
for linear Raman strain mapping (the black square in (b) marks the spectra collection position for 
(d-f)). (c) The AFM height profile corresponding to the solid red line in (b). (d) Raman spectrum 
of the hBN nanosheet. (e) Raman spectra of the BNNS obtained before and after a 0.2% tensile 
strain was applied. (f) The position of G band position as a function of tensile strain. (The error 
bars are the standard deviations of 5 measurements taken at the same position). Distribution of 
strain in the hBN nanosheet in the direction of the tensile axis along the solid line in (b) at: (g) 
0.05%, 0.1% strain, (h) 0.15% strain and (i) 0.30% strain. 

3. Deformation of WS2 flakes 

Monolayer WS2 flakes were obtained by the exfoliation through the micromechanical cleavage 
of bulk WS2 crystals with an average grain size of 200. The bulk WS2 crystals were peeled 
repeatedly with an adhesive tape until very thin flakes were obtained. The flakes obtained were 
then transferred to the PMMA substrate by pressing the back of the adhesive film. After the 
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transfer, monolayer flakes were located and identified using optical microscopy and a 
combination of Raman and photoluminescence (PL) spectroscopy. 

For deformation of the monolayer WS2 flakes, the PMMA substrate was mounted on a 4-point 
bending rig and placed under the microscope stage of the Raman spectrometer. A resistance 
strain gauge was fixed to the PMMA beam close to the WS2 flakes to monitor the strain. The 
specimen was then deformed stepwise with the Raman or PL spectra collected for each strain 
step. Mapping was undertaken using a grid sizes of 0.5 μm x 0.5 m or 1 μm x 1 μm depending 
upon sizes of the flakes and the degree of precision needed. The laser was polarised parallel to 
the direction of tensile strain. 

 

Figure 2. (a) Schematic drawing of the ‘in-situ’ deformation set up in PL and Raman 
spectroscopy. (b) Evolution of the PL spectrum of a monolayer WS2 flake as strain increases. (c) 
The energies of A exciton and A- exciton peaks as a function of strain, with the solid lines being 
the linear fitting. (d) Optical image of one monolayer WS2 flake. (e) Map of the A exciton peak 
energy over the flake at (a) 0% and (b) 0.35% strain. 

Figure 2a is the schematic diagram of the PMMA substrate in the 4-point bending rig placed on 
the stage of the Raman spectrometer. It should be noted that the size of WS2 flake (10 µm) is 
three orders of magnitude smaller than the length of substrate (70 mm) so that the flake can 
be assumed to be strained uniaxially. A clear red-shift of the PL peak can be seen as the strain 
level increases, with the peak fitted with two Gaussian peaks (Figure 2b). In more detail, as the 
strain increases, the red-shift of both the A exciton peak and A- exciton peak is in the order of 
tens of meV as shown in Figure 2c, which agrees with other studies on TMDs. The shift rate is 
found to be -58.7 ± 1.4 meV/% strain for the A exciton peak, and  89.9 ± 4.9 meV/% strain for 
the A- exciton peak, respectively. The apparent tension at 0% strain is likely to be due to the 
residual strain induced during specimen preparation. The high values can be attributed to the 
better stress transfer efficiency as a result of the improved interaction of the WS2 flake with the 
substrate in this present study.  
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The PL spectra x-y mapped on a 0.5 μm x 0.5 μm grid across a monolayer WS2 flake without any 
visible contamination (Figure 2d) were collected at both 0% and 0.35% strain, A reduction of the 
energy (bandgap) can be clearly seen towards the centre of the flake for 0.35% strain (Figure 
2e). This implies that the simple uniaxial tension applied to the monolayer flake on the substrate 
generates a non-uniform bandgap distribution across an individual WS2 flake. This is of particular 
relevance for local fine tuning of the bandgap in a TMD flake through strain engineering [18]. 
The PL energy varies by some 40 meV over a regions of a few microns in the WS2 monolayer 
crystals at 0.35% strain. Moreover this variation of PL energy can be controlled by the application 
of external strain to the substrate as long as the WS2 monolayer crystals remain intact and do 
not debond from the substrate. 

In order to investigate the micromechanics of monolayer WS2 flake using Raman spectroscopy, 
the PMMA beam was deformed initially to a strain 0.55%. The specimen was then released and 
top-coated with a thin layer of SU-8 photoresist polymer. In the second cycle the specimen was 
then loaded to the same strain of 0.55%. Using the calibration between the Raman E1-

2g band 
and strain established earlier [5], the strain distributions of the uncoated monolayer WS2 at 0% 
and 0.55% applied strain were mapped using a 1 μm x 1 μm grid as shown in Figure 3a&b, 
respectively. It can be seen that the strain distribution is quite uniform at 0% strain, apart from 
the compression at the edge of flake perhaps due to sample preparation. The similarity between 
the strain distributions shown in Figure 1 for a BNNS obtained using Raman spectroscopy and 
those obtained for a similar WS2 monolayer specimen using PL in Figure 2 is striking. 

 

Figure 3. Strain distribution of uncoated monolayer WS2 flake at (a) 0% and (b) 0.55% applied 
strain. (c) Extracted strain distribution in the region along the white dashed lines in (a) and (b) 
determined from the frequency of E1-

2g mode. The dashed lines are indicative of strain distribution 
at 0% and 0.55% strain drawn using the shear-lag analysis Eq. 1 with ns=12. 

When the specimen was subjected to a strain of 0.55%, the strain in most of the WS2 flake 
increased to about 0.55%, demonstrating effective stress transfer from the substrate to the 
flake. However, a slight strain concentration, higher than the applied strain 0.55%, can be 
found in the bottom part perhaps due to defects. The data points extracted along the vertical 
dashed white lines in tensile strain direction (Figure 3c) clearly show a strain plateau in the 
middle of the flake at the strain of 0.55%, suggesting that monolayer WS2 flake also follows the 
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shear lag behaviour [18]. Similarly, by using ns = 12 in Equation 1, the ‘shear-lag’ curve is drawn 
for an applied strain 0.55% (Figure 3c) confirming the validity of shear-lag theory. 

4. Conclusions 

Stress transfer both between the individual layers within exfoliated hBN nanosheets and 
between a hBN nanosheet and a polymer substrate has been followed through the use of Raman 
spectroscopy. Overall, it has been demonstrated that the efficiency of stress transfer both 
between the individual hBN layers in the nanosheets and between the nanosheets and the 
substrate is better for BNNSs than for mono- or multi-layer graphene. The efficiency of interlayer 
stress transfer is 99% for hBN nanosheets [19] compared with around 70% for multilayer 
graphene. The critical aspect ratio for stress transfer to the substrate is only 350 for BNNSs 
compared with >104 for monolayer graphene implying that better stress transfer to the 
substrate can be achieved with hBN nanosheets. The implication of this study is that BNNSs 
should also give rise to better reinforcement in nanocomposites than exfoliated graphene 
nanosheets as long as the BNNS/polymer interface remains intact. Also, it is less important to 
achieve a high degree of exfoliation to very thin nanosheets, when using hBN in 
nanocomposites, than in the case of graphite and graphene. Further details can be found in our 
recent publication [19]. 

Photoluminescence and Raman spectroscopy have been combined to successfully monitor the 
strain distribution and stress transfer of monolayer WS2 on a flexible polymer substrate. It is 
demonstrated that monolayer WS2 still follows continuum mechanics. Particularly, a non-
uniform bandgap distribution has been achieved by strain engineering even within a single WS2 
flake due to the non-uniform strain distribution through stress transfer from the substrate. It 
has been demonstrated that this could have useful applications in optoelectronics in producing 
tuneable micron-sized PL emitters on a substrate. Their effective Young’s modulus is around 
30% of their theoretical modulus [20] which means that their reinforcement efficiency is 
comparable to that of few-layer graphene-reinforced nanocomposites. Further details and the 
extension of the study to high volume fraction nanocomposites an can be found in our recent 
publication [20]. 
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Abstract: The weak fiber-matrix interface is a bottleneck hindering the development of carbon 

fiber composites. In this work, an optimized electrophoretic deposition (EPD) approach was 

explored to improve the interface by depositing uniformly two-dimensional MXene (Ti3C2Tx) 

nanoparticles onto the surface of carbon fibers (CF). The MXene-CF hybrids were then used to 

fabricate continuous carbon fiber reinforced polymer (CFRP) composites. The results manifested 

that the presence of MXene nanoparticles on the CF surfaces could significantly increase the fiber 

surface energy and wettability, as well as their surface roughness. As a result, a remarkable 

increase of the interfacial strength and flexural properties of CFRP has been observed. The 

functionalized MXene-CF-epoxy composites witnessed a prominent enhancement of interlaminar 

shear strength (ILSS), flexural strength and monofilament tensile strength compared to their 

unfunctionalized counterparts (i.e., 75%, 50.4%, and 32.7%). The versatile EPD strategy proposed 

herein, constitutes a promising approach for CFRP modification that can lead to significantly 

improved performance. 

Keywords: MXene (Ti3C2Tx); nanocomposite; Carbon fiber reinforced resin matrix composites 

(CFRP); Electrophoretic deposition; Interfacial properties;  

 

1. Introduction 

Carbon fiber reinforced polymer composites (CFRP) have developed rapidly over the last 

decades due to their outstanding multifunctional properties, their light weight and possibilities 

for high volume manufacturing. However, despite their suitability for a number of applications 

such as in aviation, automotive, civil engineering, and sports, a number of obstacles remain to 

be solved. The low wettability of CFs and their poor interaction with the polymer matrices, 

induced by their hydrophobic characteristics and chemical inertness usually result in inferior off-

axis properties of CFRPs [1]. Indeed, the weak out-of-plane performance of CFRPs is closely 

associated with resin-dominated attributes in the radial direction. The resin-rich regions are 

located between the fiber laminates, where stress is commonly concentrated and cracks firstly 

initiate and then propagate. On that basis, engineering  a strong fiber-matrix interface by 

selectively reinforcing matrix-rich regions can be beneficial in enhancing the load-transfer 

capability in order to fully exploit the superior mechanical properties of CFRPs [2]. 

A number of treatments have been proposed in the literature to improve the interface between 

the fibres and the matrix. One of the most commonly used strategies is the surface modification 

of CFs by introducing nanoparticles onto fiber surface via chemical vapor deposition (CVD) [3], 
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electrolytic deposition (ELD). [4], spray coating [5], surface desizing, and chemical grafting [6], 

as well as electrophoretic deposition (EPD) [7]. Unfortunately, some of these strategies do not 

induce significant improvements due to intrinsic restraints. For example, ELD is restricted to the 

deposition of metal particles, while fiber sizing decreases the surface roughness which leads to 

a deterioration of the stress transfer ability and energy-absorbing capacity. Additionally, the CVD 

treatment can lead to detrimental effects on the fibre structure due to high temperatures, while 

it inevitably degrades their intrinsic strength. The high growth temperatures in combination with 

pre-deposited catalysts make it also impractical for large-scale production. Spray coating is quite 

effective but involves a large amount of chemicals needed to disperse the nanomaterials that 

are necessary to be fully evaporated from the CF surface before the introduction of the resin. 

Finally, chemical grafting requires complicated chemical reactions on the CF surface, 

accompanied with an excessive use of solvents, while processing times tend to be quite long. 

Compared to these strategies, EPD can enhance the deposition quality and production efficiency 

at the same time. With the application of EPD it is possible to achieve controllable coating 

thickness and uniform material deposition on flexible substrates with different shapes and sizes, 

making it easier to realise an automated manufacturing process. Finally, EPD can lead to a 

homogeneous nanoparticle deposition at low solution concentrations which is very important 

for large-scale, continuous industrial production [8].  

High-performing nanomaterials such as graphene and carbon nanotubes (CNTs) have been 

introduced by EPD onto the surface of carbon fibres. MXenes are 2D nanomaterials originating 

from MAX phases with the general formula Mn+1AXn (where n=1-3 and M denotes an early 

transition metal, A represents III A group and IV A group elements and X stands for carbon 

and/or nitrogen) that have shown great potential as reinforcements in composites due to their 

inherent properties [9]. A Ti3C2Tx monolayer has been reported to display a Young's modulus of 

0.33±0.03 TPa as measured by nanoindentation, comparable with that of graphene oxide (~0.2 

TPa) [10]. The covalent/ionic/metallic character of the M-X bond and the metallic character of 

the M-A bond endow MXenes with ultra-strong interlayer bonding that cannot be broken by 

shear or any mechanical means. This makes them highly suitable for improving the strength of 

the fibre/matrix interface. A number of functional, MXene-reinforced hierarchical composites 

present a huge application potential in the electromagnetic absorption/interference field as a 

result of the exceptional conductivity of MXene nanoplatelets. Up to now, the incorporation of 

MXene nanoparticles into CFRP composites by EPD remains largely unexplored, and the 

potential impact of MXenes on the field is still unknown. For instance a major problem lies in 

the fact that MXenes can be easily oxidised; that can lead to a significant deterioration of their 

mechanical and electrical properties, which is in contrast with the behaviour of GO and CNT.  

During EPD, the amount of the deposited particles is related to the electric field strength. The 

nonuniformity of the electric field tends to produce an inhomogeneous deposition [11]; thus, a 

highly homogeneous electric field is indispensable to ensure a successful EPD process with high 

deposition density. Unfortunately, CF fabrics possess anisotropic electrical conductivity, so once 

they’re immersed into the solution bath, the distinct differences of voltage will appear vertically 

along with the immersed depth and cause non-uniform deposition thickness [12]. As a result, 

many works utilized conductive metal frames to clamp the edges of a CF fabric in an attempt to 

reduce variations in the intensity of the electric field [13]. This method can provide some 

improvements when the area of CF fabric is small and the processing time is not an issue. 

However, the deposition density of nanoparticles in these works tended to present an 
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undesirable gradient; The deposition efficiency adjacent to the conductive frame was higher, 

while the center of the CF fabric displayed the lowest deposition content [14]. As can be 

understood, such phenomena will be more evident for large-area deposition by EPD, which can 

also lead to longer deposition times of charged particles for low electric field areas. Quite 

interestingly, the utilization of a copper mesh can be a viable choice to overcome such a 

dilemma. Compared with the gradient electric field commonly induced by metal frames, a more 

homogeneous electric field can be achieved with the help of the copper mesh thanks to its 

spatial structure and superior conductive properties, leading to a uniform nanoparticle 

deposition thickness.  

Given the above considerations, this work utilized MXene nanoparticles homogeneously 

deposited onto CF surfaces through a modified EPD process to improve the fiber-matrix 

interface in a CFRP. The EPD method was carefully optimized to impose a uniform electric field 

and to prevent oxidation and agglomeration of MXenes onto the CFs. The Ti3C2Tx nanoplateletes 

were initially synthesized through consecutive etching, intercalation and freeze-drying. Desizing 

and oxidation pre-treatments were performed on the carbon fibres to enhance the wettability 

and reactivity of CF fabrics. The ultra-low concentration MXene suspension was employed to 

perform the EPD process. Once the MXenes were deposited onto the CF preform, the hybrid 

structure was infused with the epoxy resin through vacuum-assisted resin infusion (VARI). The 

effects of MXene-CF on the interfacial CFRP properties were evaluated through a series of 

characterizations and mechanical tests.  

 

2. Methods 

2.1 Electrophoretic deposition of Ti3C2Tx onto CFs 

The anodic electrodeposition technique was adopted due to the high electronegativity of MXene 

nanoparticles. However, since MXenes can be oxidized quite easily [15], two optimized 

processes have been introduced. The first process is illustrated in Fig. 1a, where the pre-treated 

CF tow was the rectangular positive electrode; fixed copper sheets were positioned alongside 

the four edges to achieve a uniform electrical field and prevent the fabrics from deformation. 

Two planar graphite plates were used as the cathode to electrophoretically deposit MXenes 

onto CF. The process reduced the deposition time to half (10 min) than the original method (20 

min) introduced in [16], which used only one graphite sheet, while the CF fabric must be 

manually reversed to realize a nanomaterial deposition in both sample sides during EPD. To 

overcome the current dilemma where researches are commonly focusing on a simple planar 

shape electrode, we utilized a cylindrically shaped graphite plate as the cathode (Fig. 1b). The 

anode presented a core-shell appearance, with CF fabric as the mandrel, and a copper mesh 

(which displays excellent electrical conductivity and ductility) was used to tightly surround the 

CF surface to produce a spatially uniform electric field. The obtained product is denoted as m-

MXene-CF, where m stands for modified. The optimized process enhanced both the MXene 

deposition efficiency and homogeneity. The circumferentially wrapped copper mesh onto the 

surface of the pretreated CF bundle prevented the fiber tow from deformation and bending, 

making it easier to deposit nanoparticles uniformly. Additionally, the superior electrical 

conductivity of the copper net could effectively reduce any variations in the intensity of the 

electric field, which led to a more homogeneous deposition of nanoparticles for the CF bundle.  
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During the EPD process the distance between anode and cathode was 2 cm and a 0.1 M NaOH 

solution was used to adjust the pH to 10 to form a stable and homogeneous MXene slurry. 

Notably, an ultra-low MXene suspension concentration of 0.125 mg/mL was adopted to relieve 

the agglomeration of nanoparticles and decrease the producing cost. A low voltage of 20 V for 

10 min was employed through DC power supply. Ultrasonication was used to reduce the 

formation of agglomerates of large nanoparticles and reduce the bubbles that water-electrolysis 

produced, contributing to a homogeneous deposition layer. Finally, an ice bath was utilized 

during the EPD process to maintain a low suspension temperature as excessive voltage and 

ultrasonication in the presence of the electrolyte would produce much Joule heat that can lead 

to the development of a hydrothermal environment, which can potentially and undesirably 

oxidise the MXene nanofillers.  

 

Fig. 1. The EPD process for the fabrication of (a) MXene-CF and (b) m-MXene-CF. 

 

2.2 Preparation of CF/epoxy resin composites by liquid composite molding 

The CFRP composites were prepared by vacuum assisted resin infusion (VARI). Firstly, CF fabrics 

pretreated by desizing, oxidation and MXene deposition processes were laid up unidirectionally 

on the surface of the aluminium mold. The vacuum compaction was carried out under -0.1 MPa 

for one hour. Afterwards, the 5015 epoxy resin monomer and curing agent were uniformly 

blended with a mass ratio of 100:30. The vacuum pumping of the contained gas in the resin took 

place for 30 mins, followed by resin infusion. Finally, the curing process took place in a vacuum 

oven at 90℃ for 8h. The final fiber mass loadings of desized CFRP, oxidized CFRP, Mxene-CFRP 

and m-MXene-CFRP were 57.4%, 58.2%, 58.4% and 58.5%. 
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3. Results and Discussion 

3.1 Primary characterization of MXene nanoplatelets 

The SEM images (Fig. 2a and Fig. 2b) show the evolution from a dense multilayer MAX phase to 

a loosely stacked MXene structure as a result of etching and exfoliation treatments. The surface 

morphology of the nanoplatelets from AFM (Fig. 2c) indicated that the MXene nanosheets 

displayed a thickness of 2.76 nm, demonstrating that 2-3 nanosheet layers were stacked 

together [17]. Fig. 2d shows the synthesized MXene nanopowders in a glass vial. Fig. 2e shows 

the typical Tyndall effect of a MXene suspension in a water medium.   

XRD was employed to characterize the MXene structure (Fig. 2f). The characteristic peak located 

at 39° assigned to reflection from the (104) plane was apparent in Ti3AlC2 diffraction patterns, 

while after etching, that peak vanished for Ti3C2Tx. This is an indication that the Al element has 

been etched successfully. Additionally, the (002) peak shifted towards a lower angle, from 9.52° 

(d = 0.92 nm) for the original Ti3AlC2 to 6.22° (d =1.42 nm) for Ti3C2Tx, verifying once again the 

successful intercalation process. The increased layer spacing should be ascribed to the 

intercalation effect of  Li+ and ethanol [18].  

 

Fig. 2. (a) SEM image of Ti3AlC2; (b) SEM image of Ti3C2Tx; (c) AFM image and line profile of 

Ti3C2Tx; (d) Image of synthetic Ti3C2Tx  powder;  (e) Tyndall effect of Ti3C2Tx water solution; 

(f) XRD patterns of Ti3AlC2 and Ti3C2Tx  

3.2 Surface morphology of CF  

AFM and SEM were used to ascertain the effect of desizing, oxidizing, and EPD processes. It can 

be clearly seen in Fig. 3 that the surface of the desized CF was smooth (the surface roughness, 

Ra was 61 nm) with a few narrow crenulations observed in the longitudinal direction (Fig. 3a). 

After the nitric acid treatment, as expected, the oxidized CF surface became rougher (Ra=87 nm), 

and deeper grooves appeared on the CF surface due to etching (Fig. 3b). A significantly rougher 

surface increases the friction between disparate surfaces to inhibit interlaminar sliding and 

provide more contact sites for mechanical interlocking between the epoxy matrix and carbon 

fiber. Meanwhile, it could significantly improve the interfacial adhesion by enhancing the fiber 

surface wettability, which is crucial for enhancing the interfacial properties through improved 

fiber-matrix adhesion [19].  

During the EPD process, the negatively charged Ti3C2-OH nanoparticles moved to the vicinity of 

CF hydroxy/carboxyl units under the applied electric field, and then hydrogen bonds were 
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formed when the MXene nanosheets were homogeneously deposited onto the surface of CFs. 

Consequently, the CF surfaces became coarser (Fig. 3c,d) (Ra=123 nm for MXene-CF, Ra=142 nm 

for m-MXene-CF) and the formation of these bonds led to an improvement of the MXene/CF 

interfacial adhesion while it also helped to prevent any agglomeration during EPD. In conclusion, 

MXene particles were uniformly distributed on the CF surface via EPD, and the m-MXene-CF 

samples demonstrated a more homogeneous dispersion and a higher deposition rate than the 

MXene-CF as a result of the application of a more homogeneous electric field thanks to the 

assistance of the strategically positioned copper mesh.  

 

Fig. 3. AFM (left) and SEM (right) morphologies of treated CF. (a) Desized CF; (b) Oxidized CF; (c) 

MXene-CF; (d) m-MXene-CF. 

 

3.3 Three-point bending of CFRP composites 

Three-point bending tests were utilized to assess the flexural performance of CFRP composites. 

Based on the stress-strain curves presented in Fig. 4 (a), the corresponding flexural strength and 

modulus could be calculated and the results are presented in Fig. 4(b). The four curves display 

linear elastic behaviour at low strains. Subsequently, it is very possible that some cracks were 

formed in the resin and the load values presented a catastrophic decline with continuous 

increase of strain. It is interesting that the CFRP laminate displayed typical progressive damage 

behaviour as a result of enhanced bearing stress bearing capacity. The oxidized CF CFRPs showed 

a superior load-bending resistance (8.4% enhancement in bending strength compared with the 

desized CF/EP composite) but fracture took place much faster. For the EPD-deposited MXene-

CF samples (MXene-CF/EP and m-MXene-CF/EP), the flexural properties were further improved; 

the MXene-CF/EP composite displayed a flexural strength of 531.3 MPa (an improvement of 

22.2% compared to desized CF (435.04 MPa)). After the optimization of the EPD process, the 

flexular strength further increased to 654.38 MPa, while the flexural modulus presented a 

similar changing tendency, with the m-MXene-CF/EP composite displaying an increase of 16% 

compared to the desized CF composites. 
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Fig. 4. (a) The stress-strain curves and (b) flexural properties of the produced CFRP composites. 

 

3.4 Interlaminar Shear Stress of CFRP composites 

Finally, short beam shear experiments were performed to evaluate the strength of the 

interphase between the carbon fibre and the matrix. The fractography of the ILSS specimens 

was also studied from SEM images. From the stress-strain curves in Fig. 5(a), the maximum stress 

and the slope of the curves gradually increased from the minimum values displayed by the 

desized CF/EP composite up to the maximum values from the m-MXene-CF/EP composite. The 

results indicate the improved interlaminar performance with each modification step. 

Additionally, as illustrated in Fig. 5(b), the m-MXene-CF/EP composites presented the optimum 

interfacial adhesion with the highest ILSS value (56.4 MPa), an improvement of 75% compared 

with that of desized CFRP (32.31 MPa). This fact clearly reveals the effectiveness of the 

modification of the EPD process that is proposed herein and the beneficial characteristics of 

MXene nanoparticles as CF coating.  

The fracture topographies presented Fig. 5(d)-(g) showed that the fractured surfaces were 

smooth for the desized CFRP composites (Fig. 9d). The evident interfacial debonding revealed 

that the interfacial adhesion between fiber and matrix was weak. For the oxidized CFRP 

composites (Fig. 5e), the areas where the matrix fractured became slightly rougher, and the 

fracture morphology presented feather-like features. These can be regarded as evidence that 

the fracture mode was not brittle as in previous samples. As soon as the CFs were processed 

with EPD (Fig. 5f-g), the MXene nanoparticles were compactly attached to the fiber surface. The 

fracture process took place simultaneously for the resin and the carbon fiber under the 

synergistic work of enhanced CF surface roughness and local stiffening effect that oxidation and 

EPD of MXenes induced. Notably, the m-MXene-CF/EP composites displayed a highly 

homogeneous MXene nanoparticle distribution which led to an optimal ILSS performance. It is 

impressive that in the present work such a small amount (0.125 mg/mL) of the MXene 

suspension led to such a pronounced improvement (75% increase) in the ILSS of the CFRP 

composite. The effectiveness of our method remains outstanding even if compared to other 

deposition methods (chemical grafting, dip coating, etc.) of nanoparticles (MXene, CNT, GO, 

GNPs) onto similar types of CF (such as commercial CF, unsized CF, oxidized CF, NH2-CF and 

others). 
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Fig. 5. (a) Stress-strain curves from short beam bending of the CFRP composites; (b) ILSS of the 

CFRP composites. SEM images of the fracture morphology of (d) Desized CF/EP; (e) Oxidized 

CF/EP; (f) MXene-CF/EP and (g) m-MXene-CF/EP. 

 

4. Conclusions  

A MXene-based EPD process was explored and optimized in this present work. The presence of 

the copper mesh attached to the CF surfaces enabled an improved homogeneity of the MXene 

nanoparticles deposition in virtue of a significantly more homogeneous electric field. Through a 

series of characterization processes, it was realized that MXenes could significantly strengthen 

the attachment between CF and resin matrix at the composite interface by mechanical 

interlocking, local stiffening, and hydrogen bonding. Consequently, the constructed hierarchical 

composite structure (m-MXene-CF-EP) displayed exceptional mechanical properties. The ILSS 

was improved by 75% (highest values amongst similar samples in the literature), the flexural 

strength was enhanced by 50%, and the monofilament tensile strength was augmented by 32%. 

This work has proven successfully that the use of MXene nanomaterials in combination with the 

EPD method can lead to a significant improvement of the interfacial properties of CFRP. The 

proposed practice is beneficial for further exploring and building a continuous EPD production 

line to manufacture superior mechanical CF/MXene/EP hierarchical composites on an industrial 

scale while it also provides valuable guidance for the successful production of nanoparticle-

modified smart fabrics via EPD on nonconducting substrates such as glass, cotton, and cellulose. 
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Abstract: Matrix toughening is one of the most popular approaches to improve the overall 

fracture toughness of polymer composite materials. The most widely known approach for matrix 

toughening is the addition of a second phase such as rigid or/and rubber particles to dissipate 

the fracture energy, and vessels that containing healing agents that prevent further crack 

propagation when ruptured. Only a few studies have shown an alternative ‘active toughening’ 

by introducing an internal compressive stress field in the matrix via the mismatch in filler/matrix 

thermal expansion under heating. In this study, epoxy composite materials with embedded 

ferroelectric barium titanate nanoparticles are fabricated with the aid of silane surface 

functionalisation. Surface-bonded fibre grating sensors are employed to investigate the strain 

and temperature change of the epoxy nanocomposite materials under microwave exposure, as 

an attempt to introduce such field aided strain tailoring of the epoxy matrix as an active 

toughening mechanism. 

Keywords: Multifunctional nanocomposites; Matrix toughening; Ferroelectrics; Barium 

titanate; Domain wall movement  

1. Introduction 

High-performance composites have two major damage initiation modes when exposed to 

dynamic events; intra-laminar damage (e.g., matrix cracking, fibre fracture and fibre-matrix 

debonding) and inter-laminar damage (e.g., delamination). The intra-laminar damage is mainly 

dominated by matrix, fibre, and fibre-matrix interphase properties. However, it is challenging to 

tailor the properties of the fibre during composite’s fabrication process. Therefore, the most 

widely adopted approach is matrix toughening owing to the diverse feasibility of its 

manufacturing [1]. A composite is mainly made of thermoset resins such as epoxy with a highly 

cross-linked structure to achieve optimal mechanical properties and thermal stability. Despite 

its advantageous properties, epoxy has its drawbacks of having inherent brittleness that tends 

to fail at relatively low fracture energy, especially under transversal direction or when subjected 
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to high strain rate or impact loading [2-4]. Alternatively, thermoplastic-based FRPs could hinder 

microcracks coalesce and growth owing to their relatively higher toughness and semi-crystalline 

structures in variants such as poly-ether-ether-ketone (PEEK) [5], widely used for engineering 

applications in the aeronautical and automotive sectors [6]. To overcome these property-driven 

drawbacks, numerous researches have been carried out for property enhancement via 

modifying epoxy with the inclusion of various micro- and nano-fillers as a second phase, such as 

rubber tougheners [7], silica particles [8], carbon nanoparticles [9, 10], clay [11] and others [12-

16]. Although the modified epoxy with particles exhibits a promising future with excellent 

toughening performance, microcracks still formed in FRPs when subjected to varying or extreme 

operating conditions or during the manufacturing [17], indicating an inherent level of 

uncertainty in the material’s response that will require active toughness enhancement across 

the material. 

In this study, dielectric nanomaterials exhibiting electric field induced strain are utilized as a 

vision for an active toughening mechanism. Such induced strain is attributed to intrinsic 

mechanisms from lattice deformation and extrinsic mechanisms due to domain wall (DW) 

movement [18], extensively used as actuators and transducers. The inclusion of such material 

within a rigid epoxy materials can impose a compressive stress field in its surrounding epoxy 

matrix when activated its DW movements by external electric field stimulation. As result of the 

DW movements, a microwave stimulation at GHz frequencies induces effective dipolar 

displacement (leading to intrinsic strains) to the nanomaterial’s molecules that, at the interface 

with their surrounding rigid polymer, is converted to compressive mechanical strain (Figure 1). 

The hypothesis of this research was based upon suggesting that microcrack propagation during 

dynamic and impact events would be suppressed under such microwave induced compressive 

field, i.e. higher strain energy would be required to create new fracture surfaces, however the 

current article presents attempts on the quantification of the field induced strains.  

In a mono-domain ferroelectric crystal, the electric field-induced strain is generated by the 

intrinsic electrostriction and piezoelectric effect. In both poly-domain single crystal and 

polycrystalline ferroelectric materials, the domains that contain spontaneous polarisation in 

various directions can be aligned to the same direction by applying an external electric field. In 

a poly-domain ferroelectric crystal, the macroscopic strain is significantly dominated by the 

contribution of extrinsic strain [19]. Extrinsic effects occur at longer length-scales and the main 

contributor is domain wall motion, a major motivation for the hypothesis behind the 

development of the current research. The non-180° domain wall motion is the primary but not 

the only contribution of the extrinsic strain effect. Furthermore, the 90° domain wall movement 

also contributes to enhanced electromechanical performance in tetragonal BaTiO3 single 

crystals with nanodomain configurations [20, 21]. The 90° domain switching in BaTiO3 

introduces a large electro-strain due to the exchange of two different crystallographic axes, and 

the field induced strain is one or two orders of magnitude larger than the linear electro-strain of 

piezoelectric materials. BaTiO3 crystals exhibit more complex domain structures due to different 

crystallographic axes in the tetragonal phase. Apart from the normal parallel 180° domains, 

there also exist adjacent domains that are polarised at 90° to each other. It is observed by Hsiang 

et al. [18] that the 40-80 nm BaTiO3 powders exhibit a single-domain structure while powders 

with sizes larger than 80 nm are polydomain tetragonal structures (the case examined by this 

research). Moreover, Dudhe et al. observed the 90° and 180° nano-domains of 80 nm BaTiO3 

nanoparticles. Other studies focused on the polydomain structure of BaTiO3 nanoparticles with 
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the grain size of 50-70 nm found that the domain size is 10-12 nm [22]. In this research, 

polydomain BaTiO3 nanoparticles is employed to achieve the field-induced strain effect. 

 

Figure 1. Schematic diagram of the extrinsic strain and intrinsic strain that contributes to 

macroscopic strain in a BaTiO3 particles embedded epoxy 

2. Materials and Fabrication 

The epoxy used in this study was Araldite LY1564, a diglycidyl ether of bisphenol A (DGEBA) 

and the curing agent was Aradur 3487, an amine hardener, supplied by Huntsman, UK. This 

epoxy resin system has relatively low viscosity and high flexibility mainly for aerospace and 

industrial structural composites parts.  The coupling agent for surface functionalisation 

selected in this study was 3-glycidoxypropyl trimethoxysilane (3-GPS)  supplied by Sigma-

Aldrich, US. Hydrogen peroxide (H2O2, 30%) and acetic acid (C2H4O2, 99.9%) used as 

functionalisation aids were supplied by Sigma-Aldrich, US, and the ethanol (C2H6O, 99.9%) 

used for BaTiO3 dispersion by Fisher Scientific International, Inc., UK. BaTiO3 powders were 

supplied from Nanostructure & Amorphous Materials Inc., US. All the chemicals except BaTiO3 

powders were used as received without further treatment. 

The BaTiO3 powders were prepared using combustion method, therefore, firstly they were 

pre-treated in H2O2 for hydroxylation process to add hydroxyl group (-OH) to the surface [23]: 

10g BaTiO3 nanoparticles were added into a 230mL solution of H2O2 in a round bottom flask. 

The mixture was then sonicated in an ultrasonic bath for 30 min and then refluxed at the 

boiling temperature of 30% H2O2 solution at 108°C at 100 rpm using a mechanical stirrer for 

six hours to facilitate the process by heating without losing H2O2. The nanoparticles were 

retrieved by centrifuging the resulting solution at 4500 rpm for 15 min, and washed three 

times with deionized water. The achieved BaTiO3 nanoparticles were dried in an oven at 80°C 

for 24 hours. The reflux and particle retrieving processes were similar as in the surface 

functionalisation with 3-GPS. 3-GPS was then applied to BaTiO3 nanoparticles to improve the 
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processability and filler dispersion in nanocomposites; the solution of 1 wt.% of 3-GPS with 

respect to BaTiO3 was prepared. 150mL aqueous solution of ethanol and deionized water (9:1) 

was firstly mixed in a beaker. Adding the acetic acid drops using a pipette and stir vigorously 

after each drop until the pH value of 3.5-4 measured by a METTLER TOLEDO pH meter was 

reached, stirred vigorously again for 3mins to form a clear solution. The low pH values of the 

solution facilitate the silane functionalisation process [24].  After the addition of the 0.1g 3-

GPS solution to the acidified solution using a pipette, the mixture was left in an ultrasonic bath 

for 30mins to form a homogenous solution. 10g hydroxylated BaTiO3 powders was then added 

to the silane solution, and mixed under ultrasonic bath for 10mins for better filler wetting. 

Finally, the mixture was refluxed at the boiling temperature of ethanol, 78°C [25], at 100 rpm 

using a mechanical stirrer for six hours using a silicone oil bath over a hotplate. After refluxing, 

the BaTiO3 was washed three times with deionized water and retrieved using centrifugation at 

4500 rpm. The silane treated BaTiO3 (Si-BaTiO3) powders were dried at 110°C for 24 hours to 

avoid any condensation of silanol groups at the surface. In the end, the powders were crushed 

in a mortar and pestle for the nanocomposites preparation. The size distribution of Si-BaTiO3 

particles was analysed in its epoxy nanocomposite form. 

The epoxy nanocomposite fabrication process including Si-BaTiO3 functionalisation is 

schematically illustrated in Figure 2.  The epoxy resin nanosuspension with 1, 5, 10, 15 wt.% Si-

BaTiO3 nanoparticles and 5, 10, 15 wt.% untreated BaTiO3 nanoparticles are were prepared as 

follows: Firstly, the weighed amount of BaTiO3 powders was added to ethanol and sonicated 

with an ice water bath for 2 min with a 10s pulse to form a homogenous solution. Then a 

weighed amount of epoxy and the previous mixed solution were blended in a beaker using a 

mechanical stirrer at 300 rpm and 80°C overnight under the fume hood to gradually remove 

the ethanol without precipitation of the particles. The mixture was weighed before and after 

the previous step to ensure the complete removal of ethanol. The curing agent was then 

added to the mixture with a weight ratio recommended by the company and stirred for a 

further 3mins. Finally, the mixture was placed in the vacuum oven at 30°C for 1 hour to 

remove bubbles at 29 inHg and achieve complete removal of ethanol. The whole mixture was 

poured into a mould made of two pieces of glass clamped with a 3 mm silicone gasket in-

between. A uniform thickness of each sample was achieved with the assistance of this type of 

glass mould. They were then cured in the oven for 8 hours at 80°C as prescribed by the 

manufacturer, then cooled down to room temperature. The final samples were of size 

160×140×3 mm3, and cut to different sizes using a precision cut-off machine BRILLANT 220.  
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Figure 2. Schematic illustration of the hydroxylation and silane functionalisation process for 

the BaTiO3 nanoparticles. 

3. In-situ Field-induced Strain Measurements 

The microwave field was selected to be the external stimulator as BaTiO3 exhibit a peak in a 

dielectric loss at the microwave frequency range. Most importantly, the design of the 

experiment becomes more feasible with remote stimulation from the microwave field owing 

to the spacious cavity. The mechanical strain evolution in the nanocomposite was investigated 

under a microwave field within a temperature-controlled microwave cavity Panasonic NN-

SF464MBPQ running at 2.45 GHz and cavity size of 354×338×230 mm3. In contrast with the 

conventional one, this oven, equipped with inverter technology, has a circuit board that 

replaces the transformer, hence the output power can be adjusted linearly by varying the 

pulse width to ensure a more precise and continuous microwave exposure [99]. The unique 

flat-bed design of this model is equipped with a stationary ceramic plate that allowed more 

space to place the sample and its holder.  

The strain field introduced by the BaTiO3 nanoparticles to the surrounding epoxy, activated by 

microwave field, was studied by real-time strain measurements on the surface of the 

nanocomposite samples with the incorporation of Fibre optic sensors utilising fibre Bragg 

gratings (FBG) technique. The sensors were placed apart in equal distance from one another 

within a 90mm straight line. This is theoretically aligned with the microwave’s half wavelength 

(~60mm) as also was experimentally observed during real-time temperature measurements. 

The sensors were located to ensure overlapping with at least three nodes and antinodes of the 

microwave cycle. The FBG sensors were fabricated by a periodic intense laser light applied 

onto the core of an optic fibre. The laser light exposure introduced a permanent increase in 

the refractive index of the fibre’s core and a fixed modulation was created subsequently. Each 

FBG was approx. five mm long with a grating period of one micron. Two arrays with three FBGs 

for each sample were fabricated. FBG arrays were then adhesively bonded to the surface of 

two geometrically identical 135×10×3 mm3 samples made of Si-BaTiO3 epoxy 

nanocomposites. The strain array was bonded to the surface by adhesives at the FBG regions 

while the temperature array is firstly packaged into a capillary glass tube, and then bonded 

parallel to the strain array. The arrays were placed at the same location with the same distance 

in-between. The strain experienced by the samples was transferred to the FBG sensors, and 

the measurements were also affected by the temperature. Therefore, the temperature array 

only measured the temperature change, and compensated the strain measurements 

accordingly.  

A preliminary test via a FLIR One Pro LT Thermal Camera was carried out to inspect the 

temperature change in different samples under different microwave power levels. Samples 

were placed at a designed location as shown in Figure 3. The exposure time was then carefully 

selected based on the heating profiles of each sample to control the temperature of samples 

well below Tg during the exposure to avoid any interference in strain measurements from the 

post-cure shrinkage. The sample was clamped on one end by a designed sample holder made 

of polytetrafluoroethylene (PTFE) to ensure minimum interaction with the microwave field 

owing to its extremely low dielectric loss. The size and location of the load inside the cavity 

were two primary factors that affect the microwave field distribution [26]. To control the 

microwave field distribution, the sample and the holder were placed at the designed location 
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shown in the figure, for all tests. The power level of 100W and 440W were initially selected to 

avoid temperature surges in samples within a short period of time. Exposure time was set to 

be 650s for 100W and 148s for 440W to limit the temperature below Tg (80°C) based on the 

preliminary results obtained by the thermal camera.  

  

Figure 3. Illustration of the sample of epoxy nanocomposite with BaTiO3 on the PTFE holder in 

the microwave oven with surface bonded FBG arrays connected to an interrogator. 

Neat epoxy, BaTiO3 nanoparticles, and adhesive used for bonding FBGs possess different 

thermal expansion coefficients (CTE) and microwave heating patterns. Microwave field 

interaction with the neat epoxy and adhesive have been investigated, thereafter. Two arrays 

with five FBGs of five mm long and one micron grating period were fabricated for each test. 

First, the adhesive response under microwave radiation was studied by two arrays of FBGs 

adhesively bonded to the surface of a PTFE block. It is assumed that measured strain and 

temperature change are solely due to the microwave heating of adhesive as PTFE has 

neglectable thermal response (temperature rise) under the microwave. The PTFE block is 

placed in the microwave oven at the designed location to locate the first FBG sensor on the left 

end at the same location as the one in the previous exposure on the nanocomposites. The 

tests have been performed under 100W for 650s and 440W for 110s. Data was recorded on 

the interrogator 10s prior to the microwave exposure for each run to ensure no data is missing 

after the microwave starts. The effect of neat epoxy with the FBG sensors bonded to its 

surface was investigated as a controlled group to the test of 15 wt.% nanocomposites at 10 W 

for 600s and 440W for 60s. Neat epoxy sample geometrically identical with 15 wt.% 

nanocomposites in the nanocomposite’s exposure test was placed in the designed location 

with surface-bonded arrays of FBGs. The whole measurements from adhesive and the neat 

epoxy were compared with the results from the previously performed test on the 

2 3 1 
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nanocomposites for better distinguishing the BaTiO3-epoxy nanocomposite’s response to the 

microwave exposure. 

4. Results and Discussion 

Labelling for strain and temperature FBG arrays is illustrated in Figure 3. Field-induced strains 

in the nanocomposites with 15 wt.% BaTiO3 (the highest wt.% examined) has been 

investigated within a microwave exposure at 100W and 440W (Figure 5 and Figure 6, 

respectively). The evolution of strain and temperature have been measured in situ by the two 

arrays; one array measures the strain while the other one measures the temperature. Sudden 

drastic fluctuations and absent data presented in the figures are due to Bragg wavelengths 

moving into adjacent spectral windows that were set up on the sensor interrogator.  

            

 

Figure 5. Strain and temperature change measurements of 15 wt.% silane-treated 

BaTiO3/Epoxy samples under 100W for 600s. 
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Figure 6. Strain and temperature change measurements of 15 wt.% silane-treated 

BaTiO3/Epoxy samples under 440W for 148s. 

The strain and temperature data exhibit a general increasing trend with the exposure. They 

drop gradually, immediately, after the microwave stopped. The temperature appeared to be 

higher at both ends of the specimen (sensor 1 and 3, located left and right respectively) 

compared to the middle (sensor 2), which is in accordance with the ‘hot spot’ theory due to 

microwave nonuniformity. Sensors 1 and 3 data also follows more similar temperature 

increasing trend (magnitude and rate). 

Under the 100W and 440W, the strain measured at the beginning of the microwave radiation 

in strain sensors 1 and 3 have similar trends of increasing as predicted when the temperature 

sensors 1 and 3 measurements have close gradients, having higher temperatures than that 

measured by sensor 2. A sudden drop in the strain measurements of the middle sensors (strain 

2) can be observed in both cases soon after the initial surge, labelled as A-B. It instantaneously 

alters the strains by nearly identical 1162 and 1008 micro-strains (difference between A and B) 
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under 100W and 440W, respectively. Such decline in the strain measurements is the evidence 

of attributed to an immediate development of a compressive strain in response to the 

microwave exposure, as hypothesised. Note that sensor 2 temperature is the lowest amongst 

the three sensors, in which the thermally induced strain is negligible. Such phenomenon could 

not be associated with the temperature rise since the temperature change is approximately 

12°C and 5.7°C from room temperature 19°C when the sudden drop occurs at point A, which is 

remarkably lower than 170°C when post-curing shrinkage is introduced as indicated by the 

exothermic peak in our DSC measurements, and lower than the Tg to have any detrimental 

effect. Moreover, it is observed that unloading the specimen from the 440W exposure results 

in a residual compressive strain in all sensors’ locations. This occurs after the high non-linear 

variation of strains in the case of 440W, unlike the linear strain behaviour under 100W. This is 

analogous to mechanical field introduction in which unloading an elastic-plastic specimen 

beyond its elastic regime under tensile loading may introduce a compressive residual strain 

distribution depending on the hardening behaviour (i.e. kinematic or isotropic). The strain and 

temperature measurements as a function of energy absorbed in Joules are presented below, 

under 100W and 440W.  

 

Figure 7. Temperature change measurements (micro-strain) by FBG sensors (left), and energy 

absorbed (right) versus time (s) under 100W. 
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Figure 8. Temperature change measurements (micro-strain) by FBG sensors (left), and energy 

absorbed (right) versus time (s) under 440W. 

It could be observed that, the energy absorption rate is close to the rate of temperature rise in 

the FBG sensors. At the beginning of the microwave exposure, the temperature rise exhibits a 

similar rate compared with the energy absorption rate. As the exposure time increases, the 

temperature rise becomes significantly slower. The ‘hot spot’ theory due to the non-uniformity 

of microwave fields is proposed to be the possible explanation of this phenomenon as 

described formerly. 

5. Conclusion 

The quantitative research on microwave field-nanocomposite interaction was conducted to 

study the ferroelectric materials’ response in high-performance (rigid) epoxy composite that 

offers reversible microwave activated electro-strains introduced by a second dielectric phase 

(BaTiO3). The data presented a pioneering investigation as no investigations have been 

reported, thus far, on the micromechanical (extrinsic) strain response of rigidly constrained 

ferroelectric materials in polymer under external electromagnetic fields. FBG sensors-based 

technique was employed, in-situ with the microwave exposure, for real-time monitoring of the 

strain and temperature response of the nanocomposite subjected to a 2.45GHz microwave 

field at controlled exposure power and energy, followed by newly developed theoretical 

constitutive equations underpinning field-material interactions. 

A time-dependent strain field is introduced, proportional to the exposure time/energy, in the 

multi-domain BaTiO3 nanoparticles under the stimulation of a microwave field, linearly under 

100W and non-linearly under 440W. A sudden drop in micro-strain data by the value of 

approx. 1000 compressive micro-strains was observed in the BaTiO3-epoxy composites at the 

beginning phase of the exposure under the different exposure powers examined, a potential 

for active toughening. Such phenomenon has not been reported thus far in the existing 

literature, and is under investigation of our research group. 
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Abstract: This work presents the results of an experimental study performed on carbon/epoxy 

composite materials manufactured using a ply-level hybridization technique to promote a 

pseudo-ductile failure and enhance their longitudinal fracture toughness. Three hybrid layup 

configurations with different total ply thicknesses and expected mechanical responses were 

selected for the investigation. The experimental campaign included longitudinal and transverse 

tensile tests together with in-plane shear and double edge notched tensile (DENT) specimens 

for the characterization of intralaminar longitudinal toughness. Although fracture toughness 

does not increase appreciably with hybridization, an effect on the failure modes is observed 

characterized by more widespread damage with distinctive fragmentation and pull-out. The 

combination of the thicker ply blocks with hybridization resulted in a diffused damaged 

scenario with clear advantages in terms of energy dissipation.  

Keywords: Polymer matrix composites ; carbon fibre ; hybrid; thin-ply ; mechanical properties  

1. Introduction 

High-performance carbon/epoxy composites are nowadays well-established materials for 

aerospace structures. Notwithstanding their superior specific properties, their intrinsic 

brittleness is a non-trivial drawback that leads to the application of high safety factors during 

the design process of any composite components. To overcome this limitation, improvements 

in their fracture properties are required. In particular, the enhancement of the longitudinal 

tensile fracture toughness. New possibilities to achieve this goal result from the recent 

availability of thin-ply composites and the chance to design hybrid composites with tailored 

failure mechanisms [1-2]. 

Promising results with significant modifications in the failure properties and modes under 

longitudinal tensile loads were obtained from the preliminary experimental studies performed 

on thin-ply glass-carbon hybrid composites [3-4]. For these hybrid composites a remarkable 

mismatch in both stiffness and failure strain allowed to achieve a stable damage mechanism 

named pseudo-ductility. 

 Carbon-carbon hybrid composites were also recently designed and their mechanical 

bahoviour investigated. Thin and conventional prepregs with intermediate and ultra high 
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modulus fibers were investigated and the pseudo-ductile failure was achieved both for 

unidirectional and multidirectional laminates [5-6]. Moreover, a reduced notch sensitivity was 

demonstrated in hybrid in open-hole and sharp-notched laminates thanks to a damage 

localization and the induced load re-distribution around the notches [7].  

Although relevant information about the failure properties of all-carbon hybrid composites has 

already been identified, a systematic and quantitative analysis of their failure properties is still 

missing. The objective of this work is to provide additional insight into the effects of ply-by-ply 

hybridization on the relevant properties of carbon/carbon composite materials. The novelty of 

this work lies in the quantitative characterization of the longitudinal fracture toughness for 

full-carbon hybrid composite systems including a critical analysis of two concurrent factors, the 

ply thickness and the ply-by-ply hybridization. Moreover, this work demonstrates the 

feasibility of carbon-carbon hybrid materials with carbon fibers currently used in the aerospace 

industry only. 

2. Materials and methods 

2.1 Baseline materials and hybrid ply-block design 

Two carbon epoxy fibres with different modulus and failure strain were considered as baseline 

materials for the hybridization. The intermediate modulus Toray T800 with a high failure 

strain, and the high modulus Pyrofil HR40 with a low failure strain. Unidirectional prepreg rolls 

were supplied by NTPT with different material grades 50 g/m2 for the T800 based prepreg and 

20 g/m2 for the HR40. Table 1 shows the main mechanical properties of the carbon fibers used 

in this study. 

Table 1: Carbon fiber properties. 

Fiber                    
Property EL [GPa] σL [GPa]   εL [%] 

T800 294 5.88 2.0 

HR40 395 4.11 1.1 

 

Three stable hybrid ply blocks were selected via the  ‘’damage mode map’’ [7]: a 3 layers block 

[T800/HR40/T800] with an expected ply-block thickness of 125 μm named H1, a 5 layers 
[2T800/HR40/2T800] with a thickness of 230 μm named H2 and the H3 with 8 layers 
[3T800/2HR40/3T800] and an expected thickness of 364 μm. 

2.2 Test matrix 

The tensile stiffness and failure in-plane properties of the selected laminates were determined 

in compliance with ASTM standards [8-9] while the longitudinal fracture toughness was 

measured using the size-effect law of tensile tests on double edge notched cross-ply 

specimens. The data regression method as well as the details on the estimation of the R-curve 

of the 0∘ plies lamina can be found in Bažant et al. [10] and Catalanotti et al. [11]. The tests 

were carried out on prismatic specimens (length 2l and width 2w) that have an initial double 

side notch of size a0. Five different specimen widths were investigated from 10 mm to 25 mm 

with a 5 mm step. The notch to width ratio was kept constant at 0.6 for all the samples. The 
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DIC and CT analyses were used to complement the study by providing further information on 

the failure modes. 

The full experimental campaign carried out within this study is summarised in Table 2, where 

the T350 layup represents a material with a ply-block composed of 7 layers of 50 g/m2 T800 

plies  for a total expected ply-block thickness of  360 μm. 

Table 2: Test campaign. 

Test                    
Layup T800 H1 H2 H3 HR40 T350 

ASTM-D3039 [6] [0]20 [0]8 [0]4 [0]3 [0]50 - 

ASTM-D3039 [6] [90]30 [90]12 - - [90]75 - 

ASTM-D3518 [7] [±45]25  [±45]10 - - [±45]64 - 

DENT [9] [90/0]10$ [90/0]5$ [90/0]3$ [90/0]2$ [90/0]25$ [90/0]2$ 

 

3. Results 

3.1 Lamina properties 

Typical longitudinal tensile stress vs. strain curves for the investigated materials are shown in 

Figure 1a. The ply-by-ply hybridization showed a mild effect on the H1 while the H2 and H3 

materials highlighted a prolonged pseudo-ductile stable phase followed by a final hardening 

before the final failure occurred. From the analysis of the H2 and H3 samples, a stable 

fragmentation of the low failure strain layers was observed and a fragment length of about 2 

mm was measured (see Figure 1b). 

Transverse tensile coupons, instead highlighted a mild change in stiffness while a brittle matrix 

failure was observed on all the investigated material systems. In-plane shear loading results 

showed a pronounced plastic deformation with evident fiber rotation and delaminations. An 

increase in the inelastic phenomena before the final softening was observed in the material 

with the highest percentage of low stiffness plies.      
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Figure 1: (a) Typical longitudinal tensile stress vs. strain behaviour, (b) Fragmentation on H3 

specimen 

3.2 Intralaminar fracture toughness 

The DENT tests were characterized by a fibre-dominated failure mode, with fibre fracture and 

pull-out along the ligament section. Figure 2 shows both the remote failure stress and the 

calculated R-curves for the different materials. Figure 2a highlights how a reduction in the 

remote failure stress with the specimen thickness is present for all the investigated material 

systems.  This shows how a remarkable improvement in fracture toughness can be reached 

through both the ply-by-ply hybridization and the increase of the ply-block thickness. From a 

comparison of the R-curves (Figure 2b) it is evident how the materials system with the highest 

thickness (the T350 and the H3 with a ply-block thickness of 360 μm) have also the highest 
values of fracture toughness. Moreover, it is worth noting that the H1 material with a ply-block 

thickness of 125 μm has results comparable with the T800/M21 with the same ply thickness 
[12].

 

Figure 2: (a) Remote failure stress reduction with specimen size, (b) R-curves comparison. 

A comparison of the fracture surfaces of the DENT specimens provides insight into the reasons 

for the observed change in toughness. While the low failure strain material (HR40) presented 

flat fracture surfaces that indicate a brittle behaviour, both the T800 based and the hybrid 

composites showed fibre pull-out mechanisms. Moreover, from the DIC and the post-mortem 

CT images of the H2 and the H3 system a concurrent failure mechanism was observed, the 

matrix fragmentation of the 90 layers. Figure 3 shows the longitudinal strain field for the H2 

and H3 specimens captured during the test at 95% of the specimen failure load. 
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Figure 4: DIC strain field along the loading direction: (a) H2, (b) H3. 

 

The statistical analysis of the fragment distance showed on all the samples an average value of 

approximatively 0.6 mm. None of the other investigated materials presented any 

fragmentation mechanisms before the final failure. 

Figure 4 confirms how in the hybrid specimens a widespread fiber pull-out is achieved along 

the specimen width and the matrix fragmentation of the 90 layers on multiple fracture planes 

is present through the whole thickness of the coupon. These results confirm how in hybrid 

composites when a stable fragmentation is achieved, multiple failure mechanisms are 

constantly involved, the fiber fracture, the matrix fragmentation and the delamination. No 

clear evidence of fiber fragmentation was instead recorded in the notched specimens. 

 

 

Figure 4: H3 10 mm wide specimen: (a) Top view at the specimen mid-plane, (b) Through-the-

thickness view in the center of the speciment. 

. 

 

4. Conclusions 

The presented results pointed out the possibility to induce the stable fragmentation 

mechanism in carbon-carbon hybrid composites. This effect, confirmed for the unnotched 
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tension, leads to a pseudo-ductile effect. In the case of notched cross-ply coupons instead, the 

combination of the hybridization with thicker ply blocks resulted in a diffused damaged 

scenario. This results in promoting multiple energy dissipation mechanisms before the 

unstable fracture occurs.  
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Abstract: Due to the growing global environmental concern and focus on circular economy, 

sustainable composite materials fabricated from natural fibers and recyclable polymer matrices 

have attracted special attention recently. The current work studies the long-term performance 

of flax fiber reinforced composite laminates based on a recyclable bio-polymer matrix. The 

performance of the developed recyclable composites was assessed by means of flexural and 

viscoelastic properties, after accelerated weathering. The weathering was conducted in a 

simulated environment at lab-scale, using a weathering chamber (QUV/Spray, Q-Lab) for 7, 14, 

28 and 56 days. After weathering, the performance of composite coupons was characterized and 

compared with that of a conventional composite laminate, fabricated with glass fibers and 

standard cold-curing epoxy resin. The results of this work provide an understanding on the 

potential of fully recyclable composites to replace conventional polymer composites in structural 

applications. 

Keywords: Natural fiber composites; flax fiber composites; sustainable composites; 

accelerated weathering; structural degradation. 

1. Introduction 

The poor durability of natural fiber reinforced polymer composites makes their application 

challenging and troublesome in the advanced structural components in civil, maritime, sports 

and recreations, automotive, and aerospace industries [1]. Usually, natural fiber composites 

possess lower strength and stiffness than those of conventional counterparts such as GFRPs 

(Glass Fiber Reinforced Plastics) and CFRPs (Carbon Fiber Reinforced Plastics) [2, 3]. However, 

due to the lower environmental impact, higher specific stiffness, and biodegradability of natural 

fibers than glass fibers, natural fiber composites now become a popular topic of research 

interest. Moreover, due to the shift of the fossil-based industry towards bio-based and/or 

circularity in industrial products, especially in the post-pandemic era, the growth of natural fiber 

reinforced (bio-polymer) composites, or recyclable composites is expected to rise significantly 

in the coming years to keep the environment sustainable and to limit CO2 emissions [4-7]. 

Studies on durability and accelerated weathering (UV/water spray) of natural fiber reinforced 

polymer composites have been conducted by several authors, however, research on accelerated 

weathering of flax fiber composites is still limited. Salim et al. [8] studied the accelerated 

weathering of kenaf fiber reinforced acrylic-based polyester composites in Q-SUN Xe-3 xenon 

arc chamber up to 1500 h, including dark and light cycle alternatively. The UV radiation dose was 
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around 0.55 W/m2 at 340 nm wavelength. After 1500 h of UV exposure, very low degradation of 

bending properties was observed due to photochemical oxidation. Further, approximately 80% 

of bending properties recovered after drying the aged composite samples. Accelerated 

weathering also reported for hemp fiber reinforced bio-composites [9-11]. Tensile, flexural and 

mode I fracture toughness decreased for all the hemp/PLA composites, however, the impact 

strength increased. On the other hand, alkali treated hemp/PLA composites experienced lower 

degradation than untreated composites [9]. Similar degradation of mechanical properties was 

reported by Dayo et al. [11]. Badji et al. [10] developed a correlation between natural and 

artificial weathering of hemp/polypropylene composites and found a similar degradation 

pattern. Yan et al. [12] reported accelerated weathering of flax/epoxy composites for 500 h, 

1000 h and 1500 h in an artificial weathering chamber. After 1500 h of exposure, the tensile 

strength and tensile modulus was dropped around 30% and 35%, respectively. On the other 

hand, approximately 10% decline of bending strength or stiffness occurred. After comparing 

with synthetic and hybrid natural/synthetic fiber composites in accelerated weathering 

conditions, it was observed that the degradation of flax fiber composite was more severe than 

the degradation of synthetic fiber- and hybrid- composites. The effect of weathering of 

chemically treated flax fiber bio-composites was reported by Taylor et al. [13] and Massoud et 

al. [14] reported the accelerated UV ageing of flax/glass/polypropylene hybrid composites. 

The present work deals with the fabrication and characterization of unidirectional flax fiber 

reinforced bio-based- and recyclable- polymer matrix composites. For weathering, the 

fabricated composite samples were exposed in an accelerated chamber under UV exposure and 

water spray up to 56 days. After weathering for 56 days, the performance of the exposed 

composite samples was assessed to validate their durability to use in the external environmental 

conditions for advanced structural components such as automobiles, sporting equipment (skis), 

and small wind turbine blades. 

 

2. Materials and Methods 

2.1 Materials 

The unidirectional flax fabric (FlaxDry UD 180, areal density 180 g/m2, fiber density 1.45 g/cm3) 

was procured from EcoTechnilin, France, and unidirectional glass fabric (areal density 220 g/m2, 

fiber density 2.5 g/cm3) was purchased from Haufler Composites, Germany. Figure 1 shows 

photos of the unidirectional flax fabric (a) and the unidirectional glass fabric (b). Petroleum 

based epoxy resin system (SP 106 resin and SP 106 slow hardener, mix ratio 100:18) was 

procured from Gurit, UK; biobased epoxy resin system (Polar Bear, with Recyclamine hardener, 

mix ratio 100:22) was procured from R*Concept, Spain. 

2.2 Methods 

All the composite laminates were prepared by cold compression molding technique and the 

fabricated laminates were post-cured according to the resin system. Finally, the obtained 

fabricated composite laminates are (i) flax fiber reinforced recyclable bio-based epoxy resin 

composite (flax/bio-epoxy), (ii) flax fiber reinforced petroleum-based epoxy resin composites 

(flax/petro-epoxy), (iii) glass fiber reinforced recyclable bio-based epoxy resin composites 
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(glass/bio-epoxy), and (iv) glass fiber reinforced petroleum-based epoxy resin composites 

(glass/petro-epoxy). 

Table 1: Properties of flax fibers and E-glass fibers [4, 15]. 

Properties Flax fibers E-glass fibers 

Density (g/cm3) 1.4 - 1.5 2.5 - 2.59 

Tensile strength (MPa) 343 - 2000 2000 - 3500 

Tensile Modulus (GPa) 27.6 - 103 70 - 76 

Specific Modulus (approx.) (GPa/g/cm3) 45 29 

Elongation (%) 1 - 1.8 1.8 - 4.8 

Moisture content (wt.%) 8 - 12 - 

Production energy consumption (Fiber mat) (MJ/kg) 9.55 54.7 

 

 
(a) 

 
(b) 

Figure 1. Unidirectional flax fabric (a) and unidirectional glass fabric (b). 

 

• Accelerated Weathering 

The accelerated weathering was conducted in a simulated environment at a lab-scale, using a 

weathering chamber (QUV/Spray, Q-Lab, USA). The selected weathering cycle (12 h) consisted 

of irradiation (0.8 W/m2 UVA radiation, 60°C, 6 h), water condensation (40°C, 4 h), and water 

spray (room temperature, 2 h). After 7, 14, 28, and 56 days of weathering, the performance of 

composite laminates was characterized and compared. 

• Characterization 

The composite samples were characterized by flexural and DMA (Dynamic Mechanical Analysis) 

testing. The flexural tests were conducted according to ISO 14125 standards in an Universal 

Testing Machine (Instron 5966, 10 kN load cell). The bending flexural strength and flexural 

modulus were calculated using the following formulas: 

Bending strength, 𝜎𝑓 = 3𝑃𝐿2𝑏𝑑2                                                        (1) 

1099/1602 ©2022 Das et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

Bending modulus, 𝐸 = 𝐿3𝑚4𝑏𝑑3                                                                                                (2) 

Where, P = the maximum applied load, L = the length of support span, m = the slope of the 

tangent, b = the width of the specimen, and d = the thickness of the specimen. 

The DMA test was done according to ASTM D 5023 using a dynamic mechanical analyzer (DMA 

850, Discovery, USA). 

 

  

Figure 2. Accelerated weathering tester (Model QUV/Spray) [16]. 

 

3. Results and Discussions 

Figures 3 and 4 depict the flexural strength and flexural modulus of the composite samples 

before and after accelerated weathering, respectively. The flexural strength of unaged or 

reference flax/bio-epoxy, flax/petro-epoxy, glass/bio-epoxy and glass/petro-epoxy samples is 

0.28, 0.26, 0.99 and 0.79 GPa, respectively. On the other hand, the flexural modulus of unaged 

or reference flax/bio-epoxy, flax/petro-epoxy, glass/bio-epoxy and glass/petro-epoxy samples is 

26.5, 26.7, 46.0 and 47.0 GPa, respectively. After 56 days of weathering, the flexural strength 

and modulus drop for all the exposed composite samples. However, flexural strength of 

glass/petro-epoxy composite increased after 56 days of accelerated weathering. It is found that 

the decrease of flexural properties is higher in flax fiber composites than that of glass fiber 

composites, as shown in Figures 3 and 4. Yan et al. [12] reported the similar pattern of 

degradation of flexural properties of woven flax fabric reinforced petroleum-based epoxy 

composites under accelerated weathering for 1500 h. 

The storage modulus of the composites before and after accelerated weathering is shown in 

Figure 5. The storage modulus of the unaged or reference flax/bio-epoxy, flax/petro-epoxy, 

glass/bio-epoxy and glass/petro-epoxy samples is 20.9, 22.8, 34.8 and 37.8 GPa, respectively. 

After 56 days of accelerated weathering, the storage modulus decreased by 35%, 21%, 10%, and 

23% for flax/bio-epoxy, flax/petro-epoxy, glass/bio-epoxy and glass/petro-epoxy composites, 

respectively, as can be seen in Figure 5. Yorseng et al. [17] also reported the decrease of storage 

modulus of weathered natural fiber composites and hybrid composites. 
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Figure 3. Flexural strength of composite samples before and after accelerated wearing. 

 

 

Figure 4. Flexural modulus of the composite laminates before and after accelerated 

weathering. 
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Figure 5. Storage modulus of the composites before and after accelerated weathering. 

 

4. Conclusions 

The present study concerns the durability of flax fiber composites with recyclable bio-based 

polymer matrix under the exposure of accelerated weathering up to 56 days. From the study, it 

is found that flax fiber composites with bio-epoxy and petro-epoxy resin exhibit almost similar 

behavior in performance after weathering, implying that the effect of polymer matrix is not 

affecting significantly the durability of the composites. On the other hand, glass fiber reinforced 

epoxy (both petro- and bio-based) composites showed higher degree of resistance of their 

mechanical and dynamic mechanical properties than their flax-based counterparts, which was 

expected. However, the performance of flax fiber composites was affected more than that of 

glass fiber composites, after ageing, revealing the low resistance of flax fiber reinforcement to 

weathering. Further research is required to understand the underlying mechanisms that lead to 

degradation due to weathering, and also to improve the weathering performance of flax fiber-

based bio/recyclable polymer matrix composites. This way, these sustainable natural fiber 

recyclable matrix composites will become suitable for structural engineering applications such 

as automotive, civil engineering, wind energy, etc. taking full advantage of their low 

environmental impact. 

Acknowledgements 

The authors gratefully acknowledge the funding by NTNU for the PhD work of Subrata Chandra 

Das (Project no. 649420) and project ECOGLIDE, funded by the Research Council of Norway, RFF 

INNL (Ref: 328481). 

0

10

20

30

40

50

0 7 14 28 56

S
to

ra
g

e 
M

o
d

u
lu

s 
(G

P
a

)

Ageing Period (days)

Flax/Bio-Epoxy Flax/Petro-Epoxy

Glass/Bio-Epoxy Glass/Petro-Epoxy

1102/1602 ©2022 Das et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

5. References 

1. Chang, B.P., A.K. Mohanty, and M. Misra, Studies on durability of sustainable biobased 

composites: A review. RSC Advances, 2020. 10(31): p. 17955-17999. 

2. Das, S.C., et al., Effect of stacking sequence on the performance of hybrid 

natural/synthetic fiber reinforced polymer composite laminates. Composite Structures, 

2021. 276: p. 114525. 

3. Das, S.C., et al. A comparative study between jute and glass fiber reinforced composites. 

in Key Engineering Materials. 2021. Trans Tech Publ. 

4. Joshi, S.V., et al., Are natural fiber composites environmentally superior to glass fiber 

reinforced composites? Composites Part A: Applied science and manufacturing, 2004. 

35(3): p. 371-376. 

5. Mohanty, A.K., et al., Composites from renewable and sustainable resources: Challenges 

and innovations. Science, 2018. 362(6414): p. 536-542. 

6. Dahiya, S., et al., Biobased products and life cycle assessment in the context of circular 

economy and sustainability. Materials Circular Economy, 2020. 2(1): p. 1-28. 

7. Shogren, R., et al., Plant-based materials and transitioning to a circular economy. 

Sustainable Production and Consumption, 2019. 19: p. 194-215. 

8. Salim, M.S., et al., Accelerated weathering and water absorption behavior of kenaf fiber 

reinforced acrylic based polyester composites. Frontiers in Materials, 2020: p. 26. 

9. Islam, M.S., K.L. Pickering, and N.J. Foreman, Influence of accelerated ageing on the 

physico-mechanical properties of alkali-treated industrial hemp fibre reinforced poly 

(lactic acid)(PLA) composites. Polymer Degradation and Stability, 2010. 95(1): p. 59-65. 

10. Badji, C., et al., Correlation between artificial and natural weathering of hemp fibers 

reinforced polypropylene biocomposites. Polymer Degradation and Stability, 2018. 148: 

p. 117-131. 

11. Dayo, A.Q., et al., Effects of accelerated weathering on the mechanical properties of 

hemp fibre/polybenzoxazine based green composites. Composites Part A: Applied 

Science and Manufacturing, 2020. 128: p. 105653. 

12. Yan, L., N. Chouw, and K. Jayaraman, Effect of UV and water spraying on the mechanical 

properties of flax fabric reinforced polymer composites used for civil engineering 

applications. Materials & Design, 2015. 71: p. 17-25. 

13. Taylor, C., et al., Development and weatherability of bio-based composites of structural 

quality using flax fiber and epoxidized sucrose soyate. Materials & Design, 2017. 113: p. 

17-26. 

14. Ghasemzadeh-Barvarz, M., C. Duchesne, and D. Rodrigue, Mechanical, water 

absorption, and aging properties of polypropylene/flax/glass fiber hybrid composites. 

Journal of Composite Materials, 2015. 49(30): p. 3781-3798. 

15. Dittenber, D.B. and H.V. GangaRao, Critical review of recent publications on use of 

natural composites in infrastructure. Composites Part A: applied science and 

manufacturing, 2012. 43(8): p. 1419-1429. 

16.  06.04.2022]; QUV ACCELERATED WEATHERING TESTER]. Available from: 

https://www.q-lab.com/products/quv-weathering-tester/quv. 

17. Yorseng, K., et al., Influence of accelerated weathering on the mechanical, fracture 

morphology, thermal stability, contact angle, and water absorption properties of natural 

fiber fabric-based epoxy hybrid composites. Polymers, 2020. 12(10): p. 2254. 

 

1103/1602 ©2022 Das et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://www.q-lab.com/products/quv-weathering-tester/quv
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

FIBRES HYBRIDIZATION FOR THERMOPLASTIC MATRIX COMPOSITES 
 

L. Amorima,b*, D. Gomesa, M. Martinsa, R. Santosa,b 

a: INEGI – Institute of Science and Innovation in Mechanical and Industrial Engineering, Porto, 

Portugal – lamorim@inegi.up.pt 

b: LAETA – Associated Laboratory of Energy, Transports and Aeronautics, Porto, Portugal 

 

Abstract: In this work, the experimental process optimization of continuous polyphenylene 

sulphide (PPS) and carbon fibres (CF) hybrid yarns with a feeding CF volume fraction of 55 % was 

carried out for the development of thermoplastic components, which will be used in energy 

applications. Processing optimization was conducted using a commingling equipment where 

three main process variables were evaluated, including fibres overfeed, air pressures and air-jet 

design. Optimized PPS/CF commingled yarns were then characterized according to their final CF 

volume fraction and linear density. Visual inspection, and optical and scanning electron 

microscopy (SEM) analyses were also performed to assess fibres integrity and distribution inside 

hybrid yarns. Additionally, a new prototype setup was built to produce PPS/CF hybrid yarns in a 

parallel hybridization way. Those new hybrid yarns produced were compared to the optimized in 

commingling process. Finally, adhesion between PPS and CF was evaluated based on composite 

laminate manufactured by hot-press. 

Keywords: Commingling; Hybrid yarns; Optimization; Thermoplastic composites; Processing. 

1. Introduction 

The usage of fibres reinforced polymers (FRP) has shown a significative growing in the last half-

century especially regarding their remarkable in-plane mechanical properties and low density, 

comparatively to traditional structural materials, as metals and alloys. Moreover, the possibility 

to customize those materials, depending on the requirements of the final application, put them 

on the top list for highly demanding sectors, as aeronautic, defence and renewable energies [1], 

[2]. 

Recently, thermoplastic based-composites have been getting a lot of scientific and technological 

attention due to their higher sustainability and mechanical performance under impact and shear 

loading conditions, when compared to thermoset composites [2], [3] However, fibres 

impregnation processes on thermoplastic composites still is a major challenge due to the high 

shear viscosity of these polymers [4]. One way to overcome this issue is by minimizing 

thermoplastic melt mass transfer distance during composites processing through mixing 

thermoplastics and reinforcement fibres in a hybrid yarn [5]. Among the several yarn 

hybridization processes developed along the last decades [3], [6], [7], commingling fibres by air 

pressure appears as a versatile and effective technique where hybrid yarns with a uniform 

distribution of fibres can be produced using a wide range of commercially available fibres, in a 

customized way [1]. Nevertheless, this process can be very aggressive for the reinforcement 

fibres, due to their brittle behaviour, promoting some damages owing to the pressure and 

turbulence inside air-jet nozzle [5]. Therefore, to obtain commingled yarns with finest quality it 
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is required a careful processing optimization that is highly dependent on the selected process, 

raw-material and equipment parameters [4]. 

In this context, this work aims to optimize the production of continuous PPS/CF commingled 

yarns, with 55 % CF volume fraction, in a commercial commingling equipment for the 

development of thermoplastic components that will be used in renewable energy applications. 

In an attempt to minimized damages during hybridization process, a parallel hybridization 

prototype based on Diao et al. [7] and Irfan et al. [8] published works has been developed. 

Optimized commingled and parallel hybridized PPS/CF yarns were then characterized and 

compared according to their integrity and homogeneity. Additionally, the adhesion between PPS 

and carbon fibres was evaluated on commingled yarns based composites. 

2. Experimental 

2.1 Materials 

Regarding the leakage on the market of thermoplastic sized carbon fibres, in this work 

continuous commercial 6k epoxy sized CFs (Tenax®-E HTA40 E13 6K 400tex) from Toray®, Japan, 

were used. As thermoplastic fibres, commercial polyphenylene sulphide (PPS) having 100 

filaments per tow (Torcon® 440dtex), also from Toray, Japan, were selected. According to the 

suppliers’ data sheet, a single PPS and CF have a nominal diameter of 20 and 7 m, respectively. 

Based on this information, it was calculated the number of PPS tows needed to be fed to achieve 

a CF volume fraction of 55 % on the final yarn, and it was found that a combination of 6 PPS and 

1 tow of 6k carbon fibres is required. The 6 PPS tows were previously joined together using 

winding unit of commingling equipment. 

2.2 Commingling and hybridization processes 

In this work, PPS/CF hybrid yarns were produced using two different processes: i) commercial 

commingling equipment from Retech®, Switzerland, and ii) a homemade parallel hybridization 

prototype, which are depicted in Figure 1. In both cases, commingling and parallel hybridization 

the production speed was set at 20 m/min. 

 

Figure 1. Photography of the a) conventional commingling process and b) parallel hybridization 

prototype. 

Commingling process: The commingling equipment is composed by two main part, the 

feeding/commingling and the winding unit. In this process, both fibre tows are pulled out from 

1105/1602 ©2022 Amorim et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

the creel independently by feeding rolls, and then they are forced to converge to an air-jet 

device where the air turbulence mingle both fibres. Afterwards, the commingled yarns are 

pulled out and winded in the winding unit. Even when well-controlled processing conditions are 

used, commingling technique is typically very aggressive to the fibres leading to their damages. 

Therefore, it is of paramount importance to carefully optimize all processing parameters, aiming 

to minimize damage and obtain finest quality yarns. The optimization of commingling process in 

this study was carried out regarding three main variables: i) air pressure inside the air-jet, ii) 

overfeed percentage of PPS and carbon fibres, individually, and iii) air-jet design. 

The overfeed percentage is defined as the ratio between the feeding speed of each fibre tow 

into the air-jet and the pulling speed of commingled yarn from the air-jet. The equation 1 

expresses the overfeed calculation: 𝑂𝑣𝑒𝑟𝑓𝑒𝑒𝑑 = 𝑉𝑃𝑓,𝐶𝐹−𝑉𝐶𝑌𝑉𝐶𝑌 × 100%                (1) 

where, VCY and VPf or VCF (represented by VPf,CF) are the pulling speed commingled yarns out of 

the air-jet, and the feeding speed of polymer and carbon fibre into the air-jet, respectively. 

Parallel hybridization process: A homemade parallel mingling prototype was built to produce 

PPS/CF hybrid yarns. Both fibre tows are pulled out together through a set of rolls in a constant 

speed, and the constant friction between them and the rolls lead to a mechanical mingling of 

fibres. The idea behind this strategy is to reduce fibres breaking caused in the traditional 

commingling process. It is wreath to mention that additional studies will be carried out to 

improve the parallel hybridization process. 

2.3 Characterization tests 

A testing campaign was defined to characterize raw-materials and optimized PPS/CF 

commingled/hybrid yarns. A brief description of the procedures used is given below. 

Density (immersion test) – The density of PPS and CF was determined using the immersion 

method following ISO 1183 standard procedures. A digital weighting scale with an accuracy of 1 

X 10-4 g was used, and five samples were first weight in air and then immersed in a well-defined 

density solvent (2-propanol). 

Differential scanning calorimetry (DSC) - The melting point of PPS fibres was determined in a 

TA20 DSC equipment, from TA instruments. Two PPS samples were tested in a range of 

temperatures between -20 and 300 ᵒC at a heating rate of 10 ᵒC/min. 

Linear density – The linear density of as-received fibres and hybrid yarns was determined 

experimentally over by weighting ten samples, having all of them 1 meter, using a digital 

weighting scale with an accuracy of 1 X 10-4 g. In this work, the linear density is presented in tex 

units, which is equal to the weight of 1 km tow or yarn. 

Calcination and carbon fibre volume fraction - Three samples of as-received PPS and carbon 

fibres, with 1 m length, were cut and putted in individual crucibles. Then, each crucible with the 

sample inside was weight individually and calcinated inside a muffle at 500 ᵒC for 6 hours. After 

calcination, crucibles were weight and the remaining residue determined. The same procedure 

was applied to PPS/CF hybrid yarns. After some calculation corrections using fibres density and 
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calcination remaining residue of as-received fibres, carbon fibre volume fraction of hybrid yarns 

was determined. 

Optical microscopy - Carbon and PPS fibres diameter was assessed under optical microscopy. At 

least 20 fibres were measured for each type of fibre. This technic was also used to evaluate fibres 

distribution into produced hybrid yarns. 

Scanning electron microscopy (SEM) - Morphology of carbon and PPS fibres surface was 

observed under SEM, before and after hybridization process. By this method, it was possible to 

evaluate how hybridization processes affect fibres integrity, and the adhesion between PPS and 

carbon fibres. The adhesion of composites based on PPS/CF was also evaluated by SEM. 

3. Results and discussion 

3.1 Raw-materials characterization 

Prior to hybridization, PPS and carbon fibres were characterized according to their nominal 

diameter, density and linear density and, in the case of PPS, its melting temperature (Tm). A 

summary of these properties is presented in Table 1. 

Table 1. Carbon and PPS characteristics/properties experimentally determined. 

Property units PPS fibres Carbon 

Nominal fibre diameter m 21.7 ± 0.4 7.2 ± 0.5 

Density g/cm3 1.318 ± 0.009 1.725 ± 0.010 

Linear density tex 44 ± 0 398 ± 2 

Melting temperature (tm) ᵒC 284.30 ± 0.08 - 

 

According to Table 1, the nominal diameter of PPS fibres is slightly higher (±22 m) than that 

indicated by the provider (20 m). From the calculations, the CF volume fraction obtained for 

hybrid yarns is of approximately 50 %, lower than the value theoretically estimated of 55 %. 

3.2 Commingling yarns process optimization 

The air pressure optimization tests were conducted at three different air pressures, namely 1, 

1.5 and 2 bar. Adapted from a previous project, the overfeed percentages used here were 

between 1 and 3.3 %. 

After 5 min. production using each condition, it was observed an increase of broken fibres inside 

the sound box where air-jet is installed as the air pressures increased, as it can be seen in 

Figure 2. At 2 bar of air pressure, the fuzzy aspect of PPS/CF commingled yarns suggests large 

fibre damages, on the other hand, at 1 bar the process became unstable with the yarn getting 

out of the guiders after air-jet. Therefore, and considering these observations, 1.5 bar of air 

pressure was considered the better condition. 
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Figure 2. Amount of broken fibres inside the sound box for different air pressures. 

The overfeed study was developed by varying, independently, the overfeed of PPS (OfPPS) and 

carbon (OfCF) fibres using four different percentages, namely 1.5, 3, 6, and 8 %. All tests were 

conducted using the commercial air-jet and the air pressure was set at 1.5 bar, and results are 

depicted in Figure 3.  

 

Figure 3. Photography of PPS/CF commingled yarns produced using different overfeed 

conditions. 

In Figure 3, the visual aspect of PPS/CF commingled yarns bobbins, produced at different 

overfeed conditions, is presented. The blue dotted diagonal line identifies the processing 

condition where PPS and CF have the same overfeed percentage. Above this diagonal, the 

percentage of CF fed to air-jet is higher than PPS, while bellow the opposite is imposed. Up to 

an overfeed of 6 % of PPS and 1.5 of CF, the process is stable, although after this point (orange 

shaded images) some instabilities were observed, such as fibres tension loss before air-jet or 

commingled yarn jumping off guiders immediately after air-jet. Therefore, these conditions 

were not considered for further studies, since it is impossible to produced commingled yarns. 

At conditions above the diagonal line, bobbins presented a fuzzy dark aspect, which is indicative 

of an excess of carbon fibres. On the other hand, conditions below the diagonal line presented 

a whiter and woolly appearance. Both commingled yarns, produced with conditions along and 

above the diagonal, have shown visible damages of carbon fibres, therefore, all of them were 

discarded. Based on the visual inspection of commingled yarns produced using the two 

remaining conditions, PPS/CF commingled yarns with a CF overfeed of 1.5 % and PPS overfeed 

6 % was considered acceptable (green dotted square in Figure 3). Under these overfeed 

conditions, PPS fibres are clearly tangled around carbon fibres for long lengths, forming a single 
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yarn, while in commingled yarns produced by the other conditions (OfPPS = 1.5 % and OfCF = 3 %), 

PPS and CF remain apart from each other for long extensions. Despite the apparent good aspect 

of PPS/CF commingled yarns produced under this condition, the attained CF volume fraction 

was lower than the expected (41 %), and therefore slight adjustments were carried out, leading 

to a carbon fibre volume fraction close to the expected, 51 %. The optimal overfeed percentages 

for PPS and carbon fibres were found to be 5 % and 3 %, respectively. 

Air-jet study was carried out using the optimal overfeed and air pressure conditions. The visual 

inspection of PPS/CF commingled yarns produced by the circular cross-section air-jet has 

revealed a completely segregation between PPS and carbon fibres. To overcome this issue, the 

air pressure was readjusted but no improvements were achieved, meaning that the design of 

the commercial air-jet is most suitable for the PPS/CF commingled yarns production. 

To summarize, commingling optimization demonstrated that the best processing condition to 

achieve high quality PPS/CF commingled yarns is by using 1.5 bar of air pressure with overfeeds 

of 5 % for PPS and 3 % for CFs, and the commercial air-jet geometry. 

3.3 PPS/CF hybrid yarns characterization 

Table 2 presents the experimental results of PPS/CF hybrid yarns, in terms of linear density and 

CF volume fraction, while values in parentheses correspond to the theoretically expected. 

Table 2. Linear density and carbon fibre volume fraction of PPS/CF hybrid yarns. 

 units Commingling Parallel hybridization 

Linear density tex 663 (662) 664 (662)  

Carbon fibre volume fraction % 52 (50) 42 (50) 

 

It is possible to observe that, independently on the production process, both hybrid yarns 

presented similar linear densities that are very close to those expected theoretically. Regarding 

CF volume fraction, optimized commingled yarn revealed a similar value to expected, while 

parallel hybrid yarns have shown to be 8 % lower. This may result from an instability of PPS fibres 

trajectory during the process, leading to an excess of the thermoplastic counterpart. 

 

Figure 4. Optical microscopy images of PPS/CF a) commingled and b) hybridized yarns. 

Optical microscopic images of commingled and parallel hybridized yarns are shown in Figure 4 

a) and b), respectively. Through the cross-section inspection of commingled yarns, it is possible 

to observe PPS surrounding carbon fibres. Mingling between PPS and carbon fibres was also 
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observed at the interface (green shade area), which was further confirmed by SEM images 

[Figure 5 a)]. On the other hand, hybrid yarns produced on new hybridization setup revealed 

that PPS and carbon fibre are concentrated in tow clusters side-by-side. Nevertheless, signs of 

mingling also observed at the interface were also verified by SEM, according to the Figure 5 b). 

Commingled yarn SEM image, in Figure 5 a, also revealed broken and misalignment carbon fibres 

regarding to PPS counterparts, resulting from a turbulent environment inside the air-jet. For 

parallel hybridized yarn, in Figure 5 b), fibres seem to mostly kept their integrity without 

significant misalignments. 

 

Figure 5. Optical microscopy images of PPS/CF a) commingled and b) hybridized yarns. 

3.3 PPS/CF adhesion 

To evaluate the adhesion between PPS and carbon fibres, 200 g of commingled yarns were 

weight and cut in equal parts with 100 mm length. Then, they were carefully aligned in the same 

direction inside a 100x100 mm metallic frame and the whole set was finally placed between two 

hot plates. No pressure was applied during the consolidation that occurred at 320 ᵒC for 50 min, 

and the composite laminate was then cooled to room temperature. 

 

Figure 6. SEM image of a cryogenic fracture on PPS/CF composite. 

In Figure 6, it is presented the SEM image of an artificial cryogenic fracture on PPS/CF composite, 

where it is possible to observe an apparent good wettability between PPS and fibres. A closed 

look over the image revealed some interfacial debonding and carbon fibres negative prints on 

PPS, suggesting a mechanical bonding between both. Sizing debonding during commingling 

process can result in a rough carbon fibres surface, allowing a better mechanical bonding 

between them and PPS. 

4. Conclusions 

In this work, the experimental process used for hybridization of PPS and carbon fibres was 

optimized, allowing the development of composite laminates with 55 % of CF volume fraction, 
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for wind and tidal energy applications. Processing optimization was conduct in a commercial 

commingling equipment and the results were compared to those obtain from PPS/CF yarns 

produced by a new parallel hybridization prototype. Furthermore, the adhesion between PPS 

and CFs was investigated in a hot-pressed composite made from optimal commingled yarns. 

Commingling process optimization study define as optimal conditions the usage of the 

commercial air-jet with 1.5 bar of air pressure and an overfeed percentages for PPS and carbon 

fibres of 5 % and 3 %, respectively. Optimal commingled yarn was compared to PPS/CF yarn 

produced by parallel hybridization. Both have shown a similar linear density around 663 tex, 

however, while commingled yarn has shown a carbon fibre volume fraction of 52 %, parallel 

hybridized yarn this property was shown to be lower, 42 %. Visual inspections revealed an 

apparent better mingling between fibres in commingled yarn than in parallel hybridized yarn, 

this was confirmed by optical microscopy and SEM analysis. A higher number of broken and 

misalignment of CF on commingled yarn was also observed under SEM. Finally, mechanical 

bonding has shown to be the most dominant adhesion mechanism between PPS and CF after 

commingled yarns consolidation. Further optimizations of parallel hybridization process will be 

carried out as well as mechanical characterization of PPS/CF composites manufactured from 

commingled and parallel hybridized yarns. 
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Abstract: A comprehensive analysis on the impact of the introduction of elastomer fibers in a 

epoxy-resin matrix reinforced by 3D-interlocks woven composites is given. At this aim, several 

configurations with different types of introduction of elastomer fibers and different thicknesses 

were tested. Analysis has been focused on the Young Modulus and on the apparition of the onset 

damage in the material through a multi-instrumentation. Stereo-digital image correlation 

(Stereo-DIC), acoustic emission (AE) and in-situ microscopy were used to identify the mechanical 

properties and onset damage mechanism of materials. The impact of hybridization was proven 

on the mechanical properties of each material, especially on the onset damage apparition. 

Keywords: mechanical properties; hybrid materials; woven composites 

1. Introduction 

Three-dimensional (3D) woven composites have progressively found their place in many 

industrial applications such as wind turbine blades, engine fans and construction applications 

(1). Through-the-thickness reinforcement allows an enhancement of out-of-plane properties 

and a higher impact damage tolerance (2). Like their mechanical behavior is different from the 

behavior of 2D composite laminates, many kinds of research were performed for accumulating 

knowledge about their mechanical properties and damage mechanisms. That is why studies on 

static (3), impact (4), multi-axial (5) and fatigue (6) loadings have been processed. Nowadays, 

the accumulation of knowledge on 3D woven composites is always an active field. 

Over the past years, improvement of properties or capabilities of composites was also 

performed through functionalization and hybridization. Indeed, hybridization can provide an 

enhancement of a specific mechanical property (7,8) or can be used for structural health 

monitoring or process monitoring (9,10). 

In this study, 3D woven composites have been hybridized to enhance damping properties 

through the introduction of elastomer fibers (11,12). Studies on the enhancement of damping 

properties through hybridization have been led previously for showing the increase or not of 

damping properties (7,13,14). Nevertheless, our objective was to study the impact of 

hybridization on the standard mechanical properties that are Young Modulus, onset damage, 

and damage mechanisms until failure.  

At this aim, multi-instrumented tests were performed to establish a consequent knowledge of 

these hybrid materials. Multi-instrumentation as Digital Image Correlation (DIC), Acoustic 

Emission (AE), and in-situ microscopic observations have been used to analyze the mechanical 

behavior of these materials. 
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2. Materials 

Epoxy-resin matrix reinforced by 3D-interlocks woven composites made of intermediate 

modulus (IM) carbon fibers were studied. Through the Jacquard Loom process, elastomer fibers 

have been introduced in the weft direction of the woven architecture (11,12). Then, materials 

are processed by Resin Transfer Molding (RTM) and are provided by SAFRAN Group. Figure 1 

presents how elastomer fibers were introduced in the woven architecture. Elastomer fibers have 

been introduced into the weft direction thanks to the Jacquard Loom process and are not 

straight but undulated in the thickness of the material. 

 

Figure 1 Insertion of the elastomer fibers in the weft direction: (a) config HYB1 (b) config HYB2 

& HYBTW 

Also, materials are unbalanced due which means the ratio between warp and weft fiber content 

is no even. The proportion of elastomer yarns and resin content changes accordingly. Indeed, 

elastomer fibers replaced resin matrix to keep as much as possible the stiffness of the material 

unchanged. 

Several configurations with different ratios of hybridization have been studied and the following 

table lists (Fig.2) these different configurations. 

Figure 2 Ratios of elastomer for each configuration tested 

 

Thickness 6mm 0% 11,5% 11,5% + carbon % elastomer in volume 

Configuration 6-REF 6-HYB2 6-HYBTW  

Thickness 13mm 0% 3% 6% % elastomer in volume 

Configuration 13-REF 13-HYB1 13-HYB2  
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Figure 3 Microscopic (mesoscopic) view of: (a) 13-HYB2 (b) 13-HYB1 (c) 6-HYBTW (d) 6-HYB2 

The physical properties of the elastomer disturbed the woven architecture during the process. 

Indeed, as we see in figure 3, the continuous elastomer fibers have been deformed and local 

shrinkages in the woven architecture were detected. 

3. Methods 

To analyze the impact of the hybridization on mechanical behavior, tensile tests on dog-bone 

specimens have been multi-instrumented. Figure 4 represents the sample preparation. 

 

Figure 4 Sample preparation 

Stereo-DIC, Acoustic Emission and in-situ microscopy were used. Stereo-DIC was preferred to 

ensure a better acquisition by taking into account any out-of-plane displacement. Acoustic 

emission records the material activity that is linked to damage in the material. In-situ 

microscopy identifies the apparition of damage in the edge of the dog-bone specimen. 

This multi-instrumentation allows the identification of the two properties: Young Modulus and 

Stress at onset damage. 

First, we measured the Young Modulus from DIC-extracted Stress-Strain curves between 0,1% 

and 0,3% strain (ɛyy : strain in the loading direction). Next, onset damage stress are obtained 

by analyzing the evolution of cumulative acoustic energy of localized event. These values are 

confirmed using two additional techniques:  stereo-DIC and in-situ microscopy with an 

incremental tensile test. This method is illustrated in the figure 4. 
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Figure 5 Multi-instrumentation procedure for identifying the onset damage 

4. Results 

Figure 6 represents the Young Modulus (normalized by the maximum Young Modulus) of the 

warp and weft dog-bone specimens with their standard deviation. 

 

Figure 6 Comparison of Young Modulus 

In the warp direction, reference materials have approximatively the same Young Modulus. 

First, as expected, there is a correlation between the percentage of elastomer and the 

degradation of stiffness. Configurations with the bigger ratio of elastomer (6-HYB2 and 6-

HYBTW) have the lowest Young Modulus (loss of 23% and 33% compared to the reference). 

As we saw in the material’s description, these degradations can be explained by the 
perturbation in the weaving induced by the hybridization. First, the straightness of the warp 

tows is affected in the woven architecture by elastomer fibers. Moreover, it has been proved 

that the more the fibers are straight in a 3D woven composite, the more is the stiffness. Next, 

we replaced resin with elastomer fibers and the resin is more rigid so it is also normal for the 

stiffness of the material to drop. 
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That is why the degradation of the Young Modulus is correlated to the ratio of the elastomer in 

volume. 

In the weft direction, the introduction of elastomer fibers induced a slight decrease of 

stiffness. A loss of 2.6% and 5.1% is observed for configurations 13-HYB1 and 13-HYB2 

compared to the reference. The weft direction is less affected by the presence of elastomer 

fibers. This is due to an insignificant perturbation of the weaving in the weft direction. 

After concluding on the impact of the hybridization on the Young Modulus, we put our interest 

on the onset damage. Figure 8 shows the Stress at onset damage (normalized by the maximum 

onset damage stress) of the warp and the weft dog-bone specimens with their standard 

deviation. For information, values presented were obtained through the tensile test until 

failure and then, they were validated through incremental tensile tests and correlation 

between instrumentations. 

 

Figure 7 Comparison of Stress at onset damage 

Reference materials have onset damage that appeared at approximately the same stress. First, 

we observe that hybridization of the material implies a significant degradation on the 

apparition of damage. Indeed, a decrease between 30% and 56% was noticed for the hybrid 

configurations compared to references. The degradation is correlated also with the percentage 

of the elastomer in the material. More the woven architecture is disturbed by hybridization 

lower the onset damage stress is. Indeed, the degradation induced in the carbon woven 

architecture by elastomer fibers provoked a first damage change compared to the reference 

materials. The change of onset damage on the 6mm-materials is shown in the figure 8. The 

apparition as onset damage of decohesion between carbon tows was observed and further, 

this onset damage induced a sooner failure of the hybrid materials. 

1116/1602 ©2022 Ade et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

Figure 8 First damage of 6mm-materials: (a) 6-REF (b) 6-HYB2 (c) 6-HYBTW 

In the case of the weft direction, the ratio of the elastomer in volume influences the onset 

damage. 3% of the elastomer in volume induced degradation of 4.9% (config. 13-HYB1) 

whereas 6% of the elastomer in volume induced a significant degradation of 49% (config. 13-

HYB2). 

5. Conclusion 

Influence of elastomer fibers has been shown. Mechanical properties were degraded due to 

the woven perturbation occurring in the architecture. Indeed, the perturbation in the carbon 

reinforcement induced a loss of stiffness due to several local shrinkages in the warp direction 

of the material. Also, contact between carbon tows were established and the onset damage 

apparition is affected. That’s why a sooner apparition of the onset damage is noticed.  

Also, numerical analysis were performed to give us a predictive tool on the identification of the 

3D elastic moduli and damage apparition. The computation of homogenized properties and 

damage initiation were performed with a meso-scale voxel-FE model. This tool helped us for 

continuing the improvement of the hybrid materials. 
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Abstract:  

Ceramic materials are excellent candidates for ambient and harsh environment applications. 

However, ceramics often suffer from brittle failure, which limit their applications when the 

potential for mechanical or thermal shocks may exist. Many natural materials demonstrate a 

ductile behaviour while mainly composed of brittle, mineral-based building blocks. In this study, 

inspired by natural materials, a simple, yet scalable procedure, based on laser-engraving and 

assembly is employed to fabricate architectured ceramic composites with enhanced toughness 

behaviour. Three types of multilayered architectured ceramics as well as a plain ceramic were 

manufactured. The mechanical response of the multilayered architectured and plain ceramics 

under three consecutive low-velocity impact loads was studied. It is found that the architectured 

composites demonstrate more energy absorption compared to plain ceramic panels. This comes 

at an expense of a decrease in stiffness and strength. The results reveal that the improved 

performance is rooted in relative sliding of neighbouring tiles which in turn results in frictional 

energy dissipation, a mechanism which is absent in plain ceramics. 

Keywords: Ceramic composites; Lamination; Toughening mechanisms; Bio-inspiration. 

1. Introduction 

Ceramics have been widely used for many decades as structural materials, however due to their 

inherent brittleness their applications have been primarily limited to compressive loading 

conditions. General interest in the mechanical behaviour of ceramics is motivated by the in-

service demand for structural components which often require the application of brittle 

materials, because of behaviors such as high stiffness and strength, low density, high 

temperature stability, oxidation, corrosion, hardness, and wear resistance. Further, most of the 

current advanced designs in aerospace, marine, automotive and armour industries require high 

toughness which implies potential limitations for ceramics due to their low fracture toughness 

[1]. 

Improving the toughness of ceramics is an advancing challenge. Through the process of 

evolution, biological materials have optimized their structure-property relationship and 

produced natural disordered microstructures. Borrowing the design of these biological 

structures from nature may inspire a promising strategy to overcome inherent brittleness of 

ceramics. Examples such as bone, bamboo, grassy stem, American white pelican feather, 

dragonfly wing, or crow skull present different organisms and constituent materials of which 

their structural properties prevent catastrophic and unexpected failure from fatigue or multi-
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impacts as shown in Fig. 1. In these biological materials, control of the distribution of material 

as well as the complex and disordered structural phases generate very stiff, strong, and tough 

materials. These characteristics are necessary for function, and are traditionally mutually 

exclusive in traditional engineering materials [2]. 

  

  
Figure 1. Examples of natural disordered microstructures as a reverse engineering process: (a) Bone 

tissue [3], (b) Cross-sectional image of a grass stalk [4], (c) Bamboo cell structure [3], and (d) Architecture 

of American white pelican feather [5]. 

Since the early 2000s, due to rapid advances in manufacturing technologies, using the 

aforementioned design methodologies has become increasingly feasible to accurately produce 

engineered materials by additive or subtractive manufacturing techniques. Stochastic or 

disordered designs are another common bioinspired development which through reverse-

engineering strategy can improve toughness and multi-impacts behaviors of ceramic materials 

using advanced manufacturing. Disordered design methodology and its influence on the 

effective mechanical properties of two- and three-dimensional cellular solids has been the 

subject of various research efforts [6, 7]. However, in these works, special attention was given 

to lightweight and energy-absorbing applications such as three-dimensional sandwich cores [8, 

9]. The arrangement of cell cores is well approximated by a so-called “Voronoi diagram”, a 
crucial tool to measure irregularity. Despite the efforts to duplicate tough materials based on 

the biological disordered design, only a few successful implementations of these strategies have 

been reported [10, 11], and less attention has been paid to the design, industrially scalable 

manufacturing, testing and exploration of toughening and strengthening mechanisms of 

stochastic ceramic-based bioinspired materials. 

We recently demonstrated that laser machining can facilitate manufacturing architectured 

ceramics with an enhanced resistance to out-of-plane quasi-static and impact loads [12, 13]. By 

employing these promising bioinspired material architecture principles and disorder-induced 

mechanisms (quite similar to natural patterns such as bamboo cell structure, and/or dragonfly 

wing), and by exploiting an industrially scalable, efficient laser material removal system [14], a 

new class of high material-performance multilayered stochastic ceramic-based bioinspired 

materials is proposed. A group of multilayered plain, ordered (perfect hexagons) and disordered 

ceramics was fabricated and tested to show the potential of this strategy in the design of 

bioinspired stochastic ceramic-based systems. We established toughness, strength, and stiffness 

maps as functions of laser cut depth and stochasticity to improve the ceramics’ mechanical 
performance in low-velocity, multi-impact loading. 

(a) (b)

(c) (d)
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2. Materials and Methods 

2.1 Stochastic Design 

The models of the stochastic design investigated were constructed by parametric CAD 

integration. The first step in generating a stochastic design is to define the bounding area, A, in 

which nucleation points are contained, and the number of desired nuclei, n. The area was chosen 

as A = 100×100 mm2, the same area of the ceramic tiles which used for the manufacturing 

purpose. A regular hexagonal design, with identical cells having six sides and vertex angles of 

120°, can also be considered a stochastic design; for the special case in which all seed points are 

spaced identically apart as shown in Fig. 2a. This provides an upper bound to the spacing 

distance of seed points dispersed on a plane. The second step is to calculate the maximum 

spacing 𝑟𝑚𝑎𝑥 = √ 2𝐴𝑛√3 which accounts for the triangular nature of the distribution (see Fig. 2) 

[15]. Then, a stochastic design is constructed at any time when a minimum distance between 

seed points, s, is smaller than the maximum distance rmax. This distance is less than the 

maximum spacing (i.e., s ≤ rmax). If s is larger, it would be impossible to obtain n number of cells. 

A new simple parameter is defined so-called “regularity parameter”, δ, used in designing the 
architectured designs and obtained as 𝛿 = 𝑠𝑟𝑚𝑎𝑥. Therefore, it is clear than when δ = 1.0, the 

hexagonal ceramics condition is met. As the regularity parameter is lowered 0 < δ < 1.0, the seed 
localizations become distorted and the design transforms stochastically. The degree of 

stochasticity is inversely proportional to the magnitude of δ. Random points were generated 
one by one on A. Following each point deposition, its distance relative to all other previously 

deposited points were measured in a loop. Considering the desired value of regularity parameter 

δ, if a measured distance during the deposition falls below s, the point is discarded, and a new 

trial point was loaded. If all distances were greater than s, the new point was kept. This process 

was repeated up until n number of acceptable points were generated. 

 
Figure 2. Schematic showing (a) Identical spacing between highly ordered seed points, and (b) Spacing 

between disordered seed points. 

2.2 Hybrid Manufacturing 

A mathematical “regularity parameter” controls the cell stochasticity of the designs for laser 
ablation. Four degrees of cell regularity, with almost the same number of cells, was chosen for 

this study which includes an ordered panel of perfect hexagons (δ = 1.0), two pseudo-random 

panels (δ = 0.8 and 0.5), and a disordered panel (δ = 0.1). In addition, non-architectured samples 

referred to as “multilayered plain ceramic” or “baseline” were manufactured for comparison. 
Alumina ceramic tiles of dimension 100×100×0.635 mm3 were purchased off McMaster-Carr and 

s = rmax

s = rmax

seed points 

s

s

seed points 

(a) (b)
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were used to manufacture a three-layer hybrid panel (high-tolerance fired non-porous alumina 

ceramic with 96% material composition, see Table 1). For each design, three alumina tiles were 

cut using an Ytterbium picosecond fiber laser (YLPP-25-3-50-R, IPG Photonics, USA). The laser 

produces a Gaussian spatial profile beam of a maximum power output of 50 W, with a 3 ps pulse 

duration and a 25 µJ average pulse energy of 1030 nm wavelength. In previous studies [13, 16], 

a procedure was developed using a circular wobble pattern with the laser scanner to ensure that 

thermal damage and micro-cracks were minimized. A comprehensive study of the effects of 

various laser processing parameters was conducted and the optimum process parameter 

settings that minimized material removal, roughness and manufacturing time were applied [14, 

17]. However, due the laser material removal limitations, a stochasticity less than 0.1 was 

challenging for manufacturing. 

Table 1. Material properties of non-porous alumina ceramic tiles. 

Property Value Property Value 

Tensile strength 220 (MPa) Modulus of Elasticity 303 (GPa) 

Compressive strength 2070 (MPa) Density 3875 (kg/m3) 

 

 
Figure 3. Manufacturing of 3-layer stochastic ceramics highlighting (a) Cut patterns with the picosecond 

laser, (b) Assembly schematic with the pattern offset, (c) Vacuum bagging and curing of ceramics and 

commercial monomer Surlyn®, and (d) 3 consecutive low-velocity impact test configuration. 

Panels were manufactured to produce two cut depths: (i) 70% and (ii) 100%. The cut depths of 

70% was found to have the highest energy absorption performance and multi-hit resistance of 

different cut depths previously tested [12, 18]. The ordered hexagonal pattern followed an ABA 

order, where cut designs were offset as shown in Fig. 3. Pattern B was offset such that the 

vertices of the hexagons were aligned with the centre of the hexagons on pattern A. The 

disordered panels used three different designs in an ABC order to compose the final 

manufactured panel. The cut panels were bonded by 101 µm thick Surlyn® interlayers and the 

deeper cuts are chosen to ensure that the polymer fills in the cavities of the cut ceramic panels 

Cutting of Architectural Patterns

Picosecond 
Laser

Offset of 
Patterns A & B

a b Assembly

Pattern A
Pattern B
Surlyn®

d Final Panel for Impact Testing

2nd impact
3rd impact

1st impact

Oven
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Vacuum Pump

ΔT = 146  C
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during the compression and vacuum curing process. To ensure that the three ceramic tiles were 

properly aligned, the layered assembly was placed into an aluminum frame and compressed 

between two tiles. This method allows for uniformity of the final panel thickness across all 

samples. The ceramic/Surlyn® assembly was then vacuum bagged and set to cure for 5 hours at 

146 °C to bond the three ceramic layers into a single panel. The final panel was then demolded 

from the aluminum frame and sent for impact testing. Consequently, all final manufactured 

ceramics were 2.10 mm thick which include two 97.5 µm thick interlayers of Surlyn®. It is 

observed that all full and partial cuts of the panels were filled with Surlyn®. 

3.1 Low-velocity Impact Test Configuration 

Three consecutive low-velocity impact tests were performed on the multilayered architectured 

ceramics using a drop weight machine based on the guidelines given in the ASTM standard 

D3763 [19]. The impactor had a mass of 12.5 kg, a diameter of 5 mm with a semi-spherical tip 

and the impact velocity of 1.36 m/s with the total impact energy of 4.5 J. 

3. Experimental Results 

The effect of stochasticity on the multi-hit capabilities such as energy absorption performance, 

stiffness and maximum response load is investigated. Herein, the energy absorption 

performance is defined as: 
absorbed energytotal impact energy. Figure 4 presents the reaction force-displacement 

response and displacement and velocity histories of the impactor. The area under the 

experimental force-displacement curve was measured as the energy absorption of the ceramic 

systems as shown in Fig. 4a. The area after the maximum load up to the failure point is defined 

as the crack propagation energy and corresponding mechanisms (see Fig. 4a). The maximum 

displacement/force, and coefficient of restitution (COR) are also defined in Fig. 4b. 

  
(a) (b) 

Figure 4. (a) Reaction force-displacement response and (b) Displacement and velocity histories of the 

impactor (The maximum displacement/force, energy absorption, crack propagation energy and 

corresponding mechanisms as well as the coefficient of restitution (COR) are defined). 

Figure 5 presents the experimental results for the energy absorption performance, stiffness, and 

maximum response force of the multilayered architectured ceramics with the stochasticity of δ 
= 0.1, 0.5, and 0.8, and a perfect hexagonal design (δ = 1.0) as well as the baseline for the 70% 
and 100% cut-depths. The energy absorption performance of the architectured ceramics 

impressively increased during the 2nd and 3rd impacts up to 18% and 33%, respectively, unlike 
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the plain ceramic (i.e., baseline). Generally, the 70% cut-depth architectured ceramics have 

higher energy absorption performance compared to the 100% cut-depth ones for all three 

impacts up to 55%. Specifically, the 70% cut-depth stochastic ceramic with δ = 0.1 absorbed 10% 
more energy during the 1st impact and up to 15% and 45% more energy during the 2nd and 3rd 

impacts compared to the fully-cut stochastic ceramic (100% cut depth with δ = 0.1), respectively. 
As shown in Fig. 5a, increasing the stochasticity, δ, from 0.8 to 0.1 resulted in an increase in the 
energy absorption performance of ceramic systems for both partial- and fully-cuts. The crack 

propagation energy of the ceramic systems is also presented in Fig. 5a. It is seen that the crack 

propagation energy of the 3-layer architectured ceramics (for δ = 0.1, 0.5, 0.8, and 1.0 with the 
70% and 100% cut depths) increased during the 2nd and 3rd impacts in contrast to the baseline. 

After the 1st impact, frictional tile sliding becomes more important among all the toughening 

mechanisms. This mechanism is absent in the baseline. Considering the shear strength of the 

adhesive interlayer was overcome after the 1st impact, even more energy was dissipated by the 

plastic deformation of the adhesive interlayers in the architectured ceramic system. 

Furthermore, the partial-cuts cause the architectured ceramics to dissipate more energy 

through crack propagation occurred after the maximum response force. The maximum and 

minimum crack propagation energies occurred the 3rd impact of the 70% cut-depth stochastic 

ceramic with δ = 0.1 and baseline, respectively. Observing from Fig. 5b, the ceramic’s stiffness 
generally decreases after each impact independent of architecture. The stiffness of the baseline 

is higher than those of the architectured ceramics (ordered and stochastic designs) for the 1st 

impact. The reason is that some of the ceramic materials were removed during the laser removal 

processing and consequently, the architectured ceramic’s stiffness was lower when compared 

to the baseline. However, for the 2nd and 3rd impacts, the perfect hexagonal (δ = 1.0) and 
stochastic ceramic systems (δ = 0.1, 0.5, and 0.8) have higher stiffness (up to 170%) compared 
to the baseline. Many cracks were propagated in the plain ceramic following the 1st impact and 

consequently, the plain ceramic loses its stiffness up to 25% (see Fig. 5b). In addition, the partial-

cut ceramics (70% cut depth) have higher stiffness comparted to the fully-cut ceramic (100% cut 

depth) for all three impacts. As observed from Fig. 5c, the multilayered architectured ceramics 

have lower response forces compared to the baseline for all three impacts. Among the 

architectured ceramics, the 70% cut-depth disordered design (δ = 0.1) and 100% cut-depth 

perfect hexagonal system have the highest and lowest strength, respectively. The strength of 

the ceramics decreases toward the 3rd impact since some cracks were propagated during the 

1st and 2nd impacts. The number of propagated cracks depends on the ceramic system whether 

it is a partial/fully-cut or a stochastic/ordered design. In summary, the balanced material 

performance makes the 70% cut-depth stochastic ceramic with δ = 0.1 a competitive candidate 
with a remarkable multi-hit resistant and stiffness. However, in terms of the strength, the 

appropriate selection between the 70% and 100% cut depths is dependent on the target 

application. For example, the 100% cut-depth ceramic has a lower response force compared to 

the 70% cut-depth one which is a better choice where less response force is required to transfer 

to the system such as personnel protective equipment. 
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(a) 

 
(b) 

 
(c) 

 
Figure 5. Multi-hit properties of the 3-layer architectured ceramics with the stochasticity of δ = 0.1, 0.5, 

and 0.8, and a perfect hexagonal design (δ = 1.0) for the 70% and 100% cut-depths as well as the 

baseline: (a) Energy absorption performance, (b) Stiffness, and (c) Maximum response force. 
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1. Introduction 

Conventional carbon fibre reinforced polymer (CFRP) laminates or structures do not exploit the 

full potential of the used carbon fibres. One approach to improve their performance is to reduce 

the layer thickness. The degree of freedom in design increases with decreasing layer thickness 

due to the larger number of used layers or more precise load-dependent design. As well, the 

failure behaviour is significantly dependent on the layer thickness. With decreasing layer 

thickness, the initiation of transverse microcracking shifts to higher strains and delaminations 

are suppressed. The failure mode changes from complex delamination dominated failure to a 

brittle failure mode, and tensile and compressive strength increases up to 42 % respectively 24 

% [1]. With increasing strength, the requirements on the material increase in areas of load 

introduction and stress concentrations. Especially in areas of stress concentrations, adverse 

effects of the brittle failure behaviour can be observed. Studies demonstrate that in open hole 

tensile (OHT) tests the strength decreases with decreasing layer thickness [1, 2]. As pre-damages 

in the material are suppressed, stresses in areas of high concentration are not diverted or 

reduced by pre-damages, resulting in a high local stress concentration and results in premature 

failure. In the case of load introduction by bolts, although the bearing strength increases with 

decreasing layer thickness, the difference between un-notched and notched strength increases, 

so that the structure, material or number of bolts must be adapted to exploit the full potential 

of Thin-Ply laminates. This study investigates the influence of local stainless steel hybridisation 

of Thin- and Thick-Ply CFRP laminates on the open hole and bearing properties. 

 

2.  Materials and methods 

The open hole tensile and bearing strength tests were performed according to ASTM D5766 and 

ASTM D5961, respectively, using a quasi-isotropic layup. Two layer thicknesses of CFRP 

unidirectional prepregs with the area weights of 40 g/m² and 160 g/m² were used. Stainless steel 

foil (1.4310) patches with the same thicknesses as the layers replaced locally 90° CFRP layers in 
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areas with high-stress concentrations or load introduction. The local stainless steel volume 

content varies from 6.25 %, 12.5 % to 25.0 %. If the steel content is lower than 25.0 %, the outer 

90° layers are replaced symmetrical to the mid-plane (see figure 1). A high-performance sol-gel 

surface pre-treatment process using 3M’s AC-130-2 surface pre-treatment system, an aircraft 

certified water-based system, was applied to increase the adhesion between steel and matrix. 

3.  Results and Discussion 

The OHT strength of the neat Thin-Ply samples recorded a 9 % lower strength than the Thick-Ply 

specimens. The results correspond to other studies in this field [1, 2]. With increasing steel 

content, the OHT strength increases. With a local steel content of 25.0 %, the strength rises by 

64 % ,and even the specific strength rises by up to 36 %. The specific open hole tensile strength 

represents the ratio of the strength and the global density of the specimen, and the notch 

sensitivity decreases. 

In contrast to the thin layer fibre metal laminates, the laminates with thicker layers show 

delaminations between the stainless steel and the CFRP layers. These delaminations are initiated 

at the transition zone between the steel foils and the 90° CFRP layers. Digital Image Correlation 

System images show stress concentrations in the transition zone even at low strains. Due to the 

low layer thickness, it is possible to arrange the steel patches in a stepwise pattern in the area 

of the transition zone (see figure 1), thus reducing possible stress concentrations, and due to 

the higher number of interfaces between the layers, the interlaminar stresses decreased with 

decreasing layer thickness. Both effects results in no delaminations. 

Due to the hybridisation with stainless steel foils, significantly higher bearing strengths can be 

observed. In contrast to the neat Thin-Ply samples with a bearing strength of 979.6 MPa, the 

strength of the samples with stainless steel foil increases to 1165.4 MPa in the case of 6.25 % 

stainless steel, via 1239.5 MPa in the case of 12.5 %, to 1513.9 MPa if all 90° layers are replaced 

by steel patches. In addition to the increased bearing strength, failure behaviour has changed. 

In contrast to the brittle failure of the Thin-Ply specimens, pre-damage occurs with increasing 

steel content, but the pre-damages do not result in final failure. The outer steel layers support 

the laminate through their relatively high bending stiffness so that local buckling does not lead 

to final failure. The results of the bearing strength are shown in figure 2. The diagram presents 

the maximum bearing strength, the offset strength at 2 % elongation and the stress of the first 

failure. As written above, although the maximum strength increases with increased steel 

content, the first damage of all hybrid configurations occurs at the same stress level and the 

offset limit defined for the design of a structure does not change. For the industrial application, 

a hybridisation of more than 6.25 % of steel content does not provide further advantages. The 

only significant increase is in the safety factor for ultimate failure. It is noticeable that the thick 

fibre metal laminates show the highest stresses concerning the first failure or offset stress. They 

exhibit the best bearing performance, because of the high bending stiffness of the thicker 

stainless steel foil patches. 

This study shows that the hybridisation of Thin-Ply CFRP laminates with stainless steel patches 

in areas of stress concentration and load introduction significantly increases open hole tensile 

and bearing strength. The previous limitation of the gap between unnotched strength and open 
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hole or bearing strength can be reduced, allowing the potential of thin layers to be applied in 

structural light weight applications. 

 

Fig. 1. Laminate layup for 25 % and 12.5 % stainless steel (black areas) content 

 

Fig. 2. First failure (blue), offset (grey) and maximum (black) bearing strength for neat and fibre 

metal laminates 
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Abstract: For many under the hood applications, the creep behaviour of the component under 

a given thermo-mechanical load is key to validating the design and ensuring part integrity for 

the whole service lifetime. As comprehensive creep testing is costly and time-consuming, a new 

methodology based on tensile tests is introduced accompanied by a novel material model 

calibration routine connected to recent developments in Digimat. With the new viscoelastic-

viscoplastic material model, the creep behaviour of short fibre reinforced materials in both elastic 

and plastic regimes can be predicted. Material model validation is carried out at the dumbbell 

level but also on a structural beam, both showing excellent agreement with the experimental 

result. 

Keywords: Short fibre composite; creep testing; material modelling; creep prediction  

1. Introduction 

The long-term behaviour of short glass-fibre reinforced Polypropylene (SGF-PP) composites is of 

crucial importance in many structural applications. This requires experimental characterization 

of the long-term creep and fatigue behaviour combined with adequate material models to 

support the virtual application development process. Since comprehensive creep 

characterization involves testing at several temperatures, creep loads and fibre orientations, 

significant effort is needed. Additionally, material model calibration procedures applied to creep 

data may be difficult. To predict the orientation-dependent behaviour of short fibre-reinforced 

Polypropylene composites, homogenized material models containing information about the 

composite microstructure are typically applied. While the glass fibre behaves fully elastic, the 

polymeric matrix shows time- and temperature-dependent behaviour. In the classical calibration 

procedure, a lot of model parameters need to be optimized to describe the creep curve of the 

composite. 

To improve the calibration routine and to reduce the experimental costs for the extensive creep 

characterization, a new methodology is introduced in this paper based on conventional, strain 

rate dependent tensile tests. The idea is to extrapolate the measured tensile curves towards 

creep relevant strain rates and calibrate material model parameters in the reversible but also 

irreversible deformation regime. The resulting material model was capable to predict the creep 

deformation of an SGF-PP as a function of fibre orientation, time and creep load.  
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2. Materials and Methods 

For the proposed methodology, specimens with different microstructures are required. For this 

reason, specimens were cut from the so-called glass fibre (GF) multitool; details about the 

geometry can be found in [1]. This injection-moulded part has a thickness of 2 mm and provides 

specimens with very distinct fibre orientations of 0°, 45° & 90° with respect to the main fibre 

alignment. Subsequently, tensile tests were conducted as a function of strain rate and 

temperature to collect the input data for the material modelling calibration routine.  

To validate the methodology and to match the model predictions with experimental results, 

creep tests on specimens with distinct fibre orientations were carried out. In the applied test 

setup, a video extensometer measured the strain to avoid any direct influence on the 

measurement. To obtain long-term data, creep tests were run additionally at elevated 

temperatures and the time-temperature superposition principle was applied to generate creep 

master curves. In addition, 4-point bending creep tests were run on a structural beam, the 

testing setup and beam are shown in Figure 1. 

Figure 1. 4-point bending setup (left) and rib structure of the beam (right). 

The material investigated in this study is a short glass fibre reinforced Polypropylene composite. 

The glass fibre content is 40w%.  

3. Material modelling 

For material modelling, the software Digimat [2] is used. The SGF- PP is modelled as a two-phase 
material with two major constituents: resin and fibres. The behaviour of the glass fibres is 
assumed to be elastic isotropic. For the resin, the material model has to capture the viscous 
behaviour of the material responsible for the time-dependent creep. Depending on the load 
level, specific material models can be selected: 

• Viscoelastic material model if the load level stays low and only reversible deformation 
is considered. 

• Elasto-viscoplastic material model, if the applied load is high and creep is mainly 
observed in areas showing plastic (irreversible) deformation. 

• Viscoelastic-viscoplastic material model if the load history leads to both elastic and 
plastic deformation. 
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In addition to the selection of the material model for the fibres and the resin, the composite 
microstructure is described by specifying the volume or mass fraction of fibres, their orientation 
through an orientation tensor and their size. 

3.1 Mean-Field Homogenization 

Mean-Field homogenization combines the properties of the underlying constituents of a multi-
phase material so that the original heterogeneous material is represented by an equivalent 
homogeneous one. Implemented in the software Digimat, this technology has proven to be 
effective for a broad range of materials. This semi-analytical solution has the advantage of very 
fast computation of the composite material behaviour. It is based on some assumptions that are 
sometimes not met in the real material: 

• Fibres are ellipsoidal. 

• Fibres are uniformly distributed in the resin with no clusters. 

• Perfect resign / fibre interface. 

Mean-Field homogenization is performed in three main steps as illustrated in figure 2: 

1. The localization. The per-phase strain is computed from the strain applied on the 
composite. 

2. The stress computation at the micro-level. The stress in each phase is computed from 
the strain obtained in step 1. 

3. The averaging of stress. The stress at the composite level is computed through an 
averaging approach based on the stress at the level of the phases. 

The results provided by the Mean-Field homogenization are limited to the average stress and 
strain in the composite and each phase (resin & fibres). This approach does not capture stress 
localizations that are observed in specific regions of the composite, for instance at the tip of 
fibres. 

  

 

 

(a) 

 

(b) 

Figure 2: (a) Heterogeneous material (left) from which its equivalent stiffness 𝐶𝐶̅ is computed from 
homogenization. (b) Three steps in the Mean-Field homogenization procedure: localization, per-phase 

stress computation and averaging. 
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3.2 Creep material model 

In this study, the creep response of the material is modelled using a viscoelastic-viscoplastic 

constitutive law. The approach chosen to create this material model is specific to the software 

Digimat and works as follows: 

• Identify the relevant strain-rate range of your application. 

• Measure and/or generate tensile stress-strain curves for each strain-rate decade. 

• Create (non-rate dependent) elasto-plastic material cards, one for each strain-rate 

decade within the identified range.  

• Combine those elasto-plastic material cards into a so-called “strain-rate dependent 

elasto-plastic” (SREP) material in Digimat. This will create a single Digimat material card 

where all strain-rate dependent material properties (identified in the previous step) are 

combined into functions of strain-rate. 

• Finally, this SREP card can be merged by Digimat into a viscoelastic-viscoplastic creep 

material card. During this merge process, viscous functions are employed to fit the 

overall material response given by the SREP card. 

 

The advantage of this approach is that the amount of time needed to create a viscoelastic-

viscoplastic creep material model is drastically reduced without any loss in quality. Furthermore, 

it is not required to conduct time-consuming creep tests to calibrate this material model since 

the elasto-plastic material cards are built on tensile stress-strain curves only. The challenge, 

however, is that experimental data for very low strain rates, i.e. 10-8 s-1 and lower is usually not 

available from testing and needs to be derived. 

Figure 3. Tensile strength as a function of strain rate for three different temperatures measured 

in-fibre direction. 

To extrapolate the quasi-static tensile curves towards creep relevant strain rates, knowledge 

about the deformation kinetics is required. In figure 3, tensile strength is plotted as a function 

of strain rate for different temperatures. The obtained log-linear correlation can be used for the 

extrapolation of the tensile curves within a certain strain rate range. However, as was shown in 

the literature [3-5], two independent micro-mechanisms of deformation can be found for 

Polypropylene. In figure 4, a typical example is depicted, showing clearly the bilinear correlation 

between the material yield stress and strain rate. Furthermore, the transition point where the 

linear slope changes, is characteristic of the material and strongly temperature-dependent. This 

information is required not only for the prediction of the virtual tensile curves for the low strain 

rate range but also when calibrating the elasto-plastic material model to each strain rate for the 
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three fibre orientations considered in this work. In this context, proper choice of the model 

parameters for the elasto-plastic matrix for each strain rate is key. 

Figure 4. Example of the yield-stress evolution as a function of strain rate for Polypropylene. 

The characteristic bilinear correlation based on the testing temperature can be seen. 

4. Results and discussion 

The calibrated, anisotropic and strain rate dependent material model was applied to predict the 

behaviour of the material in a long-term creep test. Figure 5 depicts the experimental result 

obtained in-fibre direction at 16 MPa creep load. The information on the specimen 

microstructure (fibre orientation) and the creep load of 16 MPa is sufficient to describe the 

specimen behaviour – the blue line in figure 5. A very good agreement between measurement 

and prediction could be achieved. To demonstrate the capabilities of viscoelastic (VE) and elasto-

viscoplastic (EVP) material models, these results are also plotted. Within some limits, still 

accurate predictions can be obtained, but either not providing information on the amount of 

irreversible deformation (VE) or do not cover the time-dependency correctly (EVP). 

Figure 5. Creep strain vs. creep time in-fibre direction, comparing experiment with material 

model predictions. 

These deficiencies of the “simpler” material models can be better observed when moving to a 

more matrix-dominant microstructure. In figure 6 the experimental result and model predictions 

are depicted perpendicular to the fibre direction. As can be seen, the absolute strain values are 

considerably larger than the in-fibre direction, finally resulting in ultimate specimen failure. The 

significant plastic strain accumulation as a function of time requires appropriate material model 

calibration strategies. While the viscoelastic-viscoplastic material model (SREP) captures the 

experimental result nicely, VE based models cannot describe plastic strain evolution and thus 
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underestimates creep strain significantly. On the other hand, EVP models tend to overestimate 

creep strain, as time-dependent reversible deformation (VE) is not included. 

 Figure 6. Creep strain vs. creep time perpendicular to the fibre direction. Experimental creep 

result and model predictions are depicted. 

To investigate the capabilities along the whole simulation chain, a structural beam was injection-

moulded and tested in 4-point bending. In order to obtain the fibre orientation distribution in 

the beam, Autodesk Moldflow® was used to simulate the conversion process and to predict the 

local microstructure. This microstructure was then mapped to the structural mesh. This 

investigation used Abaqus FEA as the CAE solver. The Digimat based material model was 

included in the simulation as a user material. The result for a creep load of 6500 N is plotted in 

figure 7. As can be seen, an excellent agreement between the experiment and model prediction 

was found. 

Figure 7. 4-point bending creep test result conducted on the structural beam together with the 

simulation results. 

5. Summary 

In this research study, a new material model calibration procedure for the long-term behaviour 

of SGF-PP composites was introduced. Instead of using costly long-term creep tests as input 

data, simple strain rate dependent tensile tests can be utilized. Knowledge about the 

appropriate deformation kinetics of PP allows to remarkably extend the experimentally 

observable strain rate range towards creep relevant ranges. The calibrated viscoelastic–

viscoplastic material model nicely captured the long-term creep behaviour in- but also 

perpendicular to the fibre direction. Additionally, the methodology was successfully applied on 

a structural beam loaded in 4-point bending creep. 
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Abstract: The use of fused filament fabrication technology as a competitor of the conventional 

manufacturing processes for end-use parts production is of a great interest. However, a deep 

knowledge of the mechanical properties and failure behavior of printed parts is required to safely 

design final usable components. The present work aims to characterize the mechanical 

properties of a 3D printed short carbon fiber reinforced polyamide and to investigate the 

relationship between its unique morphology and its failure behavior. Tensile tests were 

conducted on rectangular specimens printed with an alternating sequence of layers with 0°/90° 

and ±45° raster orientation. Fracture surfaces of failed specimens were analyzed by Scanning 

Electron Microscopy (SEM). Possible failure mechanisms were then inferred by surface 

morphology analysis. Moreover, several specimens’ geometries were designed and printed to 
characterize the in-plane and out-of-plane material compressive properties. Considerations 

about the longitudinal strength of the material were eventually drawn. 

Keywords: Fused Filament Fabrication; 3D printing; short fiber reinforced polymer; material 

characterization; failure analysis 

1. Introduction 

Fused Filament Fabrication (FFF), an extrusion-based 3D printing process, is nowadays one of 

the most common additive manufacturing technologies for Short Fiber Reinforced Polymers 

(SFRP).  

There are major challenges related to the mechanical characterization of FFF printed 

composites. First, the manufacturing process induces anisotropy of the final part regardless the 

presence of the reinforcing phase. Testing FFF printed neat polymers parallel to the printing 

direction allows the highest mechanical properties to be evaluated [1]. In addition to this, short 

fibers preferentially align with the filament’s deposition direction, thus strengthen the neat 
polymer in longitudinal direction. Transverse mechanical properties appear to be governed by 

the intra-layer bond quality between adjacent filaments and inter-layer bonding between 

different layers. [1-2]  

Then, there is a complex and conflicting dependence of the overall mechanical performance of 

the FFF printed component on both printing and material parameters. [1,3-4] Finally, it is 

challenging to determine the actual cross section of specimens manufactured by FFF due to the 
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large extent of voids and to the elliptical cross section retained from the printed filaments. Thus, 

assuming a nominal cross section, the load carrying areas could be overestimated. [1] 

Efforts of researchers were mainly focused on the optimization of printing parameters to 

achieve the highest performances of the final printed specimens. Material characterization plays 

a fundamental role as a baseline for developing models able to predict the mechanical 

properties of printed parts. However, an extensive investigation of the failure mechanism of FFF 

printed SFRP is still missing. This work aims to characterize the anisotropic properties of Onyx 

specimens obtained via FFF and investigate their failure mechanism under tensile and 

compressive quasi-static loads. 

2. Materials and methods 

2.1 Specimens fabrication 

Test specimens were all produced via FFF technology by making use of a Markforged Onyx series 

printer. The material used to realize the specimens is a micro carbon fibre reinforced polyamide, 

whose tradename is Onyx, a micro-carbon fibres reinforced polyamide provided by Markforged 

[5] The filament width and layer height were 0.4 and 0.1 mm, for all the printed specimens, 

respectively.  

Tensile specimens were designed with a rectangular shape, which was 175 mm long and 30 mm 

wide. By stacking 32 layers, the specimens’ thickness resulted to be 3.2 mm. This specimens’ 
geometry was selected to avoid premature failure due to stress concentration at the fillet radii 

of dog-bone specimens, that might be caused by the printing pattern of the layer. [6] The 

Markforged’s slicing software, namely Eiger, offers limited freedom in setting the printing 

parameters. It is prevented to print a unidirectional specimen using the software’s default 
options. Because of this technological limitation, two sets of tensile specimens were printed 

with ±45° and 0°/90° stacking sequence of the layers.  

Moreover, Eiger software requires the printing of a contour shell to envelope the part. Two 

concentric onyx rings were selected to this purpose. This results in lateral walls of the specimen’s 
cross section that run parallel to the longitudinal axis of the specimens. A schematic layout of 

the tensile specimens is reported in Fig.1. 

 

 

 

 

 

 

 

Figure 1. Schematic layout of the tensile specimens, a) 0°-90°, b) ±45° layers stacking sequence 

a) b) 
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Onyx end tabs, with dimensions of 50 mm x 30 mm x 2 mm, were separately printed by the same 

FFF printer used for the specimens. Tabs displayed an alternated sequence of layers with raster 

angles of ±45°. A low-cost, commercially available bicomponent epoxy resin glue was used to 

paste the tabs at the ends of the tensile specimens. The resulting gauge length of the specimens 

after the application of the tabs, was 75 mm. 

For the characterization of the in-plane compressive properties of the material, prismatic 

specimens were printed. Each specimen’s layer is made up by fifteen concentric contours only, 
no infill was used. The printing pattern of a single layer is reported in Fig. 2 This led to stack 

layers displaying unidirectional filaments at 0°. The overall dimensions of the specimens were 

12 mm wide, 30 mm high and 35 mm long as shown in Fig 2.a. Load aligns parallel to the 0° 

filaments. 

Two types of specimens were printed to evaluate the out-of-plane material properties. One 

geometry was a hollow cylinder with outer diameter of 30 mm, and internal diameter of 15.6 

mm. The other geometry was a hollow prism with square section, whose external and internal 

sides were 25 mm and 9 mm long, respectively. The height of both specimens’ geometries was 
10 mm. Each specimens’ layer was made up by concentric contours only, as shown in Fig 2.b-c. 

 

 

 

 

 

 

 

 

Figure 2. Schematic layout of the compression specimens: a) prism, b) hollow cylinder, c) hollow 

prism 

2.2 Testing 

Quasi-static tensile tests were performed according to ISO 527-4 [6]. Seven 0°/90° specimens 

and six ±45° specimens were tensile tested on an MTS Alliance RF testing machine. An 

extensometer of 50 mm of initial length was used to record the axial strains. A load ramp with a 

displacement rate of 0.75 mm/min (corresponding to 0.1 % of the specimens’ gauge length) was 
first applied to the specimens up to 0.2 mm of axial displacement. This allowed an accurate 

evaluation of the Young’s modulus of the specimens according to what prescribed in [6]. After 

the unloading of the specimens at the same speed, they were loaded up to failure at 5 mm/min 

of crosshead displacement rate. 

Quasi-static compressive tests were carried out on two prismatic specimens, one hollow-prism 

and one hollow-cylinder. The specimens were tested on an MTS Alliance RF/150 to determine 

a) b) 

c) 
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the material’s compressive properties. The compressive load was applied with a crosshead 

displacement rate of 0.2 mm/min. 

2.3 Microscopy 

The fracture surface of one tensile specimen per type was observed on a Zeiss EVO 50XVP 

Scanning Electron Microscope (SEM). The specimens’ surfaces underwent a gold coating prior 
to scan, to enhance the quality of the images. Observation of the compressive tested specimens 

were carried out by an optical microscope. 

3. Results 

3.1 Tensile 

Results of the tensile tests are shown in Fig.3 in terms of stress-strain curves. The values of the 

main mechanical properties obtained from testing are reported in Table 1. 

 

 

 

 

 

 

 

 

Figure 3. Stress-strain curves of tensile tested specimens 

Table 1: Mean values and standard deviations of Young’s modulus, tensile strength and strain at 
failure of tensile tested specimens. 

 Young’s modulus 

[MPa] 

UTS 

[MPa] 

Strain at failure 

[%] 

±45 522 ± 37 29 ± 0.9 64.2 ± 9.2 

0/90 967 ± 38 23.7 ± 0.6 11.8 ± 0.8 

 

Specimens printed with 0°/90° raster angle displayed almost 85 % greater Young’s modulus than 
the ±45° ones. Conversely, the strength of the ±45° specimens is about 22 % higher than that of 

the 0°/90° ones. According to what reported in [8], the ±45° specimens failed for strains about 

450% larger than that of the 0°/90° specimens, thus displaying a more ductile behaviour. 

Moreover, the failure of the 0°/90° specimens occurred over a surface oriented at 90° with 

respect to the specimens’ axis. Instead, the fracture surface of the ±45° specimens is oriented 

either at +45° or -45° in the infill region, whereas it tended to preserve the orientation of 90° 

(perpendicular to the filaments of the contour) in the wall regions. 
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3.2 Compression 

Results of the compressive tests carried are shown in Fig.4 in terms of stress-strain curves. The 

values of the main mechanical properties obtained from testing are reported in Table 2. 

 

 

 

 

 

 

 

 

Figure 4. Stress-strain curves of tensile tested specimens 

Table 2: Values of the compressive moduli and maximum compressive stress of the tested 

specimens. 

 In-plane Out-of-plane 

 Prism 1 Prism 2 Hollow prism Hollow cylinder 

Compressive modulus 

[GPa] 
3.37 3.13 1.16 1.20 

Max compressive stress 

[MPa] 
108 108 - - 

 

Prismatic specimens allowed the evaluation of the compressive modulus of the material in the 

filament direction. It was found to be slightly greater than 3 GPa. The peak value of the stress in 

the filament direction was 108 MPa. Whereas two specimens’ geometries were tested to 

evaluate the transversal moduli of the material. Good agreement existed between the resulting 

moduli, being 1.16 GPa and 1.20 GPa those obtained for the hollow-prism and the hollow-

cylinder, respectively. 

3.3 Fractography 

Figure 5.a shows a SEM image of the fracture surface of a 0°/90° specimen. Two very different 

micromechanical behaviour of the material were inferred from the analysis of this fracture 

surface. A limited infill region experienced a micro-ductile failure mode. The matrix material of 

the filaments underwent large plastic deformation before failure, as clearly visible from the 

higher magnification images shown in Figure 5.b. 
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Conversely, micro-brittle failure occurred over an extended area of the specimen’s cross section, 
including both walls and infill regions. The little to almost no plastic deformation of the 

filament’s’ matrix in those areas is highlighted in the close-up images of the filaments displayed 

in Figure 5.c and Figure 5.d. 

 

 

 

 

 

 

Figure 5. SEM images of: a) fracture surface of 0°/90° specimen, close up images 0 : b) micro-

ductility of infill filaments, c-d) micro brittleness of the right and left walls respectively. 

Figure 6.a displays a SEM image of the fracture surface of a ±45° specimen. The same micro-

ductile and micro-brittle behaviour is observed. In the present case, the micro-ductile failure 

involved one of the two lateral walls and the filaments immediately adjacent to it. The large 

plastic deformation of this area is highlighted in Figure 6.b. The rest of the specimen’s cross 
section displayed no evident plastic deformation, as shown in Figure 6.c. 

 

 

 

 

 

 

 

 

 

 

Figure 6. SEM images of: a) fracture surface of ±45° specimen, close up images of: b) micro-

ductility of left wall, c) micro brittleness of the right wall. 

a) 

b) c) d) 

a) 

b) c) 
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A picture of the prismatic specimen tested under longitudinal compression is reported in Fig. 

7.a. Shear bands formation and no evident inter-filaments debonding characterized the failure 

morphology of the prismatic specimens, as shown in the close-up images in Figure 7.a. Hollow 

prism and hollow cylinder specimens underwent small amount of barreling, however no 

debonding between adjacent filaments was detected. 

 

 

 

 

 

 

 

Figure 7. Failure morphology of the prismatic specimens under longitudinal load, close-up 

image of the shear bands. 

4. Discussion 

4.1 Tensile 

The results of the tensile tests highlighted the influence of the raster orientation on both the 

stiffness and strength of the Onyx specimens printed via FFF technology. The higher stiffness of 

the 0°/90° specimens seemed to be mostly provided by the 0° filaments aligned with the load. 

By varying the angle between filaments and the load, as in the case of the ±45° specimens, the 

stiffness dramatically decreases.  

In contrast, the 0°/90° specimens appeared to fail at lower stress values than the ±45° ones. 

However, it is worth to mention that the strength values reported in Table 1 were obtained by 

diving the applied load by the nominal resistant section (width times thickness). Moreover, the 

SEM images of the fracture surface of the 0°/90° specimens evidenced an intra-filaments at 0° 

and inter-filaments at 90° failure. This suggests that the effective resistant section is that 

provided by the 0° filaments only, thus lower than the nominal one. Therefore, the actual 

strength of 0°/90° specimens is most likely higher. Similar considerations can be applied to the 

strength of the ±45° specimens. 

The onset of the specimens’ failure might be associated to the micro-ductile areas of the 

specimens’ fracture surface. There, large plastic deformation of the matrix most probably 
occurred at low strain rate. Once those regions have failed, a sudden failure of the remaining 

cross section yielded to the brittle failure of the rest of fracture surface. 

4.2 Compression 

Results of the compression tests highlight the anisotropic compressive behaviour of the FFF 

printed Onyx material. Longitudinal compression test of the prismatic specimens yielded to the 

highest mechanical properties. Seemingly the prismatic specimens did not fail for buckling. 
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Therefore, the maximum compressive stress obtained from testing could be assumed as a 

reliable estimation of the longitudinal compressive strength of the material. The transversal 

modulus seemed not to be influenced by the specimens’ geometry used for the characterization. 
No sign of debonding between adjacent filaments were detected up to the maximum loads 

applied in the tests for all the tested specimens. 

5. Conclusions 

Mechanical characterization and failure analysis of an FFF printed short fibre reinforced 

polyamide were carried out. Results of tensile tests highlighted an effect of the raster angle on 

the mechanical properties of the printed specimens. Specimens printed with ±45° raster 

orientation were more compliant than those with 0°/90° raster orientation. The actual 

longitudinal tensile strength of the material could be underestimated by using the nominal 

cross-section. Failure of those specimens involved the filaments at 0° only, thus the effective 

resistant section is lower than the nominal one. The analysis of the fracture surface revealed 

that two different micro-mechanical behaviour were involved in the specimens’ failure. The 

onset of the damage was confined in a limited portion of the cross-section, where large 

deformation occurred. Once this critical area fails, the remaining cross section fail at high strain 

rate, resulting in a micro-brittle failure behaviour.  

Different in-plane and out-of-plane compressive properties resulted from the characterization 

of the Onyx material printed via FFF. The longitudinal compressive modulus was almost three 

times higher than the transversal one. The transverse modulus was not affected by specimens’ 
geometry. The failure of unidirectional filaments longitudinally compressed occurred without 

buckling and debonding of adjacent filaments. Shear bands formation characterized the failed 

specimens’ morphology. The maximum stress obtained by the test could be thus an accurate 

estimation of the compressive longitudinal strength of the material.  
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Abstract: X-ray computed tomography (CT) has been applied to fractured specimens after 

Charpy impact test ing. A segmentat ion of all protruding fibres was done semi-automatically. 

Individual fibre characterisat ion lead to the knowledge of orientat ion and length of every 

protruding fibre. By taking the orientat ion into account  and choosing only fibres that are aligned 

in direct ion of force, an est imat ion of the crit ical fibre length was performed on materials with 

long glass fibres and varying amount of coupling agent. Critical fibre length and shear strength, 

which was est imated using the Kelly-Tyson model, followed the expected trend. 

Keywords: Long glass fibre composite; Computed tomography; Interfacial shear strength; 

Crit ical fibre length 

1. Introduction 

X-ray computed tomography (CT) has been established for the characterisat ion of discont inuous 

fibre reinforced polymers [1, 2]. The determinat ion of features of every individual fibre has the 

advantage of gett ing many different values for each fibre. A feature that is usually determined 

by other methods is the interfacial shear strength τ [3]. This value is part  of  several other features 

like orientat ion and length distribut ion or local fibre fract ion that  describe the micro-mechanical 

behaviour of a material. The Kelly–Tyson model allows for the calculat ion of τ from the 

knowledge of the crit ical fibre length [4, 5]. Knowledge of real fibre length and orientat ion 

distribut ion are necessary to apply the Kelly-Tyson model in a proper way. 

This contribut ion shows how CT and individual fibre characterisat ion can be used to est imate 

the interfacial shear strength for long glass fibre filled polymers. 

2. Experimental 

2.1 M aterials 

Polypropylene filled with 30 wt.% long glass fibres produced by inject ion moulding was 

analysed. Differences in fibre-matrix coupling was realised by adding different amount of 

coupling agent (CA). The amount for each specimen is shown in Table 1.  

Charpy impact tests were performed on notched ISO standard test  specimens. One part  of the 

two broken parts was analysed by CT. 

Table 1: M aterials tested 

ID number  1 2 3 4 5 6 

CA content  (wt. %) 0 0.5 1 1.5 2 2.5  

 

1145/1602 ©2022 Salaberger et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/
mailto:dietmar.salaberger@borealisgroup.com


Composites M eet Sustainability – Proceedings of the 20th European Conference on Composite M aterials, 

ECCM 20. 26-30 June, 2022, Lausanne, Switzerland 

al 

2.2 M ethods 

CT scans were performed at a laboratory CT device (Heliscan, Thermo Fisher Scient ific) applying 

5 µm Voxel size. A comprehensive characterisat ion of  the microstructure was performed using 

a tool developed at  FH Wels [4] and allowing for the determinat ion of fibre orientat ion and 

length. The chosen resolut ion allowed for the scan of the complete specimens cross sect ion. 

Data analysis started with the separat ion of protruding fibres and composite material. 

Therefore, all material other than air was segmented using a global threshold. This result ing 

region was the dilated and eroded in a way that missing holes were closed and the protruding 

fibres were excluded. At some points, manual opt imizat ion was necessary because of  the 

presence of streaks and shadows. These were induced by the presence of fibre bundles and the 

complex, convex fracture surface (Figure 1). The inverted region contained only protruding 

fibres. This data set  was analysed in order to determine fibre length and orientat ion of  every 

individual fibre. 

The contrast  between fibres and background is much better compared to the composite and the 

fibres are better separated because only some of the fibres are pulled out of the other part . This 

is the basis for very good segmentat ion quality and accurate length determinat ion. 

 

Figure 1: Cross sectional image of sample 3 (1 wt . % CA) showing the area that marked the border between prot ruding 

f ibres and composite material 

2.3 Calculation of interfacial shear strength 

For the calculat ion of the interfacial shear strength according to Eq. (1), the crit ical fibre length 

has to be determined. 

� =  
��∗ ��

�

�����
                   (1) 
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Since the stress distribut ion across the test  specimens is non-uniform and the init ial fibre 

orientat ion has an influence on the stress transfer from fibres into matrix, only fibres that are 

aligned in specimen longitudinal axis (Z) are considered. An arbit rary threshold of aZZ > 0.9 was 

defined. For these fibres, average length and orientat ion were determined.  

For the crit ical length, the underlying model implies that the longest pulled out fibre (lp,max) is 

the relevant and that  it  is pulled out of  the other part  by the same length as it  is st ill in the 

composite material (Eq. (2)).  

2 ∗  ��,��� ≤ �����                               (2) 

To reduce the influence of segmentat ion errors and deviat ions from the model of crit ical fibre 

length, the average of the longest 10 fibres with aZZ > 0.9 were used for the calculat ion of the 

crit ical fibre length. 

For the radius of  the fibres r f a value of 8.5 µm was used and for the tensile strength of glass 

fibres ��
� a value of 1500 M Pa was used. 

3. Results and discussion 

Visual analysis of the 3D data set reveal the distribut ion and orientat ion of  fibres in the 

composite but also at  the fracture surface and above. Figure 2 shows images of sample 5 

(highest amount of coupling agent). Beside the fact that the fracture surface is highly convex 

which is visible by eye, CT reveals the orientat ion of the fibres closely underneath the fracture 

surface. Because of the high fibre length, the fibres especially in the centre are bent and the 

fracture surface is following the curvature of the fibres part ly. The XY and XZ plane show the 

skin-core orientat ion profile induced be the differences in shear rate. 

 

Figure 2: 3D and cross sect ional images from different  planes of specimens cent re 
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M aking an overlay of segmented, protruding fibres and the specimen underneath the fracture 

surface, on can see the influence of different amount of coupling agent (Figure 3). The fibres 

pulled out of the matrix are much longer without coupling agent (shown on the left ) compared 

to the specimen with 2.5 wt.% of coupling agent (shown on the right). One can see the fibres 

are point ing in different direct ions. This can be explained by the non-uniform stress 

distribut ion that builds during Charpy impact test ing and the complex fibre arrangement in the 

composite as such. The results for average orientat ion tensor show significant differences 

between the samples. These differences are not present when taking only well aligned fibres 

into account (Figure 4). 

 

 

Figure 3: 3D rendered views of protruded f ibres in blue and the bulk in grey: Sample 1 without  coupling agent (left) 

and sample 5 with highest amount of coupling agent  (right) 

  

Figure 4: Main orientat ion tensor elements of all protruding f ibres (left) and of f ibres with aZZ > 0.9 only (right) 

Both, average and weighted average length are monotonously falling with increased amount 

of coupling agent as shown in Figure 5. Especially for higher CA content above 1 wt.% the 

number of fibres protruding the surface decreases significant ly. The plots of relat ive length 
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distribut ion show two regimes of fibre length where the CA content has the same influence on 

the trend: fibres with length below 300 µm and fibres with length above 2000 µm (Figure 6). 

The calculated results for crit ical fibre length and interfacial shear strength follow the same 

trends as average fibre length. The specimen with 2.5 wt. % CA shows more than twice the 

shear strength of the specimen without CA. These values should be seen as est imates since the 

constraints for the underlying model are not fulfilled. 

 

 

 

 

 

   

Figure 5: Average, weighted average fibre length and number of f ibres (left); Crit ical f ibre length and est imated 

shear strength (right). Only fibres with aZZ > 0.9 were taken into account 

 

Figure 6: Fibre length dist ribut ion including all prot ruding fibres 

4. Conclusions 
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The determinat ion of features of individual fibres by X-ray computed tomography allows for 

the determinat ion of crit ical fibre length and furthermore the interfacial shear strength. The 

resolut ion that can be achieved to scan the complete cross sect ion of an ISO impact or tensile 

test  specimen is sufficient for the accurate characterisat ion of protruding fibres. 

CT artefacts that induces streaks or halo have to be reduces as much as possible in order to 

avoid manual opt imization of fracture surface segmentat ion. 

Although the trends for average fibre length, crit ical length and shear strength depending on 

amount of coupling agent meet the expectat ions, the absolute values are not yet confirmed by 

other methods. The definit ion of well aligned fibre and taking the average of the longest 10 

fibres is arbit rary and should be verified. 

For the accurate determinat ion of shear strength, a tensile test  would be better suited because 

of the more homogeneous stress distribut ion across specimen’s cross sect ion. The definit ion of 

direct ion of force would be more accurate and the fracture surface would be more flat . The 

assumptions for the Kelly-Tyson model (e.g. all fibres are aligned in direct ion of force) would 

be better fulfilled.  
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Abstract: In design engineering of short fiber reinforced components a given material can be 

used for two or more parts of the same system having different wall thicknesses. The thickness, 

together with numerous parameters, has an impact on the cyclic behavior of short fiber 

reinforced thermoplastics under fatigue loading. This research analyses and compares the fiber 

orientation by µCT as well as the quasi-static and cyclic behavior of two sets of specimens with 

1.6 and 3 mm wall thicknesses made of PA6T/6I GF50. Fatigue criteria based on cyclic mean 

strain rate or on cyclic creep energy density are evaluated to assess the most accurate and 

independent of the thickness. 

Keywords: short fiber-reinforced thermoplastic; fatigue criterion; anisotropy; load ratio; 

thickness. 

1. Introduction 

In the last years, the automotive industry has been strongly impacted by the increase of 

restrictive CO2 regulations on top of the already well-established aim for best cost solutions. 

Lightweight design and wide application of plastic materials is thus becoming of primary 

importance. This design can be achieved by using lightweight materials, such as Short Fibers 

Reinforced Polymers (SFRPs). These composite materials are usually injection molded into 

complex forms. Moreover, these materials can achieve a fair strength to weight ratio. To fully 

adopt SFRPs into automotive parts, it is necessary to be able to predict their fatigue strength. 

However, many challenges occur when predicting the fatigue behavior of SFRP composites. This 

is due to a various number of influencing parameters, which have a direct impact on the quasi-

static and cyclic response. Some of these influencing parameters are the fiber orientation [1,2,3], 

fatigue loading [4,5], loading frequency [6] and mean stress [7]. The cyclic creep strain rate can 

be a unifying criterion for fatigue test results with positive stress ratios [8-10]. A unifying 

criterion is relevant due to its potential to accelerate the product’s development time by 

reducing the testing effort, leading to higher efficiency and less costs. However, none of the 

above-mentioned authors take the wall thickness of the specimen into consideration as one 

potential influencing parameter. Complex systems developed for the automotive industry often 

comply with a modular product architecture to be able to meet the required increasing variation 

diversity. This results into building up components and sub-components by different means of 

design, one parameter being the wall thickness. In the present research, the dependency of the 

fatigue response of SFRPs on the thickness is investigated.  
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2. Material, specimen geometry and experimental method 

2.1 Material 

A Polyphtalamide PA6T/6I, filled with 50% weight short glass fibers (Ultramid® Advanced 

T1000HG10) was investigated. To investigate the influence of the thickness in combination with 

the fiber orientation on the mechanical properties, dog bone samples were extracted from 

injection molded plaques with a dimension of 150 x 150 mm and two different thicknesses t (1.6 

mm and 3 mm). The plates were manufactured with the same material and appropriate process 

conditions by injection molding. Injection molding induces a heterogeneous orientation of the 

fibers through the thickness of the plates. The resulting microstructure can be described by 

three layers: the skin, the shell and the core [1, 11]. In the shell, the thickest part, fibers are 

aligned with the injection flow. A dog bone specimen was chosen for the quasi-static and cyclic 

characterization. Figure 1a showcases specimen’s shape and dimensions (radiuses S and L are 

not reported due to confidentiality restrictions). 

                         

                                    (a)                                                                                    (b) 

Figure 1. Specimen dimension(a). Mold plaque dimensions and cutting sample orientation (b). 

One coupon per plate was machined out by milling at 0° or 90° with respect to the main flow 

direction as shown in Figure 1b. The test temperature was 80°C. The relative humidity (RH) 

was kept under 0.1% wt., sealing the specimens in individual special bags to prevent any 

change in RH prior to the experiment after drying. 

2.2 Methods 

2.2.1 μCT Measurements 

Micro Computed Tomography (μCT) samples were cut out from some of the dog bone specimens 

to measure the local fiber orientation. The μCT sample extraction points are shown in Figure 1b. 

In total, 6 positions for each plate thickness were measured. The μCT samples were 3 × 3 × t mm 

in size (t = 3 mm and 1.6 mm). A RX Solutions Destem 130 was used. Scanning resolution was 7 

μm/voxel. Voltage acceleration and target current were 110 kV and 72 μA, respectively. Output 

data was processed with the software VGStudio Max by Volume Graphics.  
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2.2.2 Quasi-static testing  

The quasi-static tests were conducted with an Inspect 300-1 Hegewald and Peschke test rig. The 

3D camera optical measurement system GOM ARAMIS was used to measure the deformation of 

the specimens during the quasi-static experiments. A random speckle pattern was applied onto 

the specimens by white spray paints. To be able to carry out tests at 80°C, a temperature 

chamber equipped with a digital temperature controller was used. The displacement rate was 1 

mm/min. Five specimens per thickness (3 mm and 1.6 mm) were tested for both orientations 

(0° and 90°). 

2.2.3 Cyclic testing  

Cyclic fatigue tests were performed at thyssenkrupp Presta AG using an Instron 8802 uniaxial 

servo hydraulic fatigue testing machine. A sinusoidal load function with constant amplitude at a 

frequency of 4 Hz was used. A mechanical extensometer was used to measure strain and a FLUKE 

thermal imaging camera to monitor the surface temperature. For a temperature effect study, 

an environmental chamber with an electronic heating element was employed. Complete 

specimen separation was the failure criterion. If the dog bone did not break after 10E+6 cycles, 

the coupon was considered a runout. Runouts were excluded for the derivation of the SN curve 

equation.  Load ratios were R = 0.1 and R = 0.5.  

3. Experimental results 

3.1 Micro-structure – Fiber orientation analysis 

In Figure 2a and 2b the measured eigenvalues a11 of the fiber orientation tensor are plotted 

against the position through the specimen’s thickness. Two different thicknesses for the core 

layer of the t = 3 mm (Fig. 2a) and t = 1.6 mm (Fig. 2b) samples were detectable. Approximately 

0.8 mm for the 3 mm and 0.2 mm for the 1.6 mm specimens. 

    

                                  (a)                                                                                (b) 

Figure 2. Eigenvalue a11 in selected positions for plate thickness 3 (a) and 1.6 mm (b) 

The μCT samples 3d, e and f have been extracted according to Figure 1b. A comparison of the 

average value 3a, 3b and 3c versus the μCT-measurements 3d, 3e and 3f showed a reduction of 

up to 23%. For the 1.6 mm specimens the delta lays around 13%. The average eigenvalues a11 
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for the 1.6 mm specimen (a, b, c) milled out along the symmetry axis in flow direction were 

found to be constant. In all other cases a dependency of the extracted position was visible. 

3.2 Quasi-Static material characterization 

The stress-strain results from the quasi-static tests for two Fibre Orientation (FO) angles and two 

specimen thicknesses are shown in Figure 3. Strains at failure vary between 1.5 and 2.4%, 

depending on the FO angle. The test results are normalized by an arbitrary value for 

confidentiality reasons. 

 

Figure 3. Comparison q. S. stress strain curves for 3 and 1.6 mm thick specimen at T = 80°C 

3.3 Cyclic material characterization  

Figure 4a and 4b present the fatigue test results as stress amplitude σa against the number of 

cycles to failure Nf in semi-logarithmic scale. All stress values have been normalized by an 

arbitrary value for confidential reasons.  

                         

                                       (a)                                                                                            (b) 

Figure 4. Normalized S-N curves for 1.6 and 3 mm at R = 0.5 (a) 0.1 (b) for two orientations 
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Figures 5a and b display the quasi static and fatigue strength (residual strength at Nf = 106), 

normalized to the values at t = 1.6 mm thickness, as a function of specimen thickness. The quasi-

static behavior is plotted for comparison purposes. The influence of the thickness on cyclic 

strength differs significantly from the correspondent influence on quasi-static strength, resulting 

in the conclusion that failure depends on the loading condition (static vs. cyclic). In regard to the 

R = 0.5 load ratio the normalized failure strength (extracted transversally, Figure 5b) drastically 

increases in comparison to the normalized failure strength of the coupon at R = 0.1 load ratio 

(extracted transversally, Figure 5a). The increase of around 24% leads to an approximation of 

the normalized failure strength in direction of the normalized quasi-static strength. For the 

longitudinal extracted specimens this trend cannot be confirmed. While quasi-static loading 

shows no significant difference in dependence of the thickness, the cyclic loading leads to a 

decrease of the fatigue strength. A higher decrease is detectable for R = 0.5.                        

                         

   (a)                                                                                         (b) 

Figure 5. Influence of thickness on normalized fatigue strength parameters for R = 0 (a) and 
R = 0.5 (b) compared to corresponding trends under quasi static loading 

4. Fatigue criteria based one single set of parameters 

In the present work the objective is to compare the ability of a strain and an energy-based 

criterion to predict fatigue failure. This criterion should be able to unify the fatigue data 

independently of the load ratio, fiber orientation, microstructure and specimen thickness using 

only one single set of parameters. Different criteria have been already proposed in [8-10]. Cyclic 

strain rate-based criteria showed good performance in regards to failure prediction. In this work, 

a comparison of the cyclic creep energy density and the cyclic creep strain rate is performed.  

 

Figure 6. Trend of the maximal, minimal and mean strain until failure 
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Figure 6 depicts the trend of the minimum and maximum strain during fatigue testing of one of 

the tests performed on a longitudinally extracted 3 mm specimen, tested at R = 0.1. Based on 

these two values, the mean strain was also calculated. In this paper, the cyclic creep strain rate 

is calculated as the slope of the mean strain between 45% and 55% of the lifetime: 𝜀𝜀�̇�𝑚 =  
𝐶𝐶𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝐶𝐶𝑑𝑑                                                                                                                                               (1) 

The calculated cyclic creep strain rate for the two analyzed thicknesses as well as the R-ratios 

was plotted as a function of cyclic to failure in Figure 7a. 

The fatigue criterion allows to cluster the data independently of the thickness, fiber orientation 

and load ratio. The latter was possible since positive load ratios were considered within this 

investigation. The following power law criterion based on 𝜀𝜀̇𝑚𝑚 was identified: 𝜀𝜀�̇�𝑚 =  𝑠𝑠𝑑𝑑𝑓𝑓𝑏𝑏                                                                                                                                                    (2)   

The Eq. (2) can be reformulated for the evaluation of the calculated lifetime as follows: 𝑑𝑑𝑓𝑓,𝑐𝑐𝑚𝑚𝑃𝑃𝑐𝑐𝑐𝑐𝑃𝑃𝑚𝑚𝑡𝑡𝑚𝑚 = 𝐵𝐵(𝜀𝜀�̇�𝑚)𝑝𝑝                                                                                                                               (3) 

The coefficients 𝐵𝐵 and 𝑝𝑝 are material dependent parameters.  

  

               

                                           (a)                                                                                       (b) 

Figure 7. Cyclic mean strain rate (a) and cyclic creep energy density (b) vs. number of cycles to 
failure for two load ratios, two specimen thicknesses and two orientations (dashed lines 

correspond to power-law fits, using one set of parameters for each R-Ratio, fiber orientation 
and specimen thickness). 

The cyclic creep energy density (Fig. 7b) was determined by multiplying the cyclic mean strain 

rate 𝜀𝜀�̇�𝑚, between 45% and 55% of the lifetime, with the mean stress 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛. In this case, the 

cyclic creep energy density manages to group the two analyzed orientations and specimen 

thicknesses but fails to unify the results for different load ratios.  

The following power-law criterion can be identified: 

. 
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𝑊𝑊𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑝𝑝 =  𝑠𝑠𝑑𝑑𝑓𝑓𝑏𝑏                                                                                                                                             (5) 

Eq. (5) can be rearranged for the evaluation of the lifetime such as:  𝑑𝑑𝑓𝑓,𝑐𝑐𝑚𝑚𝑃𝑃𝑐𝑐𝑐𝑐𝑃𝑃𝑚𝑚𝑡𝑡𝑚𝑚 = 𝐵𝐵(𝑊𝑊𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚𝑝𝑝)𝑝𝑝                                                                                                                        (6) 

The coefficients 𝐵𝐵 and 𝑝𝑝 are material dependent parameters for the energy-based criterion.  

The parameter set identification was carried out on the 0° fiber orientation specimen with a R-

Value of 0.1 and a specimen thickness of t = 3 mm. To determine the criterion accuracy, the 

Nf,calculation and Nf,experimental are plotted on Fig. 8. The estimated lifetime Nf,calculation is calculated by 

using Eq. (3) for the cyclic mean strain rate based criterion and Eq. (6) for the cyclic creep energy 

density. Nf,experimental equals the experimental lifetime. For the cyclic mean strain rate based 

criterion, 76% of the calculated lifetime lays within scatter band two, whereas 98% was within 

scatter band three (Figure 8a). The calculated lifetime, compared with the one obtained 

experimentally, showed that the estimation of the cycles to failure by the cyclic mean strain rate 

based criterion can be used not only for the two R-Ratios and fiber orientations, but also for the 

wall thickness. For the cyclic creep energy based criterion, the usage of only one single set of 

parameters enables 71% of the fatigue lifetime data to be predicted by the criterion within a 

scatter band of a factor two. 90% of the predicted fatigue lifetimes are within a scatter band of 

factor three. The predictions were good for the analyzed load ratios. 

               

(a)                                                                                      (b) 

Figure 8. Fatigue criterion accuracy analysis based on one single set of parameters. (a) cyclic 
mean strain rate based and cyclic creep energy based criterion (b). 

5. Conclusions 

The present work analyzed the impact of the wall thickness onto the quasi-static and cyclic 

behavior. µCT scans were performed to evaluate the micro-structure as function of the 

thickness. The core layer thickness for the 3 mm specimens was approximately 0.8 mm and 0.2 

mm for the 1.6 mm. In case of the 0° specimens, no significant static strength decrease could be 

detected in dependence of the wall thickness. The same did not apply for the 90° specimens, 

which showed an increase of the static strength with an increasing thickness of the probe. The 

1.6 mm specimen always showed a higher fatigue strength compared to the 3 mm probe in case 
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of a longitudinal extraction to the main flow. An inverse behavior of the fatigue strength was 

witnessed, when analyzing the specimens which have been extracted transversally to the main 

flow direction. A strain-based and an energy-based criterion were chosen for the fatigue failure 

prediction using one single set of parameters. An independency of the thickness, fiber 

orientation and load ratio could be detected for the cyclic mean strain rate. The accuracy of the 

prediction lays between 76% (scatter band two) and 98% (scatter band three) in comparison to 

the experimentally determined lifetime. This research has been conducted by using only positive 

load ratios. To be able to evaluate a holistic material behavior with respect to the dependency 

of the wall thickness, an analysis including negative load ratios should be performed as well. 

Additionally, the conclusions drawn within this research should be tested and verified on a 

component or a system to understand if the procedure is still applicable for complex topologies. 

A final perspective could be to implement a cyclic mean strain rate numerical methodology in 

existing Finite Element tools.  
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Abstract: The objective of this work is the comparison of simulated and experimentally derived 

local stress-strain behaviour of short glass fibre reinforced polypropylene. For the local analysis, 

subvolumes of interest were extracted from computed tomography (CT) data and representative 

volume elements (RVEs) were simulated with Digimat. The selection was based on local strains 

measured by Digital Volume Correlation (DVC). Two different approaches were used for the 

simulations: namely the Digimat-FE Abaqus solver and the Digimat-FE FFT solver. The main focus 

was on the elastic behaviour, nevertheless new approaches for the comparison of the strain 

distribution in the plastic region were presented. Overall, the results from the Abaqus solver 

showed a stiffer behaviour compared to the FFT solver. Furthermore, good accordance between 

experiments and both simulation approaches were revealed for RVEs undergoing low strains. 

Keywords: Short Fibre Reinforced Polymers; X-ray Computed Tomography; Digital Volume 

Correlation; FE Simulation  

1. Introduction 

Discontinuous fibre reinforced polymers, especially glass fibre reinforced polypropylene, are 

used in many demanding engineering applications. Beside experimental characterization, 

numerical simulations gained importance over the last years. Thus, supporting the product 

design and material development. Microstructural characterization by X-ray computed 

tomography (CT) and interrupted in situ testing further contribute to a better understanding of 

the micro-mechanisms of failure and structure-property relationship. 

Local strain evaluations can be performed based on a series of CT scans taken during in-situ 

tensile testing and evaluated using Digital Volume Corelation (DVC). This rather new approach 

developed 1999 [1] enables the determination of the local displacements and further the 

calculation of local strains in three dimensions. Therefore, the fibres are used as speckle pattern 

to correlate the reference volume (unloaded state) and the deformed volume (loaded state). 

The modelling and simulation approaches of composites range from manufacturing process 

simulations to macro and micro scale simulations. Most of the microstructure details required 

for micromechanical models are based on process simulations or are provided by CT data. For 

microstructural computation of material properties, there are basically three options, namely 

homogenization, finite element (FE) modelling and the generalized method of cells.[2]  
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This study focused on finite element modelling and an alternate method based on Fast Fourier 

Transforms (FFT). The latter has the great advantage, that it uses a grid of regular spacing. 

Consequently, it avoids meshing and enables the use of real microstructure images, e.g. from CT 

[3].  Furthermore, the FFT approach may be considerably faster and has a smaller memory 

footprint [4]. 

The aim of these investigations is to get a deeper insight into the origin of local differences in 

the stress-strain behaviour inside a material. Simulations of various representative volume 

elements (RVEs) and the evaluation of the according experimental data was conducted. 

2. Material and Methods 

2.1 Short glass fibre reinforced polymers 

The investigated material is short glass fibre reinforced polypropylene (homopolymer) with a 

fibre content of 24 wt% (PPsGF24). The glass fibre diameter is approximately 13 µm and the 

mean fibre length is around 470 µm. 

Figure 1 shows the so-called GF-multitool, which has already been used for earlier investigations 

[5,6] and provides different test specimen geometries for material testing. The 0°, 45° and 90° 

test specimens were used to investigate the material behaviour and thus for the creation of a 

material model. All specimens have a thickness of 2 mm. The width and length are different, 

namely 10 mm and 100 mm for the 0° test specimen, 5 mm and 60 mm for the 45° specimen, 

and 10 mm and 50 mm for the 90° test specimen. 

Constant radius (CR) test specimen geometries were milled out of the injection moulded plates 

in three different orientations (CR 0°, CR 45° and CR 90°). The CR specimens do have a length of 

30 mm and a cross section of 3 x 2 mm² at the narrowest position. These specimens were tensile 

tested ex situ accompanied by Digital Image Correlation (DIC), as well as in situ by X-ray 

computed tomography (CT). 

 

Figure 1. GF-multitool (left) with various test specimen geometries used for material testing 

and model generation, and CR test specimen geometry (right) used for ex and in situ testing. 

2.2 Material testing  

Ex situ experiments were performed with all test specimen geometries and accompanied by 

Digital Image Correlation (DIC). Additionally, CR test specimens were investigated in detail by X-

ray computed tomography and interrupted in situ tensile tests were performed. Whereas ex situ 

tensile tests last only a few minutes, interrupted in situ tensile tests performed at X-ray 

laboratory CT devices last up to several hours, depending on the number of load steps. These 
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experiments were performed displacement controlled. After each load step the sample relaxes 

and when a steady state is reached a CT scan is performed. To minimize the necessary lead time 

before starting a CT scan, the relaxation behaviour was modelled with the Kohlrausch-Williams-

Watts function according to [7] and the remaining lead time was estimated. Figure 2 

schematically shows the difference of these two testing procedures. 

  
(a) (b) 

Figure 2. Stress-time curves of an monotonic ex situ tensile test (a) and an interrupted in situ 

tensile test (b) 

The uniaxial ex situ tensile tests were performed with a Zwick/Roell Z010 testing machine and 

the Zwick TestXpert 146 II V3.7 software. For DIC a 1’’ CCD Sensor with 6 147 megapixel and the 

Dantec Dynamics Istra 4D software was used. Interrupted in situ experiments were performed 

with the Deben CT500 tension/compression stage, designed for the use in X-ray computed 

tomography devices. Up to seven load steps were applied, defined as 30%, 52%, 60%, 68%, 76%, 

84% and 92% of the tensile strength (estimated by an ex situ tensile test). All CR test specimen 

were tested with a strain rate of 1.9 x 10-4 s-1, all others with 1 x 10-3 s-1. 

2.3 X-ray computed tomography 

X-ray computed tomography (CT) allows for detailed microstructural investigation of composite 

materials. The CT scans were performed with a voxel edge length of 2 µm at the Nanotom 180 

NF CT device (phoenix|X-ray, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany) 

equipped with a tungsten-on-diamond target. The acceleration voltage was 80 kV, the 

integration time 500 ms and the number of projection images 1800. Thus, resulting in a scanning 

time of approximately 1 hour. The available analysis volume is approximately 3 x 2 x 3.6 mm³. 

Based on CT data, the fibre orientation distribution was determined for all test specimen 

geometries with an in house developed software [8]. In addition, the fibre volume fraction was 

determined based on a gray value segmentation approach with Volume Graphics Studio Max 

(Version 3.5.1). An inclusion analysis was performed over the whole analysis volume. The gray 

value threshold was set in a way that a nominal fibre volume fraction of 10% was achieved. This 

results in a threshold value of ISO 39.5, which means that the threshold was set at 39.5% 

between background and material peak of the gray value histogram. According to this result, a 

binarization of the data set (fibre phase and matrix phase) was performed and used for the FFT 

simulations. 

The interrupted in situ tensile tests provide additional information about the material 

behaviour, especially the local defect and strain formation. By using the Digital Volume 

Correlation (DVC) tool of Thermo ScientificTM AvizoTM Software (Version 2020.1), displacement 
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fields can be determined and strain tensors calculated. The necessary speckle pattern is 

provided by the short glass fibres and as the displacements are rather small, the global DVC 

approach can be used [9]. A tetrahedral mesh is generated based on the surface of the specimen, 

with approximately 15 000 elements using a mean edge length of approximately 200 µm. 

Subsequently, the correlation is performed between the reference volume data (unloaded 

specimen) and the deformed volume (loaded specimen).  

For the selection of RVEs the analysis volume was divided into 144 subvolumes with a size of 

500 x 500 x 500 µm³ and based on the local strain, some subvolumes were selected (see Figure 

3). The microstructural information of these selected subvolumes was further used for FE 

simulations. 

 

Figure 3. Schematical drawing of analysis volume and selected RVEs. 

2.4 FE simulations 

A suitable material model is required for the simulations, which was created by Digimat-MX 

(Version 2021.1). The results of the ex situ tensile tests of the 0°, 45° and 90° test specimens, as 

well as the fibre orientation distribution over thickness (gained by CT data evaluation) were used 

to calibrate a new material model by reverse engineering. Furthermore, perfectly bonded fibres 

were assumed, and an existing material model was used as initial condition. This iterative 

approach resulted in an elastic-plastic material model. 

Simulations of representative volume elements (RVEs) were performed with Digitmat-FE 

(Version 2021.1). Two different approaches were used, namely the Digimat-FE Abaqus solver 

and the Digimat-FE FFT solver. Additionally, to the above mentioned elastic-plastic material 

model, periodic boundary conditions were applied to these simulations. No failure model was 

considered. The total analysis volume was divided into subvolumes with a size of 500 x 500 x 

500 µm³ and based on the result of the strain analysis, several subvolumes were selected for the 

generation of the RVEs with the same size. Table 3 gives an overview of all simulated RVEs. For 

the Abaqus solver fibre properties estimated by CT data analysis - like fibre orientation, fibre 

length and fibre volume fraction - were used. Further, representative volume elements (RVE) 

were created based on the fibre characterization of the total analysis volume. The FFT solver 

used the binarized CT volume data (fibre phase and matrix phase). For the selected subvolumes, 

8-bit raw data sets with a voxel edge length of 2 µm were analysed.  The total analysis volume 

could not be simulated, as the data set would have been too big.   
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Table 3: Overview of generated RVEs (500 x 500 x 500 µm³) and information based on CT data. 

RVE aXX aYY aZZ aXY aXZ aYZ 
Fibre fraction 

[vol%] 

Mean fibre 

length [µm] 

Average strain [%] 

(Ezz last load step) 

FE  

(Abaqus) 

FE 

(FFT) 

CR 0° 0.262 0.018 0.720 0.001 0.012 -0.001 10.0 494* 2.9 X  

CR 45° 0.488 0.018 0.493 -0.001 -0.235 0.003 10.0 494* 2.8 X  

CR 90° 0.674 0.025 0.301 -0.001 0.031 -0.002 10.4 494* 3.3 X  

CR 0°_#27 0.177 0.009 0.814 -0.002 -0.012 0.008 11.2 523 2.1 X X 

CR 0°_#49 0.164 0.010 0.826 -0.008 0.007 0.004 9.9 419 4.8 X X 

CR 0°_#61 0.309 0.032 0.659 0.008 -0.016 -0.010 9.1 476 4.2 X X 

CR 0°_#66 0.367 0.031 0.602 0.015 0.068 -0.027 10.4 455 2.2 X X 

CR 45°_#60 0.516 0.038 0.445 -0.001 -0.200 0.006 11.0 396 4.9 X X 

CR 45°_#116 0.445 0.009 0.545 -0.008 -0.274 0.005 10.3 510 1.8 X X 

CR 90°_#104 0.770 0.041 0.189 -0.018 0.038 -0.017 11.5 642 7.9 X X 

CR 90°_#115 0.686 0.015 0.299 -0.015 0.009 0.000 9.9 362 1.9 X X 

*nominal value (result of fixed aspect ratio and diameter) 

3. Results and Discussion 

3.1 Mechanical properties from experiments and simulations 

For clarification of the mechanical properties and for the definition of the load steps of the in 

situ experiment, uniaxial tensile tests were performed. Based on these results, quantitative 

numbers for the mechanical properties were determined (Table 4). Further, Digimat-FE Abaqus 

simulations for these specimens (CR 0°, CR 45° and CR 90° RVE) were performed. The determined 

Young’s modulus was comparable to the results gained by experiments, namely 5610 MPa 

(deviation of 5.5%), 3710MPa (deviation of -3.1%) and 3680MPa (deviation of 11.9%), 

respectively. 

Table 4: Mechanical properties of the PPsGF24 CR 0°, CR 45° and CR 90° test specimen. 

 CR 0° CR 45° CR 90° 

Young’s modulus [MPa] 5320 3830 3290 
Tensile strength [MPa] 79.0 56.9 46.4 
Nominal tensile strain at tensile strength [%] 3.0 3.7 3.9 

 

For the selected subvolumes, the stiffness matrix was obtained with the FFT and the Abaqus 

solver. Figure 4 shows the results of the Young’s modulus E33 and the Poisson’s ratio ν31 for 

both approaches. Overall, the results of the Abaqus approach revealed a stiffer material 

behaviour, which may be explained by the used meshing approach. In case of these simulations, 

linear mesh elements were used, which usually show a stiffer behaviour than quadratic mesh 

elements.  Especially for high orientations in direction of the applied force (#27 and #49), the 

deviation in the Young’s modulus was higher than 10%. This may be explained by a stronger 

influence of touching and connected fibres (in the binarized CT data set used for the FFT 
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approach) for samples with high fibre orientation. For the Poisson’s ratio the differences in the 

results for both approaches are high, almost all exceeded 10% deviation. 

  
(a) (b) 

Figure 4. Young’s modulus E33 (a) and Poisson’s ratio ν31 (b) for the selected subvolumes, 
determined with two different simulation approaches (dotted lines mark the range of +/- 10%). 

3.2 Global stress-strain behaviour 

Since an elastic-plastic material model was used and perfectly bonded fibres were assumed, 

deviations from experimental results can be expected, especially in the plastic region. The global 

behaviour of in situ tested specimens show slightly lower stresses compared to monotonic 

tested specimens, due to the interrupted testing procedure (see Figure 5). Nevertheless, 

average curves were obtained based on the in situ results for all RVEs and compared with 

simulations. 

   

   
(a) CR 0° (b) CR 45° (c) CR 90° 

Figure 5. Stress-strain curves (first row) and probability distributions of the maximum principal 

strain (second row) of experiments and simulations for 0° (a), 45° (b) and 90° (c) main fibre 

orientation (red ellipsoid marks increment used for probability distribution). 

Concerning the strains, a distribution function was created for the Abaqus simulation result and 

the experimental result (Figure 5 second row). For the experimental data, the strain information 
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of approximately 3 600 nodes was available. In comparison, for the simulated data, the 

information of about 740 000 nodes was available. However, by normalizing the bins, the 

distributions can be compared. They showed good accordance and a clear tendency depending 

on the main fibre orientation. The CR 0° and the CR 45° test specimen showed the narrowest 

strain distribution, indicating a more homogeneous strain state, compared to the CR 90° 

specimen. 

3.3 Local stress-strain behaviour 

Good accordance between experiment and simulation was revealed for all RVEs in the elastic 

region, up to a strain of approximately 1.2% (selected ones are shown in Figure 6). Overall, 

simulations with the FFT solver showed increased accordance with the experimental data 

compared to the results gained with the Abaqus solver. This is also true for the plastic region. 

However, it must be pointed out that the stresses of the experimental curve are averaged values 

and not actual local values. Nevertheless, these curves can be considered as kind of limiting 

curves.  

   
   

   
(a) CR 0° (b) CR 45° (c) CR 90° 

Figure 6. Stress-strain curves from simulations and experiment for some selected subvolumes 

(first row - high strains, second - low strains) for CR 0° (a), CR 45° (b) and CR 90° test specimens. 

4. Conclusion and Outlook 

This study is one of the first publications that attempted to compare the results of the Digimat-

FE FFT solver with another FE simulation approach and experimental results. The results 

demonstrated the influence of local fibre properties on the stress-strain behaviour. The main 

focus was on the elastic material behaviour, where experiments and simulations show good 

accordance. Further, the strain distributions of simulated and measured data were comparable. 

Nevertheless, more detailed DVC evaluations should be performed with smaller mesh sizes to 

compare results at the fibre level. The simulations at the plastic region could be further 

optimized by introducing a failure criterion. In addition, there are some smaller optimization 

parameters to focus on e.g. the settings of the mesh generation (in case of the Abaqus solver) 

or the voxel size and grey value threshold (in case of the FFT solver).  
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Abstract: The aim of this experimental study is to characterise the non-linear behaviour of short 

fibre-reinforced thermoplastics for the automotive industry. Tensile tests are performed on short 

glass fibre-reinforced polyamide 6 (PA6) and unfilled PA6 produced by injection moulding. The 

specimens are cut at different angles (0°, 45°, 90°) to the injection direction. Prior to testing, the 

material is either dried or saturated at 23°C/50% RH. The tests are then performed at different 

temperatures below and above the glass transition temperature (𝑇𝑔), and at different strain rates 

(10-4, 10-2 and 10-1 s-1). The fibre orientation is found to affect the mechanical properties 

significantly. The test temperature relative to the 𝑇𝑔 rules the transition from brittle to ductile 

response. Higher strain rates induce self-heating in PA6 due to plastic deformation and low 

thermal conductivity, although the effect on the composite is yet unknown. 

Keywords: thermoplastic composites; SFRP; glass/PA6; tensile tests; DIC 

1. Introduction 

Short fibre-reinforced thermoplastic composites are increasingly popular in the automotive 

industry thanks to low cost, short cycle times and recyclability. They can be easily injection-

moulded into complex shapes. However, compared with thermoset composites or metals, they 

are more sensitive to environmental and loading conditions. A thorough understanding of their 

behaviour is thus required for safe use in components subjected to thermo-mechanical stresses, 

such as inlet manifolds and other parts near the engine. 

Injection-moulded polyamide 6 (PA6) with short glass fibres offers attractive properties for this 

market and is currently being used for functional and structural parts. Some of its key features 

have already been investigated by various authors. Injection moulding produces a peculiar shell-

core microstructure, whereby the fibres are mainly oriented along the injection flow direction, 

except for a thin layer (core, halfway between the mould walls) where the fibres arrange 

themselves at 90° to the flow direction[1,2]. This means that the material is anisotropic, and the 

resulting fibre orientation distribution can be quite complex according to the shape of the part. 

The effect of fibre orientation on the tensile performance and damage mechanism of Glass/PA6 

is reported for example in [3,4,5]. 

PA6 is known to take up moisture from the surroundings. Water molecules break the hydrogen 

bonds between the chains in the amorphous phase, increasing their mobility and thus lowering 

the glass transition temperature (𝑇𝑔). Since the material behaviour ranges from brittle below 

the 𝑇𝑔 to ductile above the 𝑇𝑔, Parodi et al. [6] have suggested that a moisture-induced drop in 
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𝑇𝑔 is equivalent to an increase in temperature. Therefore, the effect of temperature and 

humidity can be combined into an apparent temperature �̅� defined as follows: �̅� = 𝑇 + (𝑇𝑔,𝑑𝑟𝑦 − 𝑇𝑔,𝑤𝑒𝑡) (1) 

where 𝑇 is the temperature, 𝑇𝑔,𝑑𝑟𝑦 and 𝑇𝑔,𝑤𝑒𝑡 are the 𝑇𝑔 in the dry and moisturised conditions, 

respectively. This approach is successfully extended in other works to glass fibre-reinforced PA6 

[4] and PA66 [7]. 

PA6 is also a strain rate-dependent material [8]. Wang et al. [9] have shown that the rate 

sensitivity of Glass/PA6 varies from below to above the 𝑇𝑔 and is lower in the preferred fibre 

direction than normal to it. Moreover, polymers and polymer matrix composites are prone to 

self-heating: as the strain rate increases, the heat generated by plastic dissipation cannot be 

evacuated in time due to low thermal conductivity [10]. Although this effect is hardly touched 

upon for monotonic loading, and is generally relegated to dynamic tests, its relevance in quasi-

static tests cannot be ruled out a priori. 

Many works so far have focussed on combinations of the above-mentioned aspects: fibre 

volume fraction [11]; temperature and strain rate [9]; orientation and humidity [3]; orientation, 

temperature and humidity [4]; thickness, orientation, temperature and strain rate [5]. However, 

these factors are closely interconnected in determining the global behaviour of the composite. 

To date, a comprehensive investigation is still missing. The aim of this research work is to fully 

characterise the tensile behaviour of injection-moulded Glass/PA6 by assessing the impact of 

fibre orientation, temperature, humidity, and strain rate, including self-heating. Tests on 

unreinforced PA6 offer insights on the role of fibres in mitigating the matrix-dominated 

response. 

2. Materials and methods 

2.1 Materials and specimens 

The material object of this study is a polyamide 6 reinforced with 50 wt% short glass fibres 

(DOMAMID 6LVG50H2 BK), provided by DOMO Chemicals as injection-moulded plaques (360 x 

100 x 3 mm). The company has also provided plaques of unreinforced PA6. Dogbone specimens 

for tensile tests and rectangular beams for dynamic mechanical analysis (DMA) are machined 

from the plaques, at specific locations so as to minimise edge effects and at different angles (0°, 

45°, 90°) to the injection direction. The shape and dimensions of the tensile specimens are 

shown in Fig. 1. 

2.2 Conditioning 

Before testing, the specimens are conditioned to equilibrium at two relative humidities: dry 

(0%RH) and 23°C/50%RH. Accelerated conditioning is used to speed up the sorption/desorption 

kinetics as follows: 

• dry: the specimens are kept at 80°C for 7 days (enough for the weight to stabilise) and 

then stored in a desiccator with silica gel at room temperature; 

• 50%RH: adhering to the ISO 1110 standard [12], the specimens are kept at 70°C inside a 

container with a saturated KI solution for 11 days, and then stored in a room with 

controlled atmosphere 23°C/50%RH. 
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Figure 1. Dogbone specimen for tensile tests. 

2.3 Dynamic mechanical analysis (DMA) 

DMA tests are carried out in three-point bending on a TA Instruments Q800 Dynamic Mechanical 

Analyser. The 𝑇𝑔 in the dry and 50%RH conditions is determined from a 2 °C/min temperature 

ramp at single frequency (1 Hz). 

2.4 Tensile testing 

The variables considered for the tensile test campaign are summarised in Table 1. Tests at room 

temperature are performed on both dry and 50%RH material. The choice of the other test 

temperatures is made by keeping the same distance from the 𝑇𝑔 in the two cases. 

Table 1. Summary of the test conditions. (RT = room temperature) 

Fibre orientation 0°, 45°, 90°, PA6 (unfilled) 

Humidity dry, 50%RH 

Temperature 
dry: RT, 100°C, 120°C 

50%RH: RT, 50°C, 70°C 

Strain rate 10-4 s-1, 10-2 s-1, 10-1 s-1 

Test mode monotonic, loading/unloading/reloading 

 

The tensile tests are performed on a servo-hydraulic Instron 8801 with a 50 kN load cell and an 

all-electric Instron ElectroPuls E10000 with a 10 kN load cell. The latter is equipped with an 

Instron 3119-600 Series environmental chamber, which is used for the tests above room 

temperature. Variation of the moisture content during a test at a given temperature is checked 

by weighing a reference sample before and after the test and is found to be acceptable in all 

cases. Strains are mapped full-field on the specimen surface by means of stereo digital image 

correlation (DIC), using two GS3-U3-51S5M-C 2/3" FLIR Grasshopper®3 cameras fitted with 35 

mm-focal-length KOWA LM35JC lenses. A FLIR A6750sc infrared (IR) camera is calibrated 

together with the DIC cameras via the Vic-3D 9 software (Correlated solutions), so that the 

temperature field can also be tracked on the deformed surface, see Fig. 2. Synchronisation of all 
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the data streams (load cell analog signal, DIC images, IR images) is achieved by hardware 

triggering. 

 

Figure 2. Strain field (left) and temperature field (right) are mapped simultaneously during a 

tensile test, with x being the load direction. (The specimen represented here was cut at 45° to 

the injection direction.) 

The DIC images are processed with Vic-3D 9. True (logarithmic) strains are computed and the 

average value over the gauge region of the specimen is extracted. 

True stress is calculated from the following formulation, under the assumption of transverse 

isotropy (𝜀𝑦𝑦 = 𝜀𝑧𝑧 ): 𝜎 = 𝐹𝐴0 𝑒−2𝜀𝑦𝑦 (2) 

where: 𝐹 is the force signal coming from the load cell; 𝐴0 is the initial cross-sectional area, 

measured with a calliper on the specimen before the test; 𝜀𝑦𝑦 is the transverse (true) strain, 

extracted from DIC as detailed above. 

3. Results and Discussion 

3.1 Glass transition temperature 

The 𝑇𝑔 (peak of tan 𝛿) of PA6 is found to be around 68 °C in the dry state and 17 °C in the 50%RH 

state. Therefore, in Eq. (1) 𝑇𝑔,𝑑𝑟𝑦 − 𝑇𝑔,𝑤𝑒𝑡 ≈ 50 °C. This justifies the choice of temperatures for 

the tensile tests. 

3.2 Effect of fibre orientation 

Representative stress-strain curves at room temperature, in the dry condition, at 10-4 s-1 are 

reported in Fig. 3 for the 0°, 45° and 90° orientations and the neat PA6. The results are in line 

with what reported in the literature [3,5]. The 0° orientation has the highest elastic modulus and 

tensile strength, but also the lowest strain at break: most of the fibres are favourably oriented 

to carry the load. The response at 45° seems closer to 90° than it is to 0°. In dry conditions and 

at room temperature, PA6 is below its 𝑇𝑔, producing a brittle behaviour. Overall, the reinforcing 

effect of glass fibres over neat PA6 is evident, both in terms of stiffness and strength. 

x 

y 
z 
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Figure 3. Stress-strain curves at room temperature in the dry condition (10-4 s-1). 

3.3 Effect of temperature and humidity 

Figure 4 shows representative stress-strain curves at 10-4 s-1 for all the combinations of fibre 

orientation, temperature and humidity. At room temperature, a lower 𝑇𝑔 in the 50%RH 

condition accounts for reduced strength and modulus and enhanced ductility compared to the 

dry material. The other temperatures have been chosen to produce the same apparent 

temperature (above 𝑇𝑔) between dry and 50%RH, thus expecting the similar response that is 

presented here. However, when looking at the quantitative properties, 50%RH gives a higher 

elastic modulus than dry for all orientations and apparent temperatures. Although more 

repetitions are needed for statistical significance, the increase ranges from +10% for 0° 

specimens to as high as +50% for unfilled PA6. This seems to contradict the temperature-

humidity equivalence claimed by other authors. Further investigations are underway to get a 

clearer picture. Another remark, as noted by Jia and Kagan [13], is that, while temperature and 

moisture individually do improve ductility, the combination of moisture with high temperature 

seems to yield the opposite result. In fact, all the 50%RH specimens failed sooner than the dry 

counterparts tested at the same apparent temperature, although the reason for this is yet to be 

clarified. 

3.4 Effect of strain rate: self-heating 

Tests conducted on 50%RH PA6 at room temperature reveal that a strain rate of 10-2 s-1 is enough 

to produce self-heating in the specimens, see Fig. 5. This is not observed at 10-4 s-1, nor on dry 

PA6 where failure occurs at relatively low strains. Thus, 10-2 s-1 could be taken as the critical 

strain rate in the transition from isothermal to adiabatic conditions. It should be noted that the 

critical strain is a function not only of the thermal diffusivity of the material, but also of the 

geometry of the test specimen [8]. Even steeper temperature rises are expected at 10-1 s-1. The 

next step will be to assess the relevance on the composite and at higher temperatures, and how 

this interferes with the embrittling effect normally associated to higher strain rates. 
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— RT          — 100°C          — 120°C — RT          — 50°C          — 70°C 

Figure 4. Stress-strain curves at different temperatures for the dry (left column) and 50%RH 

(right column) conditions. 
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Figure 5. Strain field (left) and temperature field (right) during a test at 10-2 s-1, room 

temperature, on 50%RH PA6. The temperature reached by the material during deformation can 

grow significantly higher than the test temperature. 

4. Conclusion 

The tensile response of injection-moulded Glass/PA6 has been studied under the influence of 

fibre orientation, temperature, humidity, and strain rate. The effect of the individual variables 

is in good agreement with previous studies. However, the equivalence between temperature 

and humidity is not fully confirmed in its simple, linear form. Also, quasi-static strain rates can 

induce self-heating in PA6, with possible influence on the rate-dependent response of the 

composite. Correct interpretation of these phenomena will be enabled as the test campaign 

proceeds. 

The work will be completed by including: 

• scanning electron microscopy (SEM) on fracture surfaces for interpretation of failure 

mechanisms; 

• loading/unloading/reloading tests to capture the development of plastic deformation; 

• analysis of fibre orientation distribution and fibre statistics by micro-computed 

tomography (CT); 

• characterisation of viscoelastic behaviour (time-temperature superposition) by DMA; 

• thermal analysis by differential scanning calorimetry (DSC). 
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Abstract: A modified Transverse Crack Tension (mTCT) test method previously proposed for the 

characterization of Mode II interlaminar fracture toughness in monolithic laminates is extended 

to the case of hybrid laminates. Variations in specimen geometry and materials are investigated 

numerically to derive an optimum geometry and explore the range of applicability.  

Keywords: Mode II delamination fracture toughness; transverse crack tension specimen; 

Hybrid composites. 

1. Introduction 

Carbon fibre composites have seen an increasing level of utilisation in transportation vehicles 

due to their high specific stiffness and strength. Moreover, the application of composite 

materials allows to better optimize the structure and increase its robustness [1].  

Nonetheless, certain challenges still persist in the utilisation of composite materials, particularly 

in ensuring the integrity of structural joints, without extensive physical testing to meet 

certification requirements.  

In general, mechanical fastening is the most reliable and preferred joining technique for metallic 

parts. Reversibility and relative ease of inspection are two of the characteristics that make this 

class of joint particularly appealing especially from the point of view of maintenance operations, 

reducing operational costs. In composite joints, stress concentrations and local delaminations, 

sometimes induced during manufacturing, (i.e, hole drilling) may dramatically reduce their 

efficiency [2]. It has been estimated that, in the case of composite laminates, the strength is 

reduced by up the 30% [3]. They are also prone to static failure (e.g., bearing, net tension [4], 

shear-out or pull-through [5]). To mitigate these inherent problems, a local increase in thickness 

around a mechanical fastener is often used, thus increasing the weight, the complexity of the 

manufacturing process and, as a consequence, the final cost of the structure.  For the reasons 

presented above, the relatively low efficiency and reliability of conventional bolted joints in 

composites drastically limit their use. This has motivated researchers and engineers to explore 

this class of joints to gain a deeper understanding of the failure mechanisms aimed at informing 

new design approaches and strategies [6-9]. 

To enhance the compatibility of mechanically fastened joints with composite structures, usually, 

the part thickness is locally increased. This approach leads to complex geometries, an increase 

of total weight and higher costs due to a more complex manufacturing process. Moreover, from 

a mechanical point of view, eccentricities and variations in the thickness may lead to spurious 

loads that may affect the final performance of the structure. To prevent the effects due to 
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thickness variation, local hybridization with metallic interleaves has been proposed in recent 

years [10,11].  

In Figure 1 three different regions can be identified: i) the hybrid region where metal plies are 

uniformly distributed through the material thickness and where the hole is usually located; ii) 

the transition region where the metal plies are terminated and where delaminations may 

initiate; iii) the CFRP/composite region consisting of a monolithic composite. Usually, the 

delaminations are mode II dominant due to the constraining action of the bolt head. 

 

Figure 1 - Schematic representation of a locally hybridized mechanically fastened joint 

It is clear that, with the aim to develop reliable numerical models and design approaches, the 

knowledge of the interface properties such as the strength and the interlaminar fracture 

toughness of the metal/composite interface is crucial. This work focuses on the development of 

an experimental method for the determination of the mode II interlaminar fracture toughness 

for cracks propagating between dissimilar materials; i.e. in the metal/composite interface in the 

case of hybrid laminates. In the case of monolithic composites, the End Notched Flexure (ENF) 

test was adopted as a standard method [12].  However, this standard requires a large number 

of test repetitions at different crack lengths for calibration purposes and secondary effects such 

as friction may affect the calculation of the energy release rate.  

In a previous work [13], the Authors proposed to modify a Transverse crack tension test 

composite specimen to overcome the well-known drawbacks observed and reported in the 

available literature [11,15-17]. Through experimental observation, it was demonstrated that an 

mTCT (modified Transverse Crack Tension sample) allows measuring the steady-state value of 

the energy release rate in the case of a pure Mode II. In the present paper, the authors propose 

to extend the mTCT test to the case of a hybrid interface. In essence, each specimen geometry 

has two metallic plies over a unidirectional composite core split into two symmetric portions by 

a central transverse cut orthogonal to the fibre direction. Two release films are placed across 

the central cut (through-thickness crack) at the interface between the metal layers and the 

composite core, thus creating four symmetric crack tips. The tensile loading then activates four 

parallel cracks at the metal-composite interface (Figure 2). 

A parametric numerical model was used to study how the mode-mixity vary with the elastic 

properties of the material and the sample geometry. Results show that the mTCT may be taken 

under consideration as a candidate for the assessment of the mode II fracture toughness 

properties of metal/composite interfaces. 

1176/1602 ©2022 Scalici et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

Figure 2 - Schematic view of a hybrid mTCT test specimen 

2. Numerical model 

2.1 Analytical framework 

In the case of a monolithic composite, the Energy Release Rate (ERR) 𝒢𝐼𝐼 can be computed  as 

[11,13, 18-21]: 𝒢𝐼𝐼 = 𝜎2 𝐻2𝐸1 (1𝜂 − 1)  ,                (1) 

where 𝜎 is the remote stress, 𝐸1 is the Young’s modulus of the composite, 𝜂 = �̂�𝐻 with 2�̂� equal 

to the total thickness of the continuous layers and the other variables defined as in Figure 3. 

 

Figure 3 – Schematic representation of an mTCT sample 

Alternatively, for an orthotropic material the ERR can be expressed in terms of the Stress 

Intensity Factor (SIF), 
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𝒢𝐼𝐼 = (𝑏11𝑏33 1+𝜌2 )12 𝜆1 4⁄ 𝒦𝐼𝐼2 ,                (2) 

where  

• 𝑏𝑖𝑗 = 𝑠𝑖𝑗 − 𝑠𝑖2𝑠𝑗2/𝑠22; 

• 𝑠𝑖𝑗 are the elements of the compliance matrix; 

• 𝜆 = 𝑏11/𝑏33; 

• 𝜌 = 2𝑏13+𝑏222√𝑏11𝑏33; 

• 𝒦𝐼𝐼 = 𝜎√𝐻𝜒 is the stress intensity factor; 

• 𝜒 is the geometry correction factor defined as χ = χ(α, η, λ, ρ) where α = aH   ; 

• 𝑎 is the crack length. 

Moreover, for hybrid composites (Figure 2), Eq. 1 can be written as [11] 𝒢𝐼𝐼𝑐 = 1𝛹 (𝜎 − ∆𝑇∆𝛼𝜂𝐸𝑚)2 ,                (3) 

with 𝛹 = 2𝐸1[(1−𝜂)−(1−𝑘)𝜑𝜂][1−(1−𝑘)𝜑𝜂]𝐻𝜂   ,              (4) 

where 

• ∆𝑇 is the thermal step between test and laminate curing temperatures; 

• ∆𝛼 is the difference between the coefficients of thermal expansion; 

•  𝐸𝑚 is the Young’s modulus of the metal; 

• 𝜅 = 𝐸𝑚𝐸1 ; 

• 𝜑 = 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑡𝑎𝑙 𝑙𝑎𝑦𝑒𝑟𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑡 𝑝𝑙𝑖𝑒𝑠 
; 

If a thin layer of a room temperature cure adhesive (e.g., cyanoacrylate) is used to create the 

bonding interface, the contribution due to the coefficients of thermal expansion is negligible. To 

account for the influence of two different materials, the geometry correction factor can be 

modified to  χ = χ(α, η, 𝜑, λ, ρ, 𝜅, 𝜏)   ,               (5) 

where 𝜅 = 𝐸𝑚𝐸1  and 𝜏 = 𝐸𝑚𝑒𝑡𝑎𝑙𝐺𝑚𝑒𝑡𝑎𝑙 were added to fully define the material. 

Eq. 5 gives dimensionless material parameters that can be investigated by using numerical 

simulations. The consequential parametrical analysis allows the study of mode-mixity for this 

kind of geometry and calculate the geometry correction factor. To this aim, the parameter ψ is 
defined as: 
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𝜓 = 𝒢𝐼𝐼𝒢𝐼𝐼+𝒢𝐼                   (6) 

where 𝒢𝐼 and 𝒢𝐼𝐼 are the mode I and mode II energy release rate, respectively. It is worth noting 

that 𝜓 = 0.0 corresponds to a pure mode I. Otherwise, 𝜓 = 1.0 corresponds to a pure mode II. 

Table 1 – Summary of the model parameters 

Param. Definition Values 

𝜂 𝜂 = �̂�𝐻     [0.1,  0.25,  0.5] 
𝛼 𝛼 = 𝑎𝐻     [0.05,  0.25,  0.5,  0.75,  1.0,  1.5,  2.0,  2.5, ∞] 
𝜌 𝜌 = 2𝑏13 + 𝑏222√𝑏11𝑏33   [1.0,  5.0,  10.0,  15.0,  20.0] 
𝜆 𝜆 = 𝑏11/𝑏33 [0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3] 
𝜑 𝜑 = 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑡𝑎𝑙 𝑙𝑎𝑦𝑒𝑟𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑡 𝑝𝑙𝑖𝑒𝑠 

 [0.0,  0.1,  0.25,  0.5,  1.0] 
𝜏 𝜏 = 𝐸𝑚𝑒𝑡𝑎𝑙𝐺𝑚𝑒𝑡𝑎𝑙     [1.0,  1.5,  2.0,  2.5,  3.0] 
𝜅 𝜅 = 𝐸𝑚𝑒𝑡𝑎𝑙𝐸1  [0.5,  0.75,  1.0,  1.25] 

A parametric analysis was used to compute the mode mixity for different geometry and material 

conditions by using Abaqus  [22]. The test coupon was modelled as a 2D structure using 

rectangular shell elements CPE4R (four-node plane strain elements). Due to the high degree of 

symmetry, just a quarter of the sample was modelled. A linear-elastic analysis was performed. 

The Virtual Crack Closure Technique (VCCT) was used to compute 𝒢𝐼 and 𝒢𝐼𝐼. Table 1 summarizes 

the parameters used for the analysis. 

3. Results 

Figure 4 (a) reports the mode mixity ψ as a function of the normalized crack length, 𝛼 = 𝑎/𝐻, 

with a being the crack length and 𝐻 the sample thickness. From Eq. 6, 𝜓 = 0 and 𝜓 = 1 

correspond to pure mode I and pure mode II, respectively. 
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Figure 4 – Results of the parametrical analysis – (a) 𝜓 𝑣𝑠. 𝛼 curve; (b) 𝜒 𝑣𝑠. 𝛼 curve 

According to Figure 4 (a), the crack does not propagate in pure mode II as 𝛼 → 0. The pure mode 

II conditions are reached for 𝛼 > 0.25. In other words, an artificial crack with a length greater 

than 0.25 ∗ 𝐻 must be used to obtain a pure mode II. Figure 4 (b) report the trends of the 

correction factors as a function of 𝛼. The values stabilize for 𝛼 > 2.5. 

4. Conclusions 

This work focused on the development of a robust method for the measurement of mode II 

fracture toughness in hybrid composites. The main conclusions may be summarized as follows: 

• A parametrical numerical model was developed to simulate different specimen 

parameters to generalize the method; 

• Results show that a robust and reliable test, based on a modified transverse crack 

tension (m-TCT) specimen can be utilised to assess the Mode II fracture toughness. 
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Abstract: This paper describes the design and manufacture of a laminate which, when heated, 
will deploy into an expanded mesh. The design exploits the bending and/or twisting curvature 
that results when a non-symmetric laminate is subjected to a temperature change. To ensure 
the mesh laminate is almost flat after curing (i.e. prior to deployment), layups consisting of non-
symmetric sublaminates separated by thermoplastic interleaves have been developed . When 
such a laminate is subsequently heated above the Tg of the thermoplastic layers, the mesh 
deploys. Two different layups are investigated; one deploys into a planar mesh and the other 
deploys into a mesh which forms a curved surface. 

Keywords: Interleaved, Deployment, Non-symmetric, Thermoplastic, FEA 

1. Introduction 

Interleaved composites have been studied for their shape memory properties (1–7). In these 
studies, interleaved composite laminates have commonly been made of carbon fibre reinforced 
epoxy polymer (CFRP) plies interleaved with thermoplastic polystyrene (PS) films. When these 
composites are heated from room temperature, TR, to TH (where TR<Tg-PS<TH<Tg-CFRP in which Tg-

PS is the glass transition temperature of PS, and Tg-CFRP is the glass transition temperature of 
CFRP), the CFRP plies can slip relative to each other and, consequently, the flexural stiffness of 
the composite laminate is greatly reduced. 

The shape memory behaviour of these interleaved composites is illustrated in Figure 1. In the 
low stiffness state (at TH) the CFRP-PS composite is capable of large deformations at low 
deformation forces and bending stresses are developed in each CFRP ply as shown in the figure. 
If the deformed CFRP-PS composite is brought back to TR and the deformation load is 
subsequently removed, the deformed shape will be retained with only a slight springback.  The 
deformed shape of the composite is retained as the composite (now at TR) once again possesses 
its full flexural stiffness. In this retained deformed shape, there are still stresses stored in the 
CFRP plies (see “Composite shape fixed” column of Figure 1). When the composite is reheated 
to temperature TH, the CFRP plies are free to slide relative to each other, and so, return to their 
original flat shape.  
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Figure 1. Shape memory behaviour of interleaved composites 

 

* Grey line – Initial shape, Black line – Final shape 

2. Layup design for a deploying mesh 

In the process shown Figure 1, the composite can be re-shaped from its cured shape and will 
return to its original as-cured shape on reheating. So, to achieve morphing of an interleaved 
composite from a Shape A to a Shape B, the interleaved composite has to be initially cured in 
Shape B and then deformed into Shape A at TH and then cooled to TR. After this, the interleaved 
composite can be deployed to Shape B by reheating to TH. 

To avoid having to cure the composite laminate in the form of an expanded mesh (i.e, in the 
deployed shape), it is possible to make use of the deformation that can develop in a non-
symmetric laminate when cured at elevated temperature and cooled to room temperature (7). 
For example, the 90°/0° laminate of Figure 2 (a) will have the cured shape as shown due to the 
larger contraction of the 90° ply as the laminate is cooled. Figure 2 (b) also shows a laminate 
with a layup of [[90°/0°/PS]3/ 90°/0°]. This laminate is also non-symmetric and when removed 
from the autoclave after curing will have a curved shape, but this will have a much smaller 
curvature than that of the 90°/0° laminate. 

If the [[90°/0°/PS]3/ 90°/0°] laminate is now heated to TH the PS will soften and the 90°/0° 
sublaminates will be free to slide relative to each other and will adopt a shape similar to the 
90°/0° laminate in Figure 2 (a) but with a smaller curvature (since the PS regains it full stiffness 
when cooled to below its Tg). The [[90°/0°/PS]3/ 90°/0°] laminate is therefore capable of 
deploying to a shape other than its cured shape. If the number repeats of the [90°/0°/PS]  
sublaminate is increased, then the cured shape would be flatter but the laminate would still 
deploy to a cured shape very similar to that of the [[90°/0°/PS]3/ 90°/0°] laminate on reheating. 

 

 

 

1184/1602 ©2022 Murali et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

3 / 8 ©2022 1st Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

 

Figure 2. Morphing of composite using residual stress approach 

 

To create a single cell of a planar mesh, the layup shown in Figure 3 is used to form a quarter of 
the cell (the other quarters are formed of suitable mirror images of this layup). To create a single 
cell of a curved expanded mesh, a layup similar to the one shown in Figure 3 can be used, but 
by replacing the 90° plies with +/- 45° plies (See Figure 4). 

Figure 3. Layup of the repeating segment of planar mesh. (Typical shape of a single cell of the 
mesh is shown, with the repeating segment highlighted) 

 

* The symbols ↗, ↖, ↘ and ↙ indicate the orientation of the mirrored repeating segments 
that form the mesh cell 

Figure 4. Layup of the repeating segment of curved mesh 
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3. Materials and experimental details 

Unidirectional Fibredux 914C-TS-5-34% carbon epoxy prepreg (Hexcel UK), which has a curing 
temperature of 175°C and a cured thickness of 125 m, was selected as the carbon fibre 
reinforced polymer (CFRP) part of the layup. Empera/Styrolution 124N polystyrene film, 
produced at Transfercenter für Kunststofftechnik (TCKT) by film extrusion method, with a 
thickness of 70 m and a glass transition temperature of 88 °C was selected as the interleaf. 
Aerovac MR-FILM polytetrafluoroethylene (PTFE) release film of 50 m thickness was used to 
prevent bonding of the surfaces which are required to separate during mesh deployment. (See 
Table 1 for relevant thermal and mechanical properties of these materials.) 

Table 1. Thermal and mechanical properties of the constituents of the proposed layup 

Material Property Value 

Fibredux 914C-TS-5-34% 
(also known as Hexcel 
T300/914) 

E11 135 GPaa 
E22, E33 8.5 GPab 
ν12 0.32c 
G12 5.27 GPac 
α11 -4.5 x 10-7/°Ca 
α22 2.8 x 10-7/°Ca 

PS E 3.2 GPad at T<Tg-PS 
0.1 MPa at T>Tg-PS 

ν 0.35b 
a obtained from (8), b obtained from (6), c obtained from (9), d obtained from (10) 
 

The layup sequences shown in Figures 3 & 4 were used to manufacture composite laminates 
(400 mm x 170 mm) with the dimensions of the repeating segment of layup shown in Figure 5. 
The planned expanded mesh geometries to be achieved by repeating the layup segment are 
shown in Figure 6. Each PS and PTFE regions shown in Figure 4 were formed of two films to 
achieve thicknesses of 140 µm and 100 µm respectively so as to closely match the thickness of 
the CFRP ply. These layups would be almost flat upon curing and, on heating, would deploy 
into planar or curved expanded meshes.  

Figure 5. Dimensions of the repeating segment of the layup 
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Figure 6. Typical deployment of a composite from a cured flat shape to a deployed mesh shape 

 

The composite panels were cured at 175°C at 7 bar pressure for 1 hour in an autoclave. The 
cured composite panels were then cut into 10 mm wide specimen strips (400 mm x 10 mm) 
using a waterjet cutter. 

To deploy the composite meshes, the specimens were heated to 120°C in an oven and held at 
that temperature for 30 minutes before being cooled to room temperature. The resulting 
deployed shapes were measured to determine the mesh Expansion Ratio (100*δ/span – see 
Figure 6) and the mesh Deployment Angle (φ – see Figure 6). 

4. Numerical modelling 

The repeated segments shown in Figure 3 and Figure 4 were modelled using ABAQUS finite 
element analysis software (version 2020) using the geometry described in the experimental 
section.  

The CFRP region was modelled as a 2D 4-node thermally coupled doubly curved general-purpose 
shell with finite membrane strains (S4T) and the PS region was modelled as a 3D 20-node 
thermally coupled brick with quadratic displacement distribution and linear temperature 
distribution (C3D20T). The plies were coupled together using a ‘Tie’ constraint with constrained 
rotational degree of freedom. Based on convergence studies, the global mesh size was fixed as 
1 mm, resulting in the cell size of 1 mm x 1 mm for the 2D membranes and 1 mm x 1 mm x 0.125 
mm for the 3D bricks. The ABAQUS standard solver was used for these analyses. 

The model was designed to be initially flat with zero strain and displacement at a temperature 
of 175°C. Then, the model was made to cool down to Tg-PS (88°C) with PS having a Young’s 
modulus of 0.1 MPa. As a next step, the deformed mesh was imported to a new model. In this 
new model, the strains in CFRP plies were imported from the previous step, but the strains in PS 
plies were set to zero and the PS modulus was set to 3.2 GPa. The new model was then made to 
cool down to TR (25°C). 

In addition to the 90° and ±45° plies shown in Figure 3 and 4 respectively, the FE analyses were 
also performed for layups with different laminae orientations of θ = ±60°, ±75°, ±85°. The 
expansion ratio and the deployment angle of the deployed FE meshes were determined for each 
of the laminates investigated. 
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5. Results and discussions 

The manufactured composite laminates in their initial almost-flat state after curing, and in their 
final deployed state are shown in Figure 7. The difference between planar and curved 
deployment is more evident when multiple samples are stacked on top of one another (as shown 
in the lowermost images in Figure 7). The comparison between the numerical predictions and 
experimental observations of the deployment parameters of the different meshes are shown in 
Figure 8. Although the numerical analysis used in this study overpredicts the deployment 
parameters of the meshes, the trends in expansion ratio and deployment angle with fibre 
orientation are reasonably well predicted.  This discrepancy is most likely because the true 
temperature dependence of the properties of the CFRP and the PS are not accurately 
represented in the simple FE approach used here.  

Figure 7. Deployable composites in their initial flat shape and final deployed mesh shape 
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Figure 8. Deployment parameters of the deployable composites in  
numerical and experimental studies 

 

6. Conclusion 

Composite laminates were designed which are almost flat after curing and can deploy upon 
heating to form planar and curved expanded meshes. Sample meshes were manufactured and 
the deployed shapes were measured. FE predictions showed reasonable agreement with the 
experimental results.  
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Abstract: The open hole tension response of multidirectional hybrid CFRP laminates with 

pseudo-ductile (PD) behaviour was investigated by using low- and high-elongation unidirectional  

(LE/HE UD) CFRP prepregs with conventional thickness. Two stacking sequences [0/45/90/-45]s 

(QI45) and [0/60/-60]s (QI60) were produced by the sub-laminate [HE/LE/HE] to achieve quasi-

isotropy. PD sub-laminates were designed by combining Mitsubishi DIALEAD/ER450 (LE) and 

Toray T800/ER450 (HE) prepregs. The evolution of damage in the open hole laminates was 

monitored by digital image correlation (DIC) and acoustic emission (AE) recordings. For the 

considered laminates, with and without open hole, the pseudo-ductile plateau was clearly 

detected at almost the same stress level. Moreover, open hole QI60 laminates are notch-

insensitive, and QI45 showed a limited notch sensitivity. These results can be helpful for the 

design of all-carbon hybrid composite components adopting small safety factors. 

Keywords: Carbon-carbon hybrid laminates; Pseudo-ductility; Quasi-isotropy; Notch 

insensitivity 

1. Introduction 

Hybrid effect and pseudo-ductile tensile behaviour in all-carbon hybrid composites is thoroughly 

investigated for laminates with thin prepreg plies [1,2] and (in previous publications of the 

present authors) for laminates with prepregs of conventional thickness [3,4]. Pseudo-ductile 

behaviour, with a well-developed plateau on the stress-strain diagram, creates post first failure 

safety, which is a desirable feature for applications where high loads can be present in design 

scenarios. In this context, the notch sensitivity is of considerable importance. The unnotched 

safety margin cannot be exploited if it is not preserved in the presence of a notch. The study 

presented in [2] has demonstrated that thin-ply all-carbon quasi-isotropic laminates preserve 

the pseudo-ductile behavior in an open hole tension test, and have very limited notch sensitivity. 

The behaviour has been motivated with the notch (un)sensitivity of ductile metals. 

This paper investigates the strength sensitivity to open hole of all-carbon pseudo-ductile hybrid 

CFRPs made by standard thickness prepregs with a modified (toughened) matrix. The studied 

hybrids combine low elongation (LE) plies reinforced with high-modulus carbon fibres and high-

elongation (HE) plies with intermediate-modulus carbon fibres. 

2. Materials, specimens and test methods 

Interlayer hybridisation of CFRPs has been realized using unidirectional prepregs with high-

modulus DIALEAD fibres (MITSUBISHI) of thickness of about 220 μm and prepregs with high-

strength fibres T800 (TORAY) of thickness of about 110 μm. Both prepregs had toughened ER450 
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epoxy resin [5, 6]. Everywhere below, prepregs with DIALEAD fibres are designated 'D', and T800 

fibres are 'T'. During the production process, hybrid sublaminates were assembled, composed 

of three layers with parallel fibres [T/D/T]. Such sublaminates were laid according to the scheme 

[0/45/90/-45]s or [0/60/-60]s to obtain quasi-isotropic (QI) composites. 

The laminates have been produced by hot pressing at a pressure of 5-6 bar and a temperature 

of 135C for 2 hours. Heating and cooling rates were about 5C/min. The same materials and 

processing techniques were used in a previous study on UD all-carbon hybrids [3, 4]. 

Specimens for mechanical tensile tests were cut from laminated plates with dimensions of 

300x300 mm by a high-speed circular saw (water-cooled diamond disc). They had dimensions of 

250x15 mm (prismatic specimens) and 200x25 mm with hole diameter of 6 mm (OH). Glass fibre 

composite tabs with dimensions of 50x15x2 mm were bonded to the specimen ends. 

Loading was carried out on a universal electromechanical machine INSTRON 5978 with a 2 

mm/min cross-head speed. A standard clip-on INSTRON 2620-829 extensometer with 50 mm 

gauge length was used to measure strain, alongside the registration of the grips displacement. 

Details of the damage process were monitored using the digital image correlation (DIC) [7], and 

acoustic emission (AE) signals by Vallen AMSY-5 system [8]. The main feature considered for AE 

analysis is the frequency at the maximum amplitude Fmax, which has certain correlations with 

the damage mode at the signal origin. 

3. Mechanical tests 

Table 1 summarises the results of all tests (two UD, hybrid UD, two QI and two QI OH). The stress 

– cross-head displacement/strain diagrams were used to extract the characteristic values in 

Table 1, as illustrated in Figure 1: modulus of elasticity Ex, peak stress p, pseudo-yield stress py, 

ultimate stress XT and OH strength sensitivity Kpy and Kmax. 

 

Figure 1. Schematics of the stress-strain/displacement diagram 
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Table 1: Mechanical properties of all-carbon hybrids, 4 – 6 specimens tested for each test type, 

± means standard deviation. 

Layup 

Modulus of 

elasticity, 

EX [GPa] 

Peak stress, 

p [MPa] 

Pseudo-

yield 

stress 
py [MPa] 

Ultimate 

stress, 

XT [MPa] 

OH peak 

stress 

sensitivity, 

Kpy [-] 

OH 

strength 

sensitivity, 

Kmax [-] 

UD [D4] 382±36 1410±42 - 1410±32 - - 

UD [T8] 148±10 2505±58 - 2505±58 - - 

UD 

[T/D/T]3 
255±16 960±12 810±15 1203±51 - - 

QI45 82.1±4.3 300±16 260±8.5 339±5 - - 

QI60 84.3±3.8 330±11 315±8.2 462±12 - - 

OH QI45 75.0±3.62(1,2) 285±13(1) 240±17(1) 295±13(1) 1.08±0.09 1.15±0.07 

OH QI60 76.5±3.8(1,2) 340±18(1) 340±18(1) 444±29(1) 0.96±0.08 1.04±0.10 

(1) net section of the specimens. 
(2) with a hole at the base of the extensometer 

 

The clip-on extensometer readings ("extensometer strain") increased monotonically up to the 

first peak at a strain of 0.38 ± 0.01%, corresponding to the breakage of the D-layer. Beyond the 

first peak, failure of the D-layers, the clip-on extensometer had sliding of the legs along the 

specimen surface . In this case, the extensometer readings became questionable, and, therefore, 

the tensile behaviour of unnotched and notched QI specimens are compared in Figure 2 in terms 

of "stress – displacement" curves. 

 

Figure 2. Typical 'stress – cross-head displacement' diagrams of unnotched specimens (solid 

lines) and 'net stress – cross-head displacement' diagrams of open hole QI45 and QI60 

specimens (dot lines). 

The diagrams in Figure 2 show that the notched specimens have similar pseudo-ductile 

behaviour to the unnotched specimens, with comparable levels of pseudo-yield stress (see Table 

1). QI45 specimens fail at the end of the pseudo-ductile plateau without developing resistance 

of the HE plies. Correspondingly, the net ultimate stress of the notched specimens (295±13 MPa) 

is 13% lower than the unnotched one (339±5 MPa). This can be attributed to more intensive 

damage around the notch in the QI45 laminate, which led to the failure of the load-carrying 0° 

HE plies. The post-plateau behaviour of the notched QI60 specimens is similar to the unnotched 
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ones, with well-developed linear resistance of the HE plies and with the net ultimate stress 

(444±29 MPa) close to the one of the unnotched counterpart (462±12 MPa). 

The OH strength sensitivity can be characterised as the ratio of the strength of unnotched and 

notched specimens, which is higher than 1 for a notch-sensitive material and close to 1 for a 

notch-insensitive one [9]. For pseudo-ductile QI laminates, two notch sensitivity ratios can be 

introduced: 𝐾𝑝𝑦 = 𝜎𝑝𝑦𝜎𝑝𝑦𝑂𝐻,   𝐾𝑚𝑎𝑥 = 𝑋𝑇𝑋𝑇𝑂𝐻 . 

The first, Kpy, assesses the change of the pseudo-yield limit in the presence of the notch. It can 

be considered a helpful design limit when the (pseudo)-ductile deformation is unknown. The 

second, Kmax, assesses the change in the ultimate load-carrying capability and is useful if post-

yield safety is of concern. In both cases, the net stresses in the OH specimen are used. 

Table 1 shows the notch sensitivity ratios for QI45 and QI60. Both types of QI laminates exhibit 

low notch sensitivity, especially compared to experimental data of QI carbon/epoxy laminates 

with comparable hole size [9], where values Kmax2 were measured. The low Kpy can be explained 

by the failure of 0° LE plies, which is controlled by the failure strain of the LE fibres. A similar low 

Kmax notch sensitivity was measured in thin QI all-carbon hybrids [2]. It was explained by analogy 

to the reduced notch sensitivity in ductile metals, which is related to the release of the stress 

concentration due to localised progressive damage. 

4. Localised damage around the notch 

Figure 3 shows the localisation of the AE events in a typical OH test. It reveals the location of the 

events Xloc in relation to the frequency at the maximum amplitude Fmax of the signal. The centre 

of the notch corresponds to Xloc = 6 cm. The distribution shows the localisation of the damage 

near the notch. As discussed in [3], the frequency of the events can be interpreted as follows: 

the high-frequency events, with Fmax  1400...1500 kHz for LE and Fmax  700 kHz for HE fibres, 

can be associated to fibre breakage; the bands with Fmax  500 kHz and Fmax  200 kHz can be 

associated to off-axis cracking, including matrix cracks and interface damage. 

 

Figure 3. The relationships between the Xloc coordinate of the AE source and the frequency Fmax 

for notched specimens OH QI45 (a) and OH QI60 (b). The ellipses show the position of high 

frequency (fibre breakage) events near the notch. 

OH QI45 OH QI60 

a b 
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2D DIC was used to measure full-field strain on the surface of the samples near the hole during 

tension. The yy strain maps are shown in Figure 4 just before and after the first load peak. 

Figure 4. Strain mapsyy on the OH specimens surface, transition to unstable deformation after 

first peak failure, QI45 (a,b) and QI60 (c,d; (a,c) just before and (b,d) just after the first load 

peak. 

The strain maps of QI45 just before the load peak (Ошибка! Источник ссылки не найден.a,c) 

are similar to the maps detailed in [9] for non-hybrid carbon/epoxy OH laminates with the layup 

[0/45/90/-45]s. Failure of the LE ply drastically changes the strain field pattern, especially for 

QI45. Splitting of the 0° plies, seen in Figure 4b,d as non-correlated zones originating from the 

hole edge, separates the strain pattern into two parts. In the central part, the strain yy is almost 

constant, as before the 0° LE failure. These maps are the witnesses of [0°] LE-ply failure near the 

hole, limited internal delamination (smearing of yy in the net section) and shear splitting of 

outer HE-ply. 

Conclusions 

The paper reports an investigation of notch sensitivity of open-hole pseudo-ductile quasi-

isotropic all-carbon hybrid laminates, combining low-elongation and high-elongation carbon 

fibre/epoxy plies of conventional thickness. Two types of QI laminates have been studied:       

QI45 - [0/45/90/-45]s and QI60 - [0/60/-60]s. The results can be summarised as follows: 

1. The OH QI hybrid laminates are almost notch-insensitive, with the notch sensitivity factors 

for pseudo-yield and ultimate stress below 1.15 (Table 1); 

2. The notched specimens have similar pseudo-ductile behaviour to the unnotched specimens, 

with the same stress level (Figure 2); 
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3. The post-plateau linear resistance and the ultimate stress of HE plies are preserved in the 

notched specimens only for the QI60 case. Notched QI45 lose the post-plateau resistance of 

HE plies, and their ultimate stress decreases (Figure 2). 
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Abstract: Our study aimed to provide two desired features to high-performance composite 

materials for structural applications: pseudo-ductility and reparability. UD prepreg plies were 

selected for manufacturing the test laminates made of glass fibre/epoxy (GF/EP) and carbon 

fibre/epoxy (CF/EP) layers in symmetric sandwich architecture. Autoclave curing was utilised 

for the best reproducibility and quality. A novel approach to enable reparability based on 

interleaving thermoplastic films in interlayer hybrid laminates was used with discontinuous 

CF/EP layer. Stable, pseudo-ductile tensile stress-strain response was demonstrated in the first 

step. Then, partially damaged samples were generated and repaired under heat and pressure. 

The achievable stiffness recovery of the samples was up to 100%. Significant effect of the 

repairing pressure on the knee-point strain and stress was detected, with efficient recovery at 

pressures higher than 6 bar. 

Keywords: Hybrid composites; Glass fibre; Carbon fibre; Interleaving 

1. Introduction 

High-performance fibre reinforced polymer composites are an excellent choice for lightweight 

structural components. They have outstanding strength to weight ratio, and their corrosion 

and fatigue resistance are also appreciated in several demanding applications. Still, their 

usually catastrophic failure mode limits their spread towards safety-critical, high volume 

applications such as automotive and transportation. Unlike metals which can be repaired using 

the wide selection of welding technologies, composites suffer from the lack of intrinsic 

reparability. According to the state of the art, the lifetime of partially damaged structures can 

only be extended by removing material from the deteriorated zones and apply bonded repair 

patches to restore the original load-bearing capacity. This is a rather complicated, laborious 

and therefore expensive technique with limited scope. Alternatively, the loading condition of 

the damaged component has to be carefully limited, which is usually not feasible for multiple 

reasons including safety concerns. 

Czél et al [1,2] recently proved the concept of making the failure mode of composites 

progressive, similar to that of ductile metals, by introducing pseudo-ductility through 

hybridisation of unidirectional (UD) glass and thin-ply carbon fibre reinforced epoxy plies in a 

sandwich architecture. The mechanisms enabling the progressive damage accumulation and 

failure mode of the materials are fragmentation of the low elongation (LE) fibre reinforced 

layer of the sandwich hybrids and stable delamination starting from the LE layer fractures. The 

resulting stress-strain response of the pseudo-ductile hybrid material consists of an initial 

linear part, a flat or slightly rising plateau and a second linear part (see Fig. 1), which provides 

clear warning before final failure The concept was developed further by hybridising different 
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types of carbon fibres [3] and using specific reinforcement orientations, such as bi-directional 

[4] and quasi-isotropic [5]. 

Czél et al [2] later demonstrated that the use of a unidirectional (UD) discontinuous carbon 

fibre/epoxy (CF/EP) layer in sandwich hybrid laminates together with UD continuous glass 

fibre/epoxy (GF/EP) layers, could also provide a pseudo-ductile, linear-plateau-linear type 

tensile stress-strain response with smooth transitions between the subsequent phases (see 

Fig. 1). The CF/EP layer has to release enough energy to initiate delamination before the 

fracture of the layer, therefore significantly thicker LE ply blocks are applied in this architecture 

than in the continuous one. This way, the CF/EP plies are prevented from fracturing during the 

benign damage process. The material's stiffness is degraded gradually by delamination 

between the discontinuous CF/EP and the continuous GF/EP layers before the final failure 

triggered by the fracture of the GF/EP layers. This controllable damage mechanism also 

enables the tailoring of the mechanical response to the requirements through careful design of 

the architecture of the material. 

 

Figure 1. Schematic stress-strain responses of different sandwich hybrid composite 

configurations 

The architecture made by the combination of discontinuous LE and continuous high elongation 

(HE) layers has a unique feature that the low elongation fibres (i.e. carbon fibres) do not break 

during the damage accumulation and final failure process. This enables the intrinsic 

reparability of delaminations in the material focusing only on the interfaces between the LE 

and HE layers. Thermoplastic polymers were applied successfully for improving the fracture 

toughness of composite layer interfaces [6], but full film interleaving is not a widespread 

approach to the best of the author’s knowledge. Since a full layer of thermoplastic film can 

enable the re-bonding of deteriorated or fractured layer interfaces by heating the material 

under pressure after damage, we decided to study this approach. Full film interleaving is also a 

suitable technique as we apply prepreg sheets to manufacture our special hybrid laminate 

architectures for pseudo-ductile composite materials. 

2. Materials, design, manufacturing 

The materials considered for designing the pseudo-ductile and reparable hybrid laminates are 

GF/EP and CF/EP prepreg sheets and polyamide 12 (PA12) film. Their basic properties are 

summarised in Tables 1 and 2. The layered laminate architecture of the reparable material is 

shown in Fig. 2a. The CF/EP and GF/EP composite layers are separated by PA12 films, which 

are damaged when the composite is overloaded in tension, but can be repaired under heat 
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and pressure. Fig. 2b shows the designed discontinuities in the interleaved hybrid laminates 

which form CF/EP platelets between the continuous GF/EP layers. 

Table 1. Basic properties of the fibres in the applied prepregs 

Type Manufacturer 

Tensile elastic 

modulus 

[GPa] 

Tensile strain 

to failure 

[%] 

Tensile 

strength 

[MPa] 

Density 

[kg/m
3
] 

Y-110 S-2 Glass AGY 89 5.7 4890 2470 

HexTow® IM7 
Carbon 

Hexcel 276 1.9 5516 1780 

 

Table 2. Basic properties of the applied materials 

Material designation 
Fibre 

type 

Nominal fibre 

areal density/ 

thickness 

Fibre 

volume 

fraction 

Cured ply 

thickness 

(UD) 

elastic 

modulus 

    [g/m
2

]/[μm] [%] [µm] [GPa] 

GF/EP prepreg S-glass 190 g/m
2

 50 155 45.7 

CF/EP prepreg IM7 100 g/m
2

 59 96 163.1 

PA12 thermoplastic film - ~20 μm Melt temp.: 178 °C 1.1 

 

a) 
 

 

b) 

 

Figure 2. a) schematic of the interleaved laminate architecture, b) schematic of the hybrid 

laminate tensile specimen with discontinuous CF/EP layer 

The key design considerations of the reparable hybrid laminates are summarised below based 

on [7]: 

1. The GF/EP layers have to be thick enough to take the full load of the laminate at the 

discontinuous cross-sections even if the strain in the laminate reaches the breaking strain of 

the CF/EP layer. This criterion prevents the fracture of the continuous GF/EP layer during the 

damage process of the hybrid laminate. The formula for the minimum glass layer thickness is 

given in Eq (1). 𝑡1 = 𝜀2𝑏𝐸2𝑡22𝐸1(𝜀1𝑏−𝜀2𝑏)                  (1) 

Where ε1b and ε2b are the breaking strains of the GF/EP and the CF/EP layers respectively, E1 

and E2 are the elastic moduli of the GF/EP and the CF/EP layers respectively, t1 is the thickness 

of the GF/EP layer. 
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2. We also have to make sure that delamination initiates before the fracture of the CF/EP 

platelets. For this, the mode II energy release rate (GII) of the interface at CF/EP fracture has to 

be higher than the mode II fracture toughness (GIIC ) as shown in Eq. (2). The GIIC of the 

interface was measured to be up to 4 kJ/m
2
, which was used for design purpose here. 𝐺𝐼𝐼 𝑎𝑡 𝐶𝐹𝐸𝑃 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 = 𝜀2𝑏2 𝐸2𝑡2(2𝐸1𝑡1+𝐸2𝑡2)8𝐸1𝑡1 > 𝐺𝐼𝐼𝐶                (2) 

Where t2 is the thickness of the CF/EP layer. 

3. An important design factor is to have long enough platelets for effective load transfer from 

the GF/EP layer to the CF/EP platelets. We analysed the critical (or ineffective) length of the 

CF/EP platelets embedded in continuous GF/EP layers and came up with Eq. (3) for the critical 

platelet length Lpc. Minimum two times this Lpc was used for our repairable laminate 

architectures. 𝐿𝑝𝑐 = 𝐸2𝜀2𝑏𝑡2𝜏𝑚𝑎𝑥                    (3) 

Where τmax is the shear strength of the layer interface dominated by the shear strength of the 

interleaf film. It was measured separately that the shear strength of the interface does not 

exceed 36.2 MPa, therefore this value was used here for design purpose. 

Table 3 presents the designed laminate configurations. The difference in platelet length (50 

vs.60 mm) results only in a small change of the elastic modulus. On the other hand shorter 

platelets can adapt better to the geometric features of a real product, so they are considered 

more suitable from a practical point of view. It is also clear that the energy release rate is high 

enough to initiate delamination before breaking the platelets. 

Table 3. Designed laminate configurations and key properties  

Hybrid configuration 

(Abbreviation) 

[Lay-up sequence] 

Fibre areal densities 

of the constituent 

plies 

Platelet 

length 

Nominal 

thickness 

CF/EP 

layer/full 

thickness 

ratio 

Calculated 

G
II
 at CF/EP 

failure 

strain 

Predicted 

elastic 

modulus 

[g/m
2

] [mm] [mm] [%] [N/mm] [GPa] 

(3G/PA12/3C-60 mm) 

[G
3
/PA12/C

3
/PA12/G

3
] 

[190
3
/-/100

3
/-/190

3
] 60 1.22 23.6 

8.907 at 

1.9% 
59.5 

(3G/PA12/3C-50 mm) 

[G
3
/PA12/C

3
/PA12/G

3
] 

[190
3
/-/100

3
/-/190

3
] 50 1.22 23.6 

8.907 at 

1.9% 
57.3 

 

The designed reparable pseudo-ductile hybrid composite laminates were manufactured from 

prepreg plies by manual lay-up with UD fibre orientations. The discontinuities in the CF/EP 

layer were introduced by rotary blade cutter manually. The interleaf films were also inserted in 

the laminates manually after degreasing with acetone. The laminates were vacuum bagged 

and cured in an autoclave at 130 °C for 60 min. Even though the thermoplastic interleaf films 

did not melt, excellent bonding to the composite layers was confirmed during the test 

procedures. 20 mm wide tensile test specimens were cut from the cured panels by a diamond 

cutting wheel. 
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3. Results and discussion 

Testing of the parallel edge hybrid composite coupons was executed under uniaxial quasi-

static tensile loading and displacement control at a crosshead speed of 5 mm/min on a 

computer-controlled Zwick Z250 type 250 kN rated universal electro-mechanic test machine 

fitted with a regularly calibrated 250 kN load cell and 100 kN rated Instron 2716-003 type 

manual wedge action grips. The strains were measured optically on one side of the specimens, 

with a Mercury Monet type video-extensometer using 60 and 100 mm gauge length fit to the 

platelet length of the given configuration. White markers (made with sharp tip paint marker) 

on a black background (made with blunt tip permanent marker) were used for high contrast 

and accurate tracking. The test sequence of the specimens was the following: 

0. Quasi-static characterisation of the reparable pseudo-ductile hybrid laminates was 

completed to obtain a solid baseline for the reparability study (see Fig. 3). The specimens were 

strained until the first signs of damage in the GF/EP layers to preserve their integrity for 

further visual investigation. 

1. Damage (delamination) is introduced to the specimen by tensioning until a specified strain 

value which is still safe against damaging the fibres. Fig. 3a also shows the developing 

delamination damage pattern (starting from the CF/EP layer discontinuities), because the 

translucent GF/EP plies enable visual damage detection in the specimens [8]. 

2. Damage was determined by re-loading the same specimen to the same strain approached in 

the damage introduction step. The stiffness reduction was used as the damage parameter, 

which was in the range of 37-47% (see Fig. 4). 

3. Then, the damaged specimens were repaired under elevated pressure and temperature and 

tensioned once again to the strain specified for the damage introduction (see fig. 5) to assess 

the recovery of mechanical parameters. 

        

Figure 3. Baseline quasi-static test results of the a) 3G/PA12/3C-60 mm and b) 3G/PA12/3C-

50 mm type specimens 

It is interesting to note that the platelet length only changed the stress-strain response of the 

pristine hybrid specimens slightly. In case of the 50 mm platelet specimens, there were three 

discontinuities within the gauge length, while there were only two in the 60 mm platelet 

specimens. This means that there was a significantly larger volume subjected to stress 
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concentration and Mode II crack initiation in the 50 mm platelet length specimens, which led 

to earlier damage initiation (see knee points on Fig. 3). 

 

 

Figure 4. Typical stress-strain curves of damage introduction and detection steps of tensile 

testing 

 

Figure 5. Typical test results of 3G/PA12/3C-50 mm specimens repaired at high pressure and 

high temperature in an autoclave. 

Fig. 5 demonstrates that we managed to restore the initial modulus of our discontinuous CF/EP 

hybrid laminates by submitting the damaged specimens to a repairing cycle in the autoclave 

above the melt temperature of the thermoplastic interleaves at 185°C and 7.5 bar for 10 
minutes. Fig. 5 also clearly shows that the visible delaminations disappeared from the 

specimen after the repairing cycle, confirming the successful re-bonding of the discontinuous 

CF/EP and the continuous GF/EP layers. Table 4 presents the summary of the test results. The 

moduli of the laminates were overestimated which suggest that the simple elastic-plastic 

material model applied in [7] and adopted here for modelling the mode II damage behaviour 

of the layer interface should be refined to capture the response of the modified interfaces 

more accurately. Repair efficiencies in Table 4 are calculated by dividing the given parameter 

value after the repair cycle with the corresponding parameter recorded during the damage 

introduction load step. The moduli of the damaged specimens were reduced by notable 37-

47%, which was almost fully recovered by all repair cycles for both specimen configurations. 

On the other hand, the repairing pressure has a significant effect on the repair efficiency in 

case of the knee-point strain and stress. 
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Table 4. Results summary 

Laminate 

configuration/repair 

pressure at 185 °C 

Predicted 

elastic 

modulus 

Measured 

elastic 

modulus 

(CoV) 

Knee-

point 

strain 

(CoV) 

Knee-

point 

stress 

(CoV) 

Modulus 

reduction 

due to 

damage 

Repair 

efficiency 

for elastic 

modulus 

Repair 

efficiency 

for knee-

point 

strain 

Repair 

efficiency 

for knee-

point 

stress 

[GPa] [GPa] [%] [MPa] [%] [%] [%] [%] 

3G/PA12/3C-60 mm 

/1 bar 
59.5 

63.4 

(3.13) 

1.667 

(5.21) 

990.6 

(3.55) 

36.9 

(1.47) 

~100 

(1.64) 

70 

(3.65) 

70 

(3.21) 

3G/PA12/3C-50 mm 

/6.5 bar 
57.3 

63.1 

(2.61) 

1.521 

(3.53) 

884.6 

(3.18) 

46.5 

(0.77) 

94 

(1.49) 

92 

(4.52) 

87 

(5.85) 

3G/PA12/3C-50 mm 

/7.5 bar 

44.9 

(2.60) 

96 

(3.11) 

~100 

(7.77) 

99 

(5.34) 

 

4. Conclusion 

 An industrially feasible material architecture and manufacturing process was proposed for 

reparable pseudo-ductile hybrid composite laminates. 

 All tested configurations showed favourable pseudo-ductile stress-strain responses with a 

detectable damage initiation point (knee-point) and a wide margin before final failure. 

 Small effect of the platelet length on the knee-point strain and stress was detected. 

 It was possible to restore the elastic modulus of all damaged specimen types even with low 

pressure (1 bar) during the repair cycle. 

 Almost full recovery of all the measured mechanical properties was achieved with high 

pressure (6.5-7.5 bar) repair cycles. 

 Significant effect of the repairing pressure on the knee-point strain and stress was 

detected. 
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Abstract: This paper aims to study the feasibility of smart thin-ply hybrid glass/carbon sensors 

in quasi-static impact damage detection and analyse different design strategies to achieve an 

optimal sensor performance. A set of carbon fibre reinforced polymer (CFRP) specimens was 

manufactured, and the hybrid sensing layers were attached and evaluated. New architectures of 

hybrid sensing layers are proposed using woven prepregs and introducing pre-cuts to increase 

stress concentration. The sensors are used under indentation to detect the damage. Outcomes 

established key design insights, which will be used further in developing the self-sensing 

technology and may result in more sustainable composite structures that are light-weight, easy 

to inspect and last longer.  

Keywords: Self-sensing; Composite materials; Structural health monitoring  

1. Introduction 

Fibre reinforced polymer (FRP) composites are vastly applied in different sectors such as 

aerospace, automotive, wind turbine and civil engineering industries. Despite having several 

advantages over conventional engineering materials, there is still room for improving FRP 

composites, for example, developing new structural health monitoring (SHM) techniques to 

study their damage evolution and potentially enhance their failure mechanisms to avoid 

unexpected fracture or failure.  

The damage detection using smart thin-ply hybrid glass/carbon composite sensors is a new 

chapter in SHM of composite structures, inspired by some early studies on the pseudo-ductile 

hybrid (PDH) composites [1-3]. PDH composites have recently been introduced as a new 

generation of FRP composites to address sudden and unexpected failure. When demonstrating 

pseudo-ductile behaviour in thin interlayer glass/carbon-epoxy hybrid composites, a pattern 

was observed by Czél and Wisnom [3] during the gradual failure of the specimens. The 

translucent nature of the constituent glass-epoxy layers made delamination detection possible 

to the naked eye. It was realised that this could be used for sensing damage on the surface of a 

structure, offering the potential for safer operation in service. This SHM technology is 

lightweight, bio-inspired, and wireless and has mainly been investigated in tensile loading [4].  

This paper explores the feasibility of hybrid glass/carbon sensors in damage detection, 

specifically for FRP composite structures under indentation (quasi-static impact) loading 

conditions. To this end, after demonstrating the applicability of the sensing system to detect 

indentation damage, we made some developments in the design of the sensor: a) the 

unidirectional (UD) glass layer was replaced by a woven glass layer, and b) the influence of 

discontinuity in the sensor, in the form of pre-existed cuts, was studied. The results highlighted 

that woven glass can be a good alternative to UD glass, and the sensor activation threshold can 

be well set at a desired load level by applying cuts in carbon layer. 
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2. Experimental procedure 

2.1 Design concept 

The design concept is based on the change in the appearance of a hybrid glass/carbon sensor 

when loaded beyond a predefined strain. The sensor is on the component's surface and 

experiences similar strains as the material beneath. It consists of a ‘sensing’ layer (carbon layer) 

and an outermost layer (glass layer). The intact carbon layer absorbs the light through the 

translucent glass layer showing a dark appearance. After the strain exceeds the failure strain of 

the carbon layer, the carbon layer develops multiple fractures, and the light is reflected from 

the interfacial damaged glass/carbon are around the carbon layer fractures, demonstrating light 

stripes. The visible interfacial damage is caused by the fragmentation of the carbon fibre sensing 

layer followed by stable, dispersed delamination [5]. The schematic of the sensor-set up and its 

attachment to a substrate material is shown in Figure 1.  

 

Figure 1. Schematic of hybrid thin-ply composite sensors attached to a substrate material 

Various parameters can influence the design of the proposed hybrid composite sensors. Their 

geometry (length and width) can be varied as well as the stiffness ratio of the sensor to the 

substrate by either changing the thickness of the layers or by utilising different 

composite prepreg materials. This technology is an ongoing field in SHM of composites, and 

there is still much room for improvement, particularly in developing new designs for the thin-

ply hybrid composite sensors to monitor low velocity impact and indentation damages. 

2.2 Materials and manufacturing 

Unidirectional IM7 carbon/913 epoxy prepreg supplied by Hexcel was used to fabricate the 

reference laminate with standard dimensions based on the ASTM D7136-07 (100 mm*150 mm). 

Two types of hybrid sensors, made from UD glass/YS 90A carbon and woven glass/YS 90A carbon 

with the same size as the reference laminates, were integrated into the front and back face of 

the laminates and cured at the same time as the core laminate. The core laminate was laid up 

in a quasi-isotropic [+45/0/90/-45]4s stacking sequence where 0 is the direction of unidirectional 

fibre orientation parallel to the long side of the plate. The sensors were composed of a single 

layer of the YS 90A carbon prepreg, with 90 orientation, sandwiched between the core laminate 

and a single layer of a glass prepreg with 90 orientation (Figure 2). It should also be noted that 

the total thickness of the sensor integrated specimens was 4.65 mm and 4.50 mm for specimens 

with UD and woven glass layers, respectively.  
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Figure 2. Schematic of the reference and sensor integrated specimens 

In order to investigate the feasibility of the proposed sensing system, two sets of samples, with 

and without the sensor, were manufactured. Also, two other sets of sensor integrated samples 

was manufactured in which: an array of cuts was made in the sensing layer (carbon layer) using 

a V-shape blade (Figure 3) [6] in one group, and UD glass was replaced by woven glass layer in 

another group. Each coupon test was repeated three times, and the average amounts are 

reported in this paper. A schematic of different specimen groups manufactured in this study is 

represented in Figure 4.  

 

Figure 3. The cut pattern for the carbon layers of the discontinuous hybrid composite 

plates 

 

Figure 4. Different sets of manufactured specimens in this study 
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2.3 Indentation tests 

In some cases, static indentation tests can be a suitable substitute for low velocity impact tests 

of laminated composite materials [7]. A Zwick 250 machine was used to perform indentation 

tests. The tests were carried out by mounting a 16 mm diameter steel indenter with the 150 

mm*100 mm specimens simply supported on a 125 mm* 75 mm window and clamped lightly 

to it using four rubber-tipped clamps (Figure 5). The tests were conducted in controlled 

conditions imposing a displacement rate of 2 mm/min. Videos were also taken from both the 

front and back faces of the specimens during the test and related to different stages of the 

sensor activation.  

 

Figure 5. Experimental configuration for the static indentation tests 

3. Results and discussion 

3.1. Quasi-static impact behavior  

The results of the indentation (quasi-static impact) tests of all four sets of specimens are shown 

in Figure 6. In all graphs, there are two major drops associated with the initiation and 

development of the damage in the form of delamination, where before the first drop, elastic 

behavior is observed. All the tests were continued until the force level of 12 KN, in which two 

main drops happened, but no fibre fracture was seen. A comparison of the four graphs indicates 

that integrating the sensors does not cause a significant difference in the force-displacement 

behavior of the CFRP composites under indentation loading. However, the reference specimen 

experienced a slightly higher deformation after the load drop compared to the sensor integrated 

specimens.  

The results also clarify that the specimens equipped with woven glass in their sensing layer 

would undergo a higher deformation level under the same force value than samples with the 

UD glass layer, particularly after the first load drop. Moreover, a different force-deformation 

response is seen in specimens with woven glass layer after the second load drop, where multiple 

subsequent drops are observed. The force-deformation response provided by these graphs 

would help in the optimal designing of hybrid glass/carbon sensors by calculating the desired 

strain levels for sensor activation. This can also help determine the required critical energy level 

to induce delamination damage in drop-weight impact tests, as suggested in [7].  
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Figure 6. Quasi-static impact behavior of different sets of specimens 

3.2. Sensor activation and visual observations 

The specimens' back and front faces were monitored during the tests, and videos were taken 

from both sides to evaluate the sensor activation process. The time of each video was then 

related to the force-time graphs obtained by the indentation machine software. The load level 

at which sensor was activated is illustrated in Figure 7. In all three groups, the back face sensor 

was activated sooner than the front face one. Also, in all samples, the back and front face sensors 

were activated before the first and second load drops, respectively, which are way before the 

final fibre fracture.  

As shown by Figure 7(b), sensor activation on two sides of the specimens happened at a lower 

force level compared to Figure 7 (a), especially in the front face, where the required force to 

activate the sensor has decreased from nearly 6.5 KN in intact specimens to 5 KN in specimens 

with discontinuities in their sensing layer, suggesting that initiation of the impact-induced 

delamination can be controlled by causing some discontinuities in the form of cuts.  

Figure 7(c) demonstrates the required force level for sensor activation in the back and front 

faces of the specimens with the woven glass in their sensing layer. The load value for sensor 

activation in the back face is slightly higher than that of samples with the UD glass, while in the 

front face, sensors with the woven glass were activated at a lower force level. This suggests that 

the damage in the back face is due to tension and is dominated by the fibre properties, whereas 

for the front face, delamination damage is active.  The earlier delamination damage in the woven 

is due to lower toughness of the woven glass prepreg compared with the UD glass that is an 

aerospace grade prepreg. A similar behavior was observed comparing the UD glass samples with 

and without discontinuities, where there is almost no difference between the damage in the 

back face initiation time, whereas the front face damage was initiated earlier for the sample 

with discontinuities due to the lower critical energy required for delamination initiation. 

Figure 8 shows the back and front faces of the specimens after the quasi-static impact tests. It 

is seen that while there is no visible sign of damage in reference samples (Figure 8(a)), it can be 
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clearly observed in all sensor integrated specimens, and this is more visible in the back face. No 

significant difference can be seen in sensors with and without discontinuities (Figures 8(b)  and 

8(c)), but the specimens with woven glass have a different appearance after the test. Given the 

thinner thickness of the sensors with a woven glass layer and their required activation load, they 

could potentially be a good alternative to UD glass layers in particular applications where the 

use of woven glass is advantageous.  

 

Figure 7. Sensor activation during quasi-static impact tests on the front face and back face of 

the samples 

(a) 

(b) (c) 
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Figure 8. Visual observation of damage after quasi-static impact on the front face and back face 

of the samples: a) reference, b) with sensor (UD glass), c) with sensor (UD glass and 

discontinuity in carbon layer), d) with sensor (woven glass) 

4. Conclusions 

This paper explored the possibility of applying hybrid glass/carbon sensors on composite 

structures to monitor the quasi-static impact damage. Four different sets of specimens were 

manufactured, including reference samples (without sensor), sensor integrated samples with 

UD glass layer and without discontinuity, sensor integrated samples with UD glass layer and with 

discontinuity (in carbon layer), and sensor integrated samples with woven glass layer and 

without discontinuity. The feasibility of the proposed sensing technology and the influence of 

materials and pre-damages in the sensing layer were investigated experimentally. The results 

indicated that quasi-static impact damage could be well detected using hybrid thin-ply 

glass/carbon sensors, while they do not cause a significant difference in structural properties of 

the composites. It was seen that back and front face sensors are activated before the first and 

second load drop, respectively, which are way before the final fibre fracture. It was observed 

that the dominant front face damage in the sensor is delamination, whereas fibre properties are 

governing the back face damage. 

The outcomes also suggested that initiation of the quasi-static impact-induced delamination can 

be well controlled by causing some discontinuities in the form of cuts. Another conclusion was 

that woven glass could potentially be a good alternative to UD glass in the sensing layer. The 

results of this work can be used in future research activities for optimal designing of self-sensing 

composites structures to trigger specific damage mechanisms under low-velocity impact loading 

conditions. 
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Abstract: In this study, the impact properties of interlayer hybrid thermoplastic composite were 

compared to the non-hybrid one. Hybrid laminates were produced using woven carbon and 

woven flax fibers and polyamide 12 matrix by hot-press with flax fiber plies as inner layers and 

carbon plies as outer layers. The non-hybrid carbon composite was also fabricated with similar 

thickness as a reference composite. The hybrid and non-hybrid composites were subjected to 

drop weight low-velocity impact with two different energies, namely 13.4 and 25.8 J. After 

hybridization, the absorbed impact energy decreased 12% and 16% for the 13.4 and 25.8-J 

impact energies, respectively. Moreover, characterization of the damage zone by X-ray micro-

computed tomography confirmed the different damage mechanisms of hybrid composites 

compared to the non-hybrid ones for both impact energies.  

Keywords: Impact behavior; Hybrid laminate composites; Flax fibers; X-ray computed 

tomography 

1. Introduction 

Composite laminates with brittle fibers/matrices have a low resistance to dynamic loading, 

specifically to impact [1]. One of the current strategies to improve the mechanical performance 

of these composites is the hybridization of natural fibers with synthetic fibers to compensate for 

the disadvantages of one type with the advantages of the other type. Dealing with carbon fiber 

composites that suffer from limited toughness, introducing natural fibers as interlayer laminates 

apart from reduced cost and weight, can improve flexibility and compensate inherent brittleness 

of carbon fiber [2]. Another rationale for incorporating natural fibers in carbon composites 

would be obtaining various modes of damage propagation which can affect mechanical 

properties such as impact resistance [3].  

Interlayer hybrid composites containing flax fibers have been studied by many researchers to 

improve the mechanical properties of carbon fiber-reinforced composites. Kumar et al. [4] 

showed that the tensile strength and fatigue life of laminated hybrid composites of flax, carbon 

and polyvinyl butyral with sandwich structure improved compared to the pure flax or pure 

carbon composites due to the high failure strain value of flax and its semi-brittle behavior. 

Kureemun et al. [5] reported higher tensile stiffness of woven carbon-flax hybrid composite with 

respect to the non-hybrid carbon-epoxy composite due to the architectural crimp mismatch 

between carbon and flax fabrics. In the study of Dhakal et al. [6], unidirectional flax/carbon 
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composites exhibited higher tensile modulus with less brittle damage mechanisms compared to 

plain carbon laminates. 

Composite laminates can be subjected to two impact loading categories during maintenance or 

in service, depending on the impact mass and velocity: low- and high-velocity impact loading. 

The low-velocity (large mass) impacts occur in the range of 1–10 m/s; however, the high-velocity 

(small mass) impacts have a velocity range of 50-1000 m/s [7]. High-velocity impact loadings 

provide more visible and severe damages, which could cause immediate failure and are usually 

easily detectable. On the other hand, the low-velocity impact loadings could lead to barely 

visible impact damages within the plies or at the interfaces; thus, they are more complex to 

assess [8]. Matrix cracking is usually the first type of failure caused by relatively low-velocity 

applied loads [9]. It might be followed by delamination between plies which is the most critical 

damage mechanism in impact of composites. Delamination causes a significant loss of flexural 

strength and stiffness and consequently, the load-bearing capability of the laminate can be 

significantly reduced [10].  

A wide range of characterization techniques could be applied to identify the damage modes 

during the impact. The main limitation of destructive methods such as conventional sectioning 

followed by microscopy is that they usually produce new damage and residual stress during the 

cutting process [1]. In contrast, the most commonly used non-destructive methods, i.e. 

thermography [10, 11], X-ray radiography [12] and ultrasound [13, 14], detect subsurface 

damages and keep structural integrity simultaneously. Recently, X-ray micro-computed 

tomography (micro-CT), as an advanced non-destructive inspection technique, has gained a lot 

of attention due to its capability to provide three-dimensional (3D) images of the damage zone 

[15]. In this method, X-ray radiographs are taken at many different angles, which are then 

reconstructed mathematically to obtain a 3D image. In the last decade, the CT imaging technique 

was often used to evaluate composite materials in terms of porosity and defects [16-19]. 

This work compares the impact behavior of carbon-flax-polyamide12 hybrid laminates with non-

hybrid carbon-polyamide12. Both hybrid and non-hybrid laminates were subjected to the drop 

weight low-velocity impact at two different energy levels, generating non-perforated damage to 

determine the energy absorption and impact failure behavior of the composites. In addition, 

micro-CT observation was employed to characterize the impact damages and failure modes.  

2. Experimentation 

2.1 Materials  

Two kinds of woven fabric have been used in this study; flax fabric (2x2 twill, 400 g/m2) supplied 

by Composites Evolution Ltd. (Chesterfield, UK), and carbon fabric (2x2 twill, HR-12K, 600 g/m2) 

supplied by Materiales Estructurales Ligeros S.L (Barcelona, Spain). Both fibers were stored at 

room ambient temperature and relative humidity (RT≈23 °C, RH≈33%) before composite 

fabrication. A commercial polyamide 12 (PA12) pellets were provided by Arkema (Madrid, Spain) 

as the thermoplastic matrix.  

2.2 Surface treatment 

Since flax fibers usually have poor bonding with polymer matrices [4], the atmospheric pressure 

plasma torch (Plasma treat GmbH, Steinhagen, Germany) was employed on the flax fabrics 

surface to improve their adhesion with the PA12 matrix. The device setup and technical details 
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were explained in a previous study [20]. The carbon fibers exhibited an excellent adhesion with 

the PA12 matrix without surface treatment. 

2.3 Composite fabrication 

The laminated composites were manufactured by a hot press machine (Fontijne Presses TPB374, 

Barendrecht, Netherlands). The maximum temperature and pressure were set to 200 °C and 3 

MPa. Hot press parameters were selected based on the thermal and rheological properties of 

the matrix and fibers and other considerations. The non-hybrid composite consisted of four plies 

of woven carbon (CCCC) and the hybrid one included two inner plies of woven flax which were 

sandwiched between two outer plies of carbon (CFFC). A single PA12 layer was positioned 

between every ply as well as on the outside of the lay-up (see Fig. 1). 

 

Figure 1: Manufacturing layup configurations: (a) non-hybrid carbon fiber composite (CCCC), 

(b) hybrid carbon-flax composite (CFFC). 

2.4 Impact test 

Drop-weight impact test in accordance with ASTM-D7136 standard was performed by an impact 

testing machine (CEAST/Instron 9340) with a hemispherical tup (diameter and mass of 16 mm 

and 5.41 kg, respectively) to study the low-velocity impact behavior of the composite laminates. 

Four specimens per composite type were tested at two energy levels of 13.4 and 25.8 J. The 

initial height of the impactor for both impact energies was set to 0.248 m, and for the higher 

impact energy, a 5-kg external weight was added to the tup weight. The composites specimens 

with a dimension of 60 x 60 x ~2.5 mm were clamped in a pneumatically actuated clamping 

fixture with an inner diameter of 40 mm. Moreover, the rebound brake was applied to prevent 

multiple impact events. Fig. 2 presents an overview of the drop-weight impact testing setup. 

 

Figure 2: Schematic of the drop-weight impact test setup 

2.5 Micro-CT image acquisition and processing 

The post-impact inspection of the composites was performed using a micro-computed 

tomography system TeScan UniTom XL. The impacted specimens were mounted on the 
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scanner’s rotation stage. The X-ray tube voltage and current for the scan were fixed to 80 kV 

and 200 mA, respectively. During each scan, which took about 100 min, 2400 radiographic 

projections were taken over a 360° rotation with an exposure time of 750 ms and voxel size of 

15 µm. The reconstruction of the projection data to cross-sectional images was performed with 

the Octopus reconstruction software.  

3. Results and discussion 

A number of parameters could be defined by analyzing the impactor force-displacement curve 

obtained during the drop-weight impact test. The closed-loop area corresponds to the 

laminate's absorbed energy (Ea). The total area under the hysteresis cycle describes the incident 

energy (Ei). Rebound energy (Er) is the difference between Ea and Ei. According to Fig. 3 and the 

resulting key impact parameters in Table 1, the absorbed energy ratio (Ea/Ei) decreased after 

hybridization by 12% and 16% for impact energies of 13.4 J and 25.8 J, respectively. It suggests 

that non-hybrid composites can dissipate a higher amount of impact energy. It is reasonable 

since the density of flax fibers (1.5 g/cm3) is lower than carbon fibers (1.78 g/cm3), non-hybrid 

composites have a higher overall fiber volume fraction (36 % vs. 25 %), which leads to the better 

impact behavior and higher absorbed energy. On the other side, compared to the non-hybrid 

composites, the peak force and the rebound energy increased in hybrid composites. 

Accordingly, by inserting flax plies in the middle of laminate, the force bearing capacity of the 

composite increased by about 20% and 35% for 13.4 J and 25.8 J impact energies.  

 

Figure 3: Impact hysteresis curves for the two types of composite laminates at different 

energies a) 13.4 J, b) 25.8 J 

Table 1: Impact properties of composites tested at different impact energies 

Composites Ei [J] Ea [J] Er [J] 
Absorbed E  

ratio [%] 

Peak force 

[kN] 

CCCC 

 13.4 J 

14.88 ± 0.44  10.77 ± 0.26 4.11 ± 0.32 72.39 ± 1.54 4.39 ± 0.05 

 25.8 J 

26.21 ± 1.67 23.42 ± 1.26 2.69 ± 0.87 89.43 ± 2.42 5.93 ± 0.12 

CFFC 

 

 13.4 J 

14.10 ± 0.55 9.10 ± 0.24 5.00 ± 0.35 63.58 ± 1.98 5.27 ± 0.02 
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 25.8 J 

28.58 ± 2.17 21.48 ± 1.40 6.81 ± 1.19 75.30 ± 3.50 8.00 ± 0.17 

 

Micro-CT images revealed more extensive internal damage of the hybrid composite compared 

to the non-hybrid one. During the impact, for both types of composites, the plies on the 

impacted face were compressed while those on the opposite face (back side) were stretched. In 

the non-hybrid CF composites, since the strength of carbon fiber composites under compression 

is weaker than in tension, the damaged area was more intense around the impact point. The 

damage in the woven carbon fiber composite (Fig. 4a and Fig. 5a) was predominantly inter-and 

intra-yarn debonding, delamination and longitudinal cracks. Another reason for less damage on 

the back side would be the locking tendency of composite layers together as an effect of impact 

[21]. 

On the other hand, in hybrid composites (Fig. 4b and Fig. 5b) compared to the non-hybrid ones, 

the damage appeared to be much more extensive on the back side, where the shear stress 

between adjacent layers of carbon and flax is more significant due to the considerable difference 

in modulus of these two layers. The carbon failure modes in the hybrid were similar to those in 

the non-hybrid composite. The damage of the flax fiber layer, which is less rigid and has a poorer 

bonding characteristic, was mainly intra-yarn debonding, inter-yarn transverse cracking, 

fiber/matrix debonding and fibers delamination. Moreover, the high transverse shear stress at 

the back side caused matrix cracking which propagated through the thickness. Passing from 13.4 

J (Fig. 4) to the higher impact energy of 25.8 J (Fig. 5), delamination and transverse microcracks 

are more evident, especially in the hybrid laminates.  

 

Figure 4: Micro-CT images of composites after impact (13.4 J): (a) non-hybrid; (b) hybrid  
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Figure 5: Micro-CT images of composites after impact (25.8 J): (a) non-hybrid; (b) hybrid 

4. Conclusion 

In this research work, the low-velocity impact behavior of the carbon-flax-PA12 hybrid 

composite was compared to the non-hybrid carbon-PA12 composite. The non-hybrid carbon 

composite (CCCC) had higher absorbed energy, while the hybrid (CFFC) tolerated higher peak 

force and rebound energy. In addition, micro-CT scans revealed higher damage development in 

the hybrid composite, likely caused by shear stress between flax and carbon layers. This resulted 

in more failure modes, which were mainly located on the back side. The investigated hybrid 

composite in this study had lower absorbed energy with different damage mechanisms, which 

can be assessed in future work by increasing the fiber volume fraction or modifying the lay-up 

sequence and plies number, which can affect the impact behavior of composite laminates. 
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Abstract: Thin-ply composites are high-performance materials known for their superior 

mechanical properties and brittle failure at nearly the ultimate strain of the fiber, while ordinary 

thick-plies fail by transverse cracking and delamination at a fraction of that strain. Such a brittle 

failure results in poor translaminar toughness and is a significant shortcoming in the design of 

damage tolerant structural applications. Recent studies investigated the possibility to restore 

thin-ply translaminar toughness through fiber hybridization. However, the sole translaminar 

toughness results did not permit to differentiate the ply-thickness effect from the hybridization 

effect. In this work, a pull-out bundle characterization framework based on the systematic 

analysis of the fracture surfaces is introduced. Coupled to the mechanistic investigation of the 

energy dissipated by these bundles, it highlights phenomenological key differences enabled by 

the fiber hybridization.  

Keywords: thin-ply; fiber-hybrid; translaminar toughness; fracture mechanics 

1. Introduction 

By accounting for the presence of cracks in composite materials, damage tolerant design is one 

of the engineering methods allowing for lighter structures and a more sustainable mobility. 

Despite outstanding mechanical performance thoroughly studied over the past decade [1–3], 

thin-plies composites are unfortunately not optimal for this approach. Quasi-isotropic laminates 

were reported to fail in tension at a strain as close as 90% of the fiber ultimate strain whereas 

regular thick-ply equivalents would fail at 40% [4]. This remarkable result is attributed to a failure 

mechanism dominated by the fibers as the development of micro-cracking, transverse cracking 

and delamination is almost suppressed by the thin-ply effect [5]. Conversely, the absence of 

these distributed damage locations reduces the amount of energy dissipated during the crack 

propagation and translaminar toughness has been shown to significantly decrease with ply 

thickness [6,7]. Thus, thin-ply composites are not tolerant to translaminar cracking. 

Recent studies investigated the reintroduction of distributed damage in thin-ply laminates 

before their failure through fiber hybridization [8,9]. Although distinctive failure modes were 

qualitatively observed, the contribution of the fiber hybridization to the toughness was barely 

distinguishable from the ply-thickness effect. This work aims to provide a quantitative 

characterization of the pull-out bundles, whose length has been shown to corelate with the 

translaminar toughness [6], in order to pave the way to a better understanding of the failure 
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mechanisms. The proposed method (i) maps in 3D the post mortem fracture surfaces, (ii) 

extracts 2D fracture profiles perpendicularly to the crack direction, (iii) postprocesses the 

profiles to (iv) output the bundle length, width and likelihood of occurrence and (v) link each 

bundle to an energy dissipated by debonding and rough friction through a finite element model. 

The results highlight phenomenological differences between fiber-hybrids and non-hybrids of 

equivalent ply-block thickness. 

2. Materials and methods 

2.1 Thin-ply fiber hybrids 

Cross-ply thin-ply fiber-hybrid laminates were obtained by hand stacking low strain (subscript L) 

and high strain (subscript H) carbon prepregs, resulting in ply-by-ply hybrids. This study was 

restricted to commercially available materials, respectively a 30 gsm HR40 carbon fiber prepreg 

and a 60 gsm 34-700 carbon fiber prepreg, both produced by North Thin Ply Technology (NTPT) 

with the TP415 toughened epoxy system [10]. The layups, as reported in Table 1, were designed 

following the failure map proposed by Jalavand et al. [11], with the goal of delaying as much as 

possible the pseudo-ductility behavior while promoting the pull-out length. Indeed, a key aspect 

of thin-ply composites is arguably their outstanding mechanical performance and a too 

premature pseudo-ductility plateau leads to a low onset of damage and lowers their potential 

for structural applications. As illustrated in Figure 1, the influence of hybridization architecture 

was assessed by testing an unbalanced and a balanced ply-block – H2 and H3 hybrids, 

respectively – with the same ply thicknesses and fiber ratio.  

Table 1: Laminates used in this study. 𝑠𝑠𝐻𝐻, 𝑠𝑠𝐿𝐿 and 𝑠𝑠𝑃𝑃𝑃𝑃𝑃𝑃−𝑏𝑏𝑃𝑃𝑏𝑏𝑐𝑐𝑘𝑘 are high strain, low strain and ply-

block prepreg areal weight, respectively. Nb. is the number of crack surfaces observed. 

Name Lay-up 𝒕𝒕𝑯𝑯 [𝒈𝒈𝒈𝒈𝒈𝒈] 𝒕𝒕𝑳𝑳 [𝒈𝒈𝒈𝒈𝒈𝒈] 𝒕𝒕𝑷𝑷𝑷𝑷𝑷𝑷−𝒃𝒃𝑷𝑷𝒃𝒃𝒃𝒃𝒃𝒃 [𝒈𝒈𝒈𝒈𝒈𝒈] Sample thick. [mm]  

Baseline B1 [90𝐿𝐿\0𝐿𝐿]𝑛𝑛𝑛𝑛  0 30 30 4.39 

Baseline B2 [90𝐻𝐻\0𝐻𝐻]𝑛𝑛𝑛𝑛  60 0 60 3.99 

Baseline B3 [902𝐻𝐻\02𝐻𝐻]𝑛𝑛𝑛𝑛  120 0 120 4.07 

Baseline B4 [903𝐻𝐻\03𝐻𝐻]𝑛𝑛𝑛𝑛  180 0 180 4.15 

Hybrid H1 [90𝐻𝐻\90𝐿𝐿\0𝐻𝐻\0𝐿𝐿]𝑛𝑛𝑛𝑛  60 30 90 4.04 

Hybrid H2 [902𝐻𝐻\902𝐿𝐿\02𝐻𝐻\02𝐿𝐿]𝑛𝑛𝑛𝑛  120 60 180 4.26 

Hybrid H3 [901𝐻𝐻\902𝐿𝐿\901𝐻𝐻\01𝐻𝐻\02𝐿𝐿\01𝐻𝐻]𝑛𝑛𝑛𝑛  120 60 180 4.20 

 

The plates were cured in an autoclave following NTPT instructions [10] and water-jet cut to run 

compact tension tests whose results were reported in a previous communication [9]. 

2.2 Fracture surface observations 

Post-mortem upper and lower fracture surfaces – see Figure 2.a – were observed under 200x 

magnification with a VHX-5000 Keyence optical microscope for each compact tension specimen. 

The stitching feature along with the depth-of-field algorithm were used to map in 3D the fracture 
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surfaces, resulting in approximately 20000 × 4000 𝜇𝜇𝜇𝜇 surfaces as depicted in Figure 2.b, with 

a resolution of 1.055 𝜇𝜇𝜇𝜇 ⋅ 𝑝𝑝𝑥𝑥−1 in the focus plane. This approach was preferred over confocal 

or scanning electron microscopy based on a trade-off between scanning speed, size of the 

scanned area, and ease to derive quantitative data. 

B2  B4  H1  H2  H3  

          

 90°  90°  90°  90°  90° 

 0°  90°  90°  90°  90° 

   90°  0°  90°  90° 

   0°  0°  90°  90° 

   0°    0°  0° 

   0°    0°  0° 

       0°  0° 

Legend       0°  0° 

 34-700 60gsm*       

 Hr40 30gsm*       

 
Figure 1: Schematic illustrating the ply-block configuration and the cross-ply stacking of the 
samples used in this study. Not all baseline configurations are represented, refer to Table 1 for 
the exhaustive list. *Thicknesses are not to scale 

One-pixel-thick 2D fracture surface profiles in the transverse direction – i.e. along the direction 

perpendicular to the crack propagation – were then extracted every 10 pixels as shown in Figure 

2.c, meaning that the features are analyzed with a resolution of 10 𝜇𝜇𝜇𝜇 in the crack propagation 

direction.   Pre-crack and bridging areas were discarded to not bias the data. Similarly, the data 

after the last valid crack tip position as determined through the compact tension test were 

discarded. 

 

Figure 2: (a) Schematic of a compact tension samples, lower fracture surface is highlighted in 
red; (b) Typical fracture surface observed by optical microscopy colored according to height; (c) 
Top view schematic of the fracture surface. The arrow stands for the crack propagation direction. 

2.3 Profile analysis  

A typical crack profile is depicted in Figure 3 and illustrates the pull-out bundles observed at the 

crack surface.  The profile appears asymmetric with respect to the crack plane. This is due to the 

a. b. 

c. 

Profile extraction 

every 10 pixels Precrack 

Bridging (removed 

from data) 

Last valid crack tip 

Crack width 
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failure of the optical microscope to resolve deep and narrow openings – due for instance to a 

lack of light. To mitigate this issue, both lower and upper crack surfaces were observed. The 

positive bundles observed at one surface are supplemented by the positive bundles observed at 

the other surface to form the complete crack profile. 

 

Figure 3: Typical fracture profile and simplified profile used to characterize pull-out bundles. 

In practice, a crack plane was manually defined using the same 90° plies for both surfaces. 

Positive pull-out bundles were then measured with respect to this crack plane. Due to 

misalignments and optical artefacts, the profile matching from one surface to another is 

challenging. Each profile was thus treated as an independent observation. The resulting 

statistical descriptor is in fact only accounting for 50% of the information. With this approach, 

matching the profiles is not required and the whole procedure can be automatized but 

information is lost about the small pull-out bundles close to the crack plane, due to the 

incertitude regarding the crack position, and about the distance between two consecutive 

positive and negative bundles.  

A Python algorithm was implemented to match simple steps with the profile as depicted in 

Figure 3. Small features whose dimensions were below 50 𝜇𝜇𝜇𝜇 were considered as noise and 

discarded. The height, width, and probability of step occurrence were used as statistical 

descriptors to characterize the pullout distribution for each material configuration. The 

developed lengths of the profiles were similarly aggregated to characterize the overall crack 

dimension. 

2.4 Energy dissipation simulations 

The fracture process in ply-by-ply fiber-hybrids laminates under longitudinal tensile loading is 

considered to start with ply fragmentation as shown in Figure 4.a. This process is described for 

instance by Mesquita et al. [12]. The low strain fibers fail as the strain increases. When a cluster 

of broken fibers reaches a critical size, a transverse crack propagates inside the low strain ply 

leading to its fragmentation. Thanks to the thin-ply effect the transverse crack does not 

propagate further and high strain plies keep carrying the load, preventing a catastrophic failure 

of the laminate. The ply block will finally also fail, most probably close to a transverse crack. This 

process is assumed to explain the presence of pull-out bundles at the crack surface. In the case 

of non-hybrids, weak points in the material may act as low strain fibers and explain the presence 

of pullout bundles. 
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Figure 4: (a) Damage sequence in thin-ply hybrids; (b) Overview of the modelling approach. 

Fragmentation and ply block failure happen at nearly zero crack opening displacement (COD) – 

few micrometers – but at high stresses. It corresponds to the initiation fracture toughness as 

measured in the compact tension test. As the crack progresses, consecutive mode II 

delamination followed by rough friction are expected to develop during pull-out of ply blocks. 

These processes involve much lower stresses but are acting on a large COD – over several 

millimeters. They are thus potentially very dissipative. These three steps may be efficiently 

accounted for by a macroscopic cohesive law [13]. 

Based on these assumptions, an Abaqus first-order dual scale finite element model was 

developed following the approach detailed in Figure 4.b. At the microscale, a shear cohesive law 

coupled to a Coulomb frictional behavior was implemented at pull-out interfaces to capture the 

energy dissipated by the pull-out of the bundles. A macroscale traction-separation law was 

derived from this model and implemented in a compact tension model. The debonding and 

frictional parameters were then obtained through inverse identification of the load-

displacements curves from the compact tension tests. They were finally used to predict the 

energetic contribution of each pull-out bundle as a function of its length. 

3. Results and Discussion 

More than 64000 profiles were analyzed, and the corresponding pull-out bundle distributions 

are shown in Figure 5. Knowing that the profiles are 1 pixel-thick, the results were normalized 

by the crack area projected on to the crack plane for a direct comparison between the 

configurations. Material distributions were obtained by multiplying the results by a factor of 2 

to account for the fact that only positive characteristics were analyzed. 

Overall, the majority of bundles are below 400 𝜇𝜇𝜇𝜇 height. The contrast between thin-ply 

materials – baselines B1 and B2 whose ply thickness is 30 gsm and 60 gsm respectively – and 

thick-ply materials – baseline B4 with 180 gsm – is clearly highlighted in the first subplot, where 

the maximal pull-out length scales linearly with the ply-block thickness for the same material.  

The distributions reveal two concomitant damage behaviors. The first one corresponds to crack 

deviations that stay close to the crack plane – bundles below 200 𝜇𝜇𝜇𝜇 – but which are distributed 

over a wide range of widths. This accounts for the large-scale crack variations over several plies 

that can be noticed as a “stair-case” on the crack surface. This behavior prevails in thin-plies as 

they exhibit almost no pull-out bundles confirming results already reported in the literature 

[6,7]. The second corresponds to the pull-out of actual medium-sized and large-scale fiber 

bundles – over 500 𝜇𝜇𝜇𝜇 – who are mostly confined to one ply-block and is more likely to occur 

in thick-plies. 
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Figure 5: Heatmaps of the positive pull-out bundle distribution for each material configuration. 

Counts were normalized by the crack area projected on to the crack plane. The first subplot x-

axis is the ply-block areal weight, the others are the bundle width. 

Hybrid materials confirm these trends, with two noticeable differences. Hybrid H3 exhibits 

significantly shorter pull-out bundles compared to hybrid H2 even if they have the same ply-

block thickness and the same fiber ratio. This difference is attributed to the hybridization 

architecture, an unbalanced ply-block H2 providing more extensive pull-out. Additionally, hybrid 

H2 shows less large-scale pull-out bundles close to 4000 𝜇𝜇𝜇𝜇 when compared to baseline B4, but 

much more medium-sized bundles around 600 𝜇𝜇𝜇𝜇, as highlighted in Figure 6.a.  

The ratios of crack surfaces reported in Table 2 correlate these observations. Hybrid H2 offers 

more perpendicular surfaces – perpendicular with respect to the crack plane – per unit of 

projected crack area when compared to its equivalent baseline B4 – 2.72 vs. 2.36, +15 % – while 

hybrid H3 does significantly worse – 1.48 vs. 2.72, -37 %. These vertical surfaces are the interface 
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that dissipate energy during the pull-out. However hybrid H2 and baseline B4 offer a similar 

translaminar toughness [9]. It means that translaminar toughness does not scale linearly with 

the available vertical surface and another mechanism is at play. 

 

 

Figure 6: (a) Close-up on the bundle length distribution over the range 500− 4000 𝜇𝜇𝜇𝜇 for 
baseline B4, hybrid H2 and hybrid H3, all have a ply-block thickness of 180 gsm; (b) 

Corresponding energy dissipated by the bundles in debonding and friction predicted by the dual 
scale model. Counts and energies were normalized by the crack area projected on to the crack 
plane. Distributions are overlayed.  

As highlighted in Figure 6.b, the dual scale model proposed in this work predicts that longer pull-

out bundles over 2000 𝜇𝜇𝜇𝜇 contribute far more to the dissipated energy than the smaller ones. 

The baseline B4 leads to a lower number of bundles and its developed crack area is smaller when 

compared to hybrid H2 but the few long B4 bundles dissipate as much energy as the numerous 

medium size H2 bundles. 

Table 2: Crack surfaces as measured by the proposed method normalized by the crack area 
projected on to the crack plane.  

Configuration B1 B2 B3 B4 H1 H2 H3 

Crack surface ratio 2.48 2.36 2.92 3.96 2.66 4.22 3.06 

Crack perpendicular surface ratio 0.76 0.58 1.28 2.36 0.98 2.72 1.48 

 

4. Conclusion  

This work proposes a method to characterize the fracture surface of fiber hybrids tested in 

compact tension. The surfaces were systematically mapped in 3D with an optical microscope. 

The resulting data were then treated as series of 2D profiles that were simplified in order to 

extract statistical descriptors. Results show that the pull-out bundle height and width 

distributions are strongly impacted by the ply thickness in agreement with previous studies. 

More importantly, this work provides quantitative data about the influence of fiber 

hybridization and its architecture on the pull-out bundle distribution. It highlights two distinct 

dissipative mechanisms. In the hybrid case numerous medium-sized bundles provide similar 

energy dissipation as few large-scale bundles in the non-hybrid equivalent. It indicates that 

despite the absence of noticeable translaminar toughness improvement reported in recent 

studies on ply-by-ply hybrids, there is still room for new hybridization strategies that may tailor 

the pull-out distribution and the dissipative mechanisms to achieve toughness improvements. 

a. b. 
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Abstract: A novel fibre alignment method has been developed at the University of Nottingham 

whereby discontinuous fibres can be aligned to produce preforms that can be used to produce 

high fibre volume fraction composites at low moulding pressure. For example, a composite with 

46% fibre volume fraction can be made in an autoclave.  

Several studies have been done on the tensile response of aligned discontinuous fibre hybrid 

composites, however, the impact properties of such new materials, one of the major 

requirements of structural materials, have yet to be determined. In addition, as fibre 

hybridization has been known as an effective way to improve the energy absorption and ductility 

of composites, this approach will be assessed to determine its influence on the impact behaviour 

of aligned fibre composites. In this study, carbon and glass fibers are hybridized in five different 

ratios with an intermingled architecture from 0% to 100% carbon. The impact samples are 

manufactured with ISO 6603 standard and the impact properties of them were assessed with the 

drop weight test.  

Keywords: Alignment; Hybridization; Impact. 

1. Introduction 

The desire to design lighter vehicles to reduce fuel consumption, create an ever-increasing 

demand for Fibre Reinforced Composites (FRCs). However, two disadvantages have been always 

a concern. First, manufacturing virgin carbon fibres is energy intensive, which makes carbon 

fibres costly. Second, the increasing amount of wastes, either from manufacturing step or end-

of-life scraps, must be limited to protect the environment. Implementation of circular economy 

on the composite industry to recover and reuse of valuable fibres can address these issues [1, 

2]. There are three main methods to recycle FRCs: mechanical, thermal, and chemical. Each of 

these methods can be useful for specific applications, but thermal processes in general are the 

main recycling method in industry [3].   

Fluidised bed (FB) was adapted to be used for composite materials at the University of 

Nottingham by Pickering et al. [4] to recover fibres with the same properties as the virgin ones. 

A variety of FRCs including Carbon Fiber Reinforced Composites (CFRCs) and Glass Fiber 

Reinforced Composites (GFRCs) have been recycled by different research groups. Based on the 

efforts to recycle carbon fibre (CF) and glass fibre (GF) by Pickering et al. [4] and Yip et al. [5] it 

was concluded that recovering CF is more efficient as CFs can fully retain their young’s modulus  
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and 75% of their tensile strength. Pyrolysis can keep the properties of fibers as well, but this 

process is susceptible to create char on the fibers surface which can reduce the mechanical 

properties of subsequent composites [6]. 

Although the mechanical properties of carbon and glass fibres can be remained intact after 

recycling, their shape and size extremely change. FRCs with high stiffness and strength, typically 

contain continuous fibres; after recycling, these fibres turn to discontinuous fibres in a fluffy 

form. An example of the form of recycled carbon fibres is given in Figure 1. The subsequent 

usage of recovered fibres depends on the application. They can be used with random 

configuration and low volume fraction for applications in which high stiffness and strength is not 

desired. Nonetheless, to have structural composites, with the same mechanical properties as 

composites with continuous fibres, they must be aligned in a direction to increase the volume 

fraction of fibers and in-plane strength [7]. 

 

Figure 1 - Fluffy recycled carbon fibers. 

A fibre alignment method has been developed at the University of Nottingham whereby 

discontinuous fibres can be aligned to produce preforms that can be used to manufacture high 

fibre volume fraction composites at low molding pressure. For example, a composite with 46% 

fibre volume fraction can be made in an autoclave [8]. 

One of the intrinsic characteristics of FRCs is their relative brittleness [9]. Fiber-hybridisation is 

an effective way to improve the ductility and energy absorption of composites without 

sacrificing their tensile stiffness and strength. Fiber-hybridisation is broadly defined as using two 

or more kinds of fibre within a composite, and can be divided into three configurations: 

intermingled, intralayer, and interlayer [9-12]. Figure 2 schematically illustrates the mentioned 

types of fibre-hybrid composites. 2a: mixture of fibres with random distribution, 2b: intralayer, 

with a controlled distribution of fibres within a layer; and 2c: interlayer, having different types 

of fibre in each layer. 
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Figure 2 - An example of fibre hybrid architectures. Red and black represent different fibre types. a) intermingled b) 

intralayer [9]. 

In fibre hybridisation, it is possible to deviate from the rule of mixtures and have different 

properties than the one predicted by this simple and accurate model. This deviation can 

strengthen or weaken some properties in composites more than the predictions [9, 13]. An 

example of changing in a tensile behaviour of composites by fibre hybridisation can be seen in 

Figure 3. Combining two different fibres, one with low elongation (LE) and the other with high 

elongation (HE) fibres, results in a tensile behaviour between these two composites. 

 

Figure 3 - Change in the tensile behaviour of low and high elongation fibre composites by fiber hybridisation [10]. 

However, most of the studies have focused on hybridisation of continuous fibres and the effect 

of it on the short fibre as well as aligned fibre composites remained unknown. A few research 

have been done on the effect of fibre hybridisation on aligned recycled fibres: H. Yu et al. worked 

on the hybridising of different grades of short carbon fibres and short E-glass fibres which were 

aligned by the HiPerDif method to achieve pseudo ductility [12]. In another study, they 

attempted to find the relation between plies distribution on the strain to failure of the 

interlaminated carbon and glass hybrid composites [14].  

Until now, there is no study on the impact behavior of the aligned fibre composites. This lack of 

data is mainly due to the inability of other methods to produce mats with an adequate width for 
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impact samples. The aim of this study is to evaluate the effect of hybridization on the impact 

failure and energy absorption of aligned intermingled carbon/glass hybrid composites by 

performing impact tests on samples with different ratio of aligned carbon and glass fibres. 

2. Materials and method 

2.1 Materials 

The samples were fabricated with 3mm carbon and glass fibres. Tenax®-A HT C124 carbon fibre 

staples with water soluble sizing supplied from Toho Tenax Europe GmbH, and the glass fibres 

were E-glass type and supplied by Jushi group co. The epoxy resin to form the final composite 

was Araldite LY 1556 by HUNTSMAN.  

2.2. Aligned fiber tape manufacturing 

The centrifugal alignment rig was used to produce aligned hybrid fiber mats. In this method, 

discontinuous fibres are dispersed in a viscous liquid, and the suspension then passes through a 

convergent nozzle to align the fibres and deposit them on the inner surface of a rotating drum. 

The inner surface of the drum is covered by a fine mesh and a vacuum is applied to the outside 

of it. The vacuum separates the liquid from the fibres leaving an aligned preform on the inside 

of the drum. A schematic diagram of the process can be found in Figure 4. 

 

Figure 4 - Schematic view of fibre alignment by the rotating drum method. 

2.3 Manufacture of aligned fiber composites  

After the production of aligned fibre mats, the final laminates were made, firstly, by resin 

infusion of them under the vacuum to make a prepreg. Then, for each laminate, four prepregs 

were stacked together with cross-ply structure and cured at 120 Co for 2 hours.   
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2.4 Impact testing 

The low velocity impact tests were done by INSTRON 9450 at Imperial College London. The 

samples were prepared to be compatible with ISO 6603-2 standard. This standard was chosen 

because it has the smallest sample dimension among all the standards for the low-velocity 

impact test and requires less materials which can speed-up the sample preparation stage. The 

schematic and real figure of test fixture can be found in figure 5. Specimens were tightly fixed 

between the test fixtures to not slip at the moment of impact. Impact energy was set to 25 J and 

was applied by a hemisphere shape impactor. 

 

Figure 5 - Schematic and real figure of ISO 6603-2 test fixture. 

Figure 6 shows two possible force-displacement curves for any sample which is tested in the 

drop weight impact test. By studying these curves, behaviour of different samples can be 

identified. A general trend can be seen in all the curves; each curve starts with an ascending 

force and reach to its own peak, then it is followed by a section of unloading. The ascending part 

of this curve can be interpreted same as the stress-strain curve in tensile test and can represent 

the bending stiffness of a sample during its resistance to the impact load. Then, the peak force 

is the point beyond which damage is initiated and propagated. The damage propagation 

continues till the impactor stops moving at some point or perforates the sample completely. If 

the impactor cannot fully penetrate the sample, normally the stored elastic energy of the 

material can push the impactor toward its opposite direction (Figure 6 b). 

Another useful information which can be obtained from this curve is the energy absorption of 

the samples. The enclosed area beneath the curve is representative of energy absorption during 

the impact. 
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Figure 6 - Typical force-displacement behaviour of a) brittle and b) tough sample during the impact test. 

3. Results and analysis 

3.1. Peak force comparison 

All the force-displacement curves of the samples from 100 % C to 100 % G were analysed and 

the comparison of their average peak forces is given in figure 7. Specimens with 100% G displays 

higher peak forces than the ones with 100 % C. This is due to the higher elongation of G fibres 

and the fact that C fibres break earlier than G fibres. However, the trend in hybrid samples is not 

linear. Although it is expected that with increasing C content lower peak forces would be 

observed, hybrid sample with 50 % C and 50 % G could sustain forces as much as glass fibres. 

This means hybridising G and C with a ratio of 1:1 can provide a positive hybrid effect, and G 

fibres can protect C fibres from early breakage. In other word, if any breakage occurred in C 

fibres, G fibres at the vicinity of it do not let the crack to propagate and damp the released stress 

waves [9].   

 

Figure 7 - Comparison of peak forces. 
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3.1. Energy absorption 

The absorbed energies before initiation of the damage are compared in figure 8. Again, fully G 

fibre specimens absorbed more energy than fully C fibres, as expected, which is due to the brittle 

nature of carbon fibres. However, the trend in energy absorption do not obey the rule of 

mixture; and there is no change in energy absorption when the content of C fibres shifts from 

25 % to 50 %. This can be a result of increase in crack length during propagation of impact cracks. 

When there are some intact glass fibres in between broken carbon fibres, the crack needs to 

travel around the intact fibres which helps with absorbing more energy. 

  

Figure 8 - Comparison of absorbed energy before initiation of the damage. 

4. Conclusion 

The impact behaviour of aligned discontinuous fibre composites have been assessed for the first 

time. It was shown that fibre hybridizing can be beneficial in shock absorption of samples and 

bearing more loads before damage initiation. The best hybrid effect was seen in samples with 

50 % C and 50 % G due to the better dispersion of fibres. Using an equal volume fraction of 

different fibres eliminates the chance of having fibre clusters from one type of fibres and provide 

the maximum shock absorption, maintain the resistance to force without sacrificing the energy 

absorption capability.   
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Abstract: The mechanical shaping process of calendering was employed for the manufacturing 

of hybrid pre-impregnated tapes of reduced thickness (thin-ply prepregs) by comingling various 

ratios of dissimilar carbon fibres with different processing parameters. A versatile image 

processing and microstructural analysis tool was developed to capture the arrangement of the 

different fibres in cross-sections of multi-layer laminates produced with the calendered 

materials. The performance of the calendering process as a method of manufacturing hybrid 

thin-ply prepregs was evaluated through the degree of hybridization that could be achieved and 

the effect of processing parameters on the overall microstructure of the hybrids. 

Keywords: hybrid composites; thin-ply; microstructural characterization 

1. Introduction 

Thin-ply composites are recognized as a key solution for the manufacturing of high-performance 

composite structures due to the unique mechanical properties and the increased design 

versatility that they offer. However, the high production cost due to the complexity of the 

manufacturing methods and their inherent brittleness limit their wider adoption by the 

composites industry [1]. In recent years, fibre hybridization (i.e., combining at least two types of 

fibres in a common matrix) is emerging as a promising approach for alleviating these drawbacks 

towards laminates with balanced characteristics in terms of mechanical properties and cost-

efficiency [2]. Currently, most studies on hybrids employ simple interlayer (ply-level) 

configurations mainly due to difficulties in manufacturing more complex tow or fiber-level 

architectures[3]. However, simulation tools predict that notable improvements can be obtained 

from hybrids with an increased level of fiber dispersion [4]. The main aim of this work is to 

experimentally evaluate the efficiency of the calendering process as a new methodology for 

manufacturing prepregs that combine thin-ply and hybrid characteristics. 

2. Materials and Methods 

2.1 Materials 

Two different grades of continuous tows of carbon fibres were selected for the present study. 

The high strain GRAFIL™ 34-700WD (HS:  Ef=234 GPa, εf=2.06%) and the low strain PYROFIL™ HR 

40 12M (LS: Ef=375 GPa εf=1.18%) both produced by Mitsubishi. The matrix was ThinPregTM 415 

(TP415), a rubber toughened epoxy formulation of North Thin Ply Technology (NTPT). The 

materials were processed by NTPT to produce single-fiber unidirectional (UD) thin-ply prepregs 
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with different ply fiber areal weight (FAW), that were used as an intermediate stage of hybrid 

prepreg manufacturing. Rolls with FAW of 30g/m2 (gsm) and 60 gsm were manufactured with 

the 34-700 fibres and an ultra-thin ply format with FAW of 15 gsm was chosen for the HR40 

fibres. The nominal resin content (RC) for all prepregs was set at 37% by weight. 

2.2 Manufacturing of hybrid prepregs with the calendering process 

A custom-made calender consisting of two heated counter-rotating steel rolls, schematically 

presented in Figure 1, was assembled for manufacturing the hybrid prepregs. Key production 

settings of the calender apparatus such as the rotational speed, the temperature, and more 

importantly the distance between the rolls that controlled the applied pressure on the 

unidirectional prepregs, could be accurately adjusted during production, securing a smooth and 

uninterrupted operation. To produce prepregs with an increased level of fibre co-dispersion and 

ideally fibre level hybrids, pairs of different single-fiber UD thin-ply prepregs manufactured at 

previous stages were aligned on top of each other and then guided in the tight nip created 

between the calender rolls at elevated temperatures. The pressure of the rolls forced the 

dissimilar fibres of the prepregs to interpenetrate and create fibre-level hybrid configurations. 

In total, four different calendered and two baseline non-calendered equivalent hybrid thin-ply 

prepregs were manufactured for this work, as described in Table 1. Hybrid composite laminates 

were manufactured with each material type by manually stacking hybrid plies on top of each 

other and the number of them was adjusted to reach a thickness of 2mm. The laminates were 

then cured in an autoclave following the curing profile recommended by NTPT (1250C, 2h, 5atm 

peak pressure) to fully cross-link the TP415 epoxy matrix and reach optimal performance for the 

hybrid thin-ply composite. 

 

Figure 1 Schematic of the calendering process and calender apparatus employed for the 

manufacturing of hybrid thin-ply prepregs. 
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Table 1 Production characteristics and fibre composition of hybrid thin-ply prepregs 

Calender 

Pressure 

Low Strain Fibre (LS) 

HR40 (g/m2) 

High Strain Fibre (HS) 

34-700 (g/m2) 

Hybrid FAW 

(g/m2) 

 Sample 

Reference 

Low 15 60 75 C LP 75 

Low 15 30 45 C LP 45 

High 15 60 75 C HP 75 

High 15 30 45 C HP 45 

Non-Calendered 15 60 75 NC 75 

Non-Calendered 15 30 45 NC 45 

 

2.3 Microstructural characterization of hybrid thin-ply composite laminates 

Microstructural analysis techniques were used to quantify the effect of processing parameters 

on the overall microstructural profile of hybrid composites produced with calendered thin-ply 

prepregs. Cross-sections of the multilayer hybrid laminates were embedded into resin blocks 

that were ground with SIC abrasive papers (grain size P:400 - P:1200) and then polished for long 

cycles on a cloth pad with diamond abrasive suspension (particle size 1-3 μm) to obtain mirror-

finished surfaces. These micrography samples were observed with a KEYENCE VHX-600 optical 

digital microscope under lighting conditions that could best produce high contrast between the 

matrix and the different reinforcements since the quality of the raw images can strongly affect 

the results of fibre identification and image analysis methods. The workflow for the 

identification of fibre position and type is shown in  Figure 2. Matrix and fibres were segmented 

from the raw image in Fiji  [5] via Minimum threshold. The following steps were conducted in 

Matlab. A morphological operation of opening was used to reduce thresholding artefacts prior 

to fibre identification via Circular Hough Transform. Analysis of the gradient magnitude on the 

location of each fibre was conducted on the raw image, leading to a bimodal distribution in 

which peaks correspond to each fibre type. 

 

Figure 2 Workflow for fibre type identification: a) raw image b) image after thresholding and 

morphological operations c) histogram of the mean local gradient magnitude, showing a 

bimodal distribution where the two peaks can be associated to each fibre type (left: HR40 (low 

strain, LS); right: 34-700 (high strain, HS)) d) resulting fibre type assignment based on the 

bimodal distribution. 
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2.3.1 Hybrid parameters calculation  

The metrics were based on the parameters of areal disorder [6], dispersion [2], and degree of 

hybridization [7]. To investigate the variability of the metrics for each material, the parameters 

were evaluated in three different regions of area 1600 μm by 1300 μm. Nominal fibre diameters 

were used for the calculations (7 μm for high strain (HS) fibres [8] and 6 μm for low strain (LS) 

fibres).  

2.2.1 Areal disorder 

The areal disorder (AD) was determined using a Delaunay tessellation as defined by Bray et 

al.[6]: 

AD = ( 
𝐴 𝜎  + 1)-1,                   (1) 

where A is the mean area of the elements in the tessellation and σ is the corresponding standard 

deviation. In this work, AD was calculated for each sample on three different tessellations, one 

which considers globally all fibre centres and one considering LS fibres only and a third one 

considering HS fibres only.  

2.2.2 Dispersion 

In literature, the dispersion parameter was used to quantify the degree of fibre mixing by 

considering the proximity of two different fibre types FA and FB: 

Dispersion = mean(
𝑅𝐹𝐴  ∑ 𝑑(𝐹𝐴𝑗→𝐹𝐵𝑖)/6𝑖=1…6 ) all j               (2) 

where RFA is the nominal radius of fibre type FA, d(FA j→ FB i) is the distance between the j-th fibre 

of type FA and the six closest neighbouring fibres of type FB. To understand the ability of the 

parameter to capture effects in an anisotropic fibre arrangement such as those encountered in 

this study, the parameter was calculated with reference to both low strain (LS) and high strain 

(HS) fibres, compared to only on low strain (LS) fibres as reported in the literature[2]. 

2.2.3 Degree of hybridization 

The degree of hybridization compares the local fibre composition of a given microstructure to 

that of a microstructure with random fibre distribution [7]. A square moving window was used 

to determine the local areal ratio (AR) of the two fibre types over the region analysed, as: 

AR  = 
𝑁𝐹𝐴𝐷𝐹𝐴2(𝑁𝐹𝐴𝐷𝐹𝐴2  + 𝑁𝐹𝐵𝐷𝐹𝐵2 )                                   (3)      

where NFA and NFB are the number of fibres of the two types, and DFA and DFB the corresponding 

nominal diameters. The window size was chosen equal to six times the nominal diameter as 

suggested in the literature [7] and was determined as the weighted ratio of the nominal values 

of the fibres diameters in the mean fibre composition for the dataset. The degree of 

hybridization (H) was then defined as the ratio between the coefficient of variation of the areal 

ratio distribution of each sample and that of a random hybrid microstructure, expressed as a 

percentage. For this analysis, the random microstructure was chosen to have same fibre type 

ratio, fibre number and positions as in each sample, but with a random fibre assignment.  

1239/1602 ©2022 Argyropoulos et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

3. Results and discussion 

The samples show a range of volume fractions as shown in Figure 3. The resulting general trend 

shows an increase in global fibre volume fraction with increasing calendaring pressure. 

Additional effects arising from debulking cycles are not investigated.  

 

Figure 3 Laminate compositions expressed as volume fraction of the individual components. 

3.1 Areal disorder 

The results of the analysis of the areal disorder (AD) are reported in Figure 4a. The values of AD 

for the global fibre distributions are similar for all samples and lower than the values determined 

for either LS and HS fibre types taken individually. A higher value of global AD is observed for 

the non-calendered (NC) samples compared to calendered (C) samples. An increase in the value 

of AD for the LS fibres (in red) is observed for both increasing calendering pressure and for 

increasing nominal areal weight of HS fibres. For the HS fibres (in blue), the value of AD has a 

lower range of variation between samples compared to that for the LS fibres. A lower value of 

areal disorder corresponds to a more regular fibre distribution. For this reason, the AD for the 

global fibre architecture is always lower than for the individual phases, which have a greater 

variation in tessellation area due to the presence of alternated regions of higher packing density 

(within each individual layer), and empty regions occupied by the other fibre type. A slightly 

higher value of global AD is observed for non-calendered (NC) samples compared to calendered 

(C) samples, which might indicate a higher level of overall disorder in the material. Since the 

increase in HS fibres nominal areal weight from 30 gsm to 60 gsm translates into a greater 

spacing between layers of LS fibres, the latter phase appears overall less ordered, resulting in an 

increase in AD. For the HS fibres, the variability between samples can be appreciated less over 

this range of compositions.  

3.2 Dispersion 

As shown in Figure 4b, little variation in dispersion is observed between different samples for LS 

fibres (in red). Conversely, a general decrease of dispersion for HS fibres (in blue) is observed 

with the increase of the nominal HS fibre areal weight from 30 g/m2 (gsm) to 60 g/m2. 
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Since the areal weight of the LS fibre layer is similar for all samples, the resulting layer thickness 

is similar in all samples. For this reason, the distance to the six closest neighbours of the opposite 

fibre type varies only slightly between samples, leading to small changes in the values of 

dispersion. Conversely, for an increase in nominal HS fibres areal weight, the average distance 

to the six closest LS fibres will increase. This might have a different effect depending on the 

effective HS fibre fraction shown in Figure 3, which might determine a variation in the average 

layer thickness.  

 

Figure 4 a) Areal disorder for the two fibre types (HS in blue and LS in red) and for the global 

fibre arrangement (in green) b) Dispersion for the two fibre types (HS in blue and LS in red). 

3.3 Degree of hybridization  

The distribution of areal ratios for each sample and for their corresponding random 

microstructures are shown in Figure 4a. A higher number of regions containing only HS fibres is 

present for increasing HS fibre nominal areal weight, which is shown by a higher bin count at 

AR=1. The resulting degree of hybridization shown in Figure 4b decreases with increasing HS 

fibre nominal areal weight and is highest for the non-calendered samples within each nominal 

composition. The degree of hybridization was calculated with reference to HS fibres. Choosing 

to refer to LS fibres instead would have led to a flipped distribution of areal disorder values, and 

therefore would not have affected the current analysis. A window size equal to six times the 

nominal fibre diameter was chosen as recommended in the literature [7], however, a different 

choice of size is expected to impact the result, as the greater the window size, the greater the 

microstructural homogenization in the resulting AR distribution. The choice of random 

microstructures tailored to each sample to match their fibre type composition was considered 

necessary to generate comparable datasets, due to the variations in fibre type composition 

shown in Figure 3. The greater degree of hybridization for the LS 15 gsm – HS 30 gsm sample 

series relates to a more homogenous microstructure within the window of observation chosen 

compared to the LS 15 gsm – HS 60 gsm series due to lower spacing between different layer 

types. Within each sample series, a greater degree of hybridization is observed for non-

calendered samples compared to the calendered counterparts.  
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a)  

b)  

Figure 5 a) Distributions of areal ratio (AR) for the four samples b) resulting degree of 

hybridization (H) 

 

4. Conclusions 

Unidirectional hybrid pre-impregnated tapes were successfully manufactured via the newly 

developed calendering process by comingling various ratios of low strain (LS) and high strain 

(HS) carbon fibres under different processing conditions. Optical microscopy was used to reveal 

the microstructural features of cured multi-layer composite laminates manufactured with the 

calendered hybrid prepregs and a fiber identification and microstructural analysis tool was 

developed for the characterization of the new materials. Three parameters were used to 

describe the hybrid microstructure: areal disorder [6], dispersion [2] and degree of hybridization 

[7]. All parameters were able to capture differences between samples which are linked to size 

effects related to varying layer thickness. Calendering effects were mostly captured by areal 

disorder and degree of hybridization. Lower areal disorder in LS fibres and greater degree of 

hybridization were encountered for non-calendered samples compared to the high-pressure 

calendered counterpart, suggesting greater local fibre intermingling for the former.  
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Abstract: This experimental study has been focused on the tensile-tensile fatigue performance 

of a carbon-carbon fiber hybrid quasi-isotropic laminate. The laminate contained two 

unidirectional carbon fiber prepregs with the same epoxy matrix. One prepreg had carbon fibers 

T800 for the high-elongation layer (HE), the other prepreg had carbon fibers DIALEAD for the 

low-elongation layer (LE). The sub-laminate stacking sequence was [HE/LE/HE]. Sub-laminates 

have been piled to get a quasi-isotropic layup [0/45/90/-45]s. The displacement (strain) 

controlled tension-tension tests were along the 0° fiber direction. Preliminary quasi-static tests 

provided the pseudo-ductile behavior considered for the fatigue loading levels. The evolution of 

the fatigue damage was macroscopically analyzed by the stiffness degradation, and 

microscopically by X-ray micro-CT observations. As main conclusions, the composite retains its 

load-carrying ability in the pseudo-ductile regime. The evolution of the fatigue damage involved 

fracture of 0° LE plies, transverse cracks in ±45° plies and delamination of 0°/+45°and ±45°/90° 

interfaces. 

Keywords: Carbon-carbon hybrid laminates; Pseudo-ductility; Fatigue; Damage. 

1. Introduction 

One of the main advantages of fiber reinforced composites is the design freedom, which can be 

better exploited using fiber-hybridization (coupling two or more fiber types). Fiber-hybrids 

reinforced plastics received particular attention due to the synergetic (or ‘hybrid’) effects [1,2], 

which can provide, among other features, the pseudo-ductility, namely a pseudo-ductile 

response by the combination of brittle composites [3]. Pseudo-ductility is often studied in quasi-

static tension and the damage mechanisms underneath are reasonably well-understood [4,5]. 

Although cyclic loading is often the main condition on composite components in several 

industrial applications [6], the current knowledge on the fatigue behavior of fiber-hybrid 

composites is limited. Focusing the attention on tension-tension fatigue loading, being 

frequently adopted in experimental investigations as well as in the present study, the few 

available researches have been mainly dedicated to unidirectional hybrid laminates, coupling: 

carbon and glass fibers (e.g. [7]), carbon and basalt fibers (e.g. [8]) and all carbon fibers (e.g. [9]). 

The fatigue performance of hybrid laminates with other stacking sequences was barely 

investigated (see e.g. [10]). This is the aim of the present study, dedicated to an all-carbon 

interlayer hybrid quasi-isotropic laminate. 

The hybrid laminate contained standard thickness prepregs, same matrix, reinforced with low 

elongation (LE) and high-elongation (HE) carbon fibers. The sub-laminates [HE/LE/HE] were 

stacked to have a quasi-isotropic layup [0/45/90/-45]s. 
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The tension-tension strain-controlled cyclic loadings allowed to gain several insights, mainly 

related to: the fatigue life of the hybrid laminate for a wide range of maximum strain levels in 

the quasi-static tensile pseudo-ductile range and beyond it; the evolution of the fatigue damage 

by the stiffness retention as macroscopic metric; the damage observation by X-ray micro-CT 

imparted after selected number of cycles. The final goal of the study was the correlation of the 

macroscopic stiffness degradation and the evolution of the fatigue damage modes. 

2. Carbon-carbon hybrid quasi-isotropic laminate 

The laminate has been manufactured with two unidirectional carbon fiber prepregs supplied by 

Composite Materials Italy (CIT) – Toray Group, which had both the epoxy matrix ER450. The 

prepregs nominal fiber volume fraction was 55–56% (datasheet). The high contrast between the 

low-elongation (LE) and high-elongation (HE) composite stiffness and strain-to-failure (see fiber 

properties in Table 1) provides a pseudo-ductile plateau in quasi-static tension of UD hybrid 

laminates [11], which was related to the critical energy release rates [12]. 

One prepreg contained TORAY TORAYCA® T800 carbon fibers (in the following T) for the HE layer 

(thickness of 0.11 mm), the other prepreg was made of Mitsubishi Chemical DIALEAD™ K63720 

carbon fibers (in the following D) for the LE layer (thickness of 0.22 mm). The considered 

laminate consisted of a set of sub-laminates. The sub-laminate had one ply of the D prepreg 

sandwiched between two plies of T [T/D/T]. Sub-laminates were stacked to create a quasi-

isotropic layup [0/45/90/-45]s. The laminates were then autoclave-cured for 2 hours at a 

temperature of 135 °C and a pressure of 4.5 bar. No post curing or conditioning was applied. 

Table 1: Carbon fiber properties (manufacturer’s data sheets). 

ID Fiber 
Diameter 

[μm] 

Elastic modulus 

[GPa] 

Strength 

[MPa] 

Failure strain 

[%] 

T TORAYCA® T800 5 294 5880 2 

D DIALEAD™ K63720 11 630 2620 0.4 

 

3. Quasi-static and fatigue loading features 

Preliminary quasi-static tensile tests were dedicated to the evaluation of the main mechanical 

features including the pseudo-ductile behavior. The results have been considered for the 

selection of the fatigue loading levels. The loading rate, along the 0° fiber direction, was set to 1 

mm/min by an electromechanical machine INSTRON 5978. The tests were assisted by a digital 

camera to evaluate the full field strain on the specimen surface by the digital image correlation 

(DIC) technique (as in [11] for the hybrid UD counterpart). One surface of the prismatic 

specimens (dimensions 240 × 15 × ~3.7 mm3) was painted white and then speckled by black 

spray paint. The stress was evaluated, as for cyclic tests, using the cross-sectional area of the 

pristine specimens. 

Prismatic specimens have been dedicated to tension-tension fatigue loading. The displacement 

(strain) controlled cyclic loading was along the 0° fiber direction, by a hydraulic machine MTS 

319. The constant displacement amplitude was imposed using a sinusoidal wave-form with a 
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ratio R = 0.1 (ratio of the minimum to the maximum displacement in the cycle) and a frequency 

of 5 Hz. The strain was estimated by the displacement of the actuator, assuming as the base 

length the distance between end tabs (140 mm). Several maximum strain levels have been 

applied close and beyond the pseudo-yield strain εP level (Figure 1). One specimen for each 

strain level has been cyclically loaded up to complete failure or runout after 1 million cycles. 

Despite the limited number of tests, statistically meaningless, the strain-controlled loadings 

provided a clear insight into the hybrid laminate fatigue response. 

4. Quasi-static tensile behaviour 

The preliminary quasi-static tensile tests provided the pseudo-ductile tensile response of the 

hybrid quasi-isotropic laminate as shown by a typical tress-strain diagram in Figure 1. The three 

main region of the diagram represents: the linear behavior (first region) whose slope E0 (72.8 ± 

2.9 GPa) is a combination of the stiffness of the LE and HE layers; the pseudo-ductile plateau 

(second region) with an almost constant stress level, starting at the pseudo-yield strain εP (0.41% 

± 0.063), close to the ultimate strain of the LE component, and ending at the strain level εPY 

(1.15% ± 0.088); the almost linear trend of the third region, whose slope E1 (15.3 ± 3.1 GPa) 

depends on the stiffness of the intact 0° HE plies and the residual stiffness of the damaged LE 

ones. 

 

Figure 1. Typical quasi-static tensile pseudo-ductile stress-strain behavior. 

 

5. Tensile-tensile fatigue behaviour 

A broad range of maximum strain in the cycles has been considered to cover the quasi-static 

pseudo-ductility (second region) and post plateau linear behaviour (third region) of the hybrid 

laminate. Eight different maximum strain levels have been set in the range 0.46% - 1.7% (see 

Figure 2). The corresponding initial stress levels were close to σPY for strain levels in the second 

region and over it for the maximum strains in the third one (Figure 2). 

All fatigue specimens did not fail after 1 million cycles, except the one subjected to the highest 

considered cyclic strain level (1.7%), which had a fatigue life of about 909 thousand cycles. 
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The peculiar fatigue response of the considered carbon-carbon hybrid quasi-isotropic laminate 

is observed overlapping the quasi-static stress-strain diagram, the fatigue strain levels and the 

initial and residual maximum fatigue stress. 

The damage pattern created by the first loading cycle is hypothesized to contain different 

damage modes according to the strain level. The lower strain levels close to εP imparted fracture 

of the 0° LE plies, and transverse cracks in the ±45° and 90° plies. Those damage modes have 

been coupled to different stages of delamination for the strain levels up to εPY. The fatigue strain 

levels closer to εPY developed almost complete delamination leading to weak interactions 

between the damaged LE plies and the HE ones. This initial damage scenario evolved by further 

cyclic loading mainly with initiation and propagation of delamination. The damage pattern 

evolution for strain levels in the pseudo-ductile plateau is reflected on the residual fatigue 

maximum stress, depicted by green circles in Figure 2. Those residual stress levels fall on a line 

whose slope is almost that of the quasi-static tensile post plateau region (E1). It demonstrates 

that the load at this stage of the fatigue life is mainly carried by the 0° HE plies. 

The initial damage patterns of the fatigue strain levels higher than the quasi-static εPY (>1.2% in 

Figure 2) resulted in weak coupling of the damaged LE plies and the HE plies. Therefore, the 

cyclic load carrying capacity was mainly transferred to the 0° HE plies. Then, the further gradual 

damage imparted to the 0° HE plies during cyclic loading led to the reduction of the residual 

stress with increased strain level (Figure 2). 

 

Figure 2. Initial and residual fatigue stress/strain levels compared to typical quasi-static stress-
strain behavior. 

The damage evolution can be macroscopically estimated considering the stiffness retention as 

a metric [7,8]. Figure 3 details the stiffness retention with the number of cycles for one strain 

level very close to the quasi-static εP, one strain level almost at mid of the pseudo-ductile plateau 

and one in the quasi-static post plateau liner region. They highlighted a considerable initial drop, 

limited to about 10% of the runout threshold. For the remaining cyclic loading, the stiffness kept 

almost a constant retention whose magnitude depends on the strain level. The initial drop is 

related to the mentioned fatigue damage development. The initial reduction of stiffness, for the 

lower strain level close to εP, could be connected to the onset of delamination and increase of 

transverse cracks in the ±45° and 90° plies, while the further continuous slight reduction could 
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be due to the slow propagation of the delamination at different interfaces. The initial stiffness 

drop of the strain level within the pseudo-ductile plateau could be the effect of the development 

of the intra- and inter-sub-laminates delamination, which led to a residual stress belonging to 

the quasi-static linear behavior of slope E1 (Figure 2). 

 

Figure 3. Fatigue tests: stiffness retention evolution during cyclic loading, for three levels of 

max strain (εmax) in the cycle. 

 

6. X-ray micro-CT fatigue damage observations 

The evolution of the fatigue damage scenario was observed, to some extent, by X-ray micro-

computed tomography (micro-CT). The cyclic loading with the lowest strain level of two 

specimens has been interrupted after 100 thousand and 1 million cycles (runout). The latter is 

here described for the sake of brevity. The central volume of the specimens was scanned by a 

TESCAN UniTOM XL, setting the acquisition parameters: tube potential 40 kV, power 15 W, 

source-object distance 30 mm, source-detector distance 800 mm, exposure 330 ms, 3000 

projections. The resulting voxel size was 5.6 μm. 

The damage scenario after 1 million cycles of maximum strain 0.46% is shown in Figure 4. At the 

initial fatigue stage, several cracks in the -45° central sub-laminates (see white ellipses in Figure 

4) and onset of delamination at the +45°/90° interface were pinpointed, which mainly affected 

the initial loss of stiffness. The former damage mode evolved as delamination at the -45°/90° 

interfaces, while the latter enlarged covering almost half-width (see orange ellipses in Figure 4). 

A more extended delamination was generated at the two external 0° sub-laminates, namely: 

intra-sub-laminate at the LE/HE interface (yellow ellipses) and inter-sub-laminate delamination 

at the 0°/+45° interfaces (brown ellipses). The partial extension of the delamination through the 

width shows that the load was carried by the still connected plies and sub-laminates, as 

demonstrated by the residual stress of this strain level in Figure 2. This residual stress level is far 

from the linear segment representing the quasi-static tensile post plateau behavior. It shows 

that the LE and HE plies in the 0° sub-laminates still have a partial collaboration and the load is 

transferred to the 0° sub-laminates by the ±45° ones. 
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Figure 4. Fatigue tests, maximum strain εmax=0.46%: X-ray micro-CT observations of the 
damage, after 1 million cycles, at center of the specimen. 

 

7. Conclusions 

This study was devoted to a specific aspect of the mechanical behavior of hybrid laminates, 

namely fatigue performance. The experimental study focused on the fatigue behavior of a 

carbon-carbon hybrid quasi-isotropic laminate, which has not been covered in the literature, to 

the authors’ knowledge. 

The tension-tension strain-controlled cyclic loading was designed considering the preliminary 

measurements of the tensile quasi-static pseudo-ductile behavior of the hybrid laminate. 

The main achievement of this study was the connection between the macroscopic stiffness 

evolution, as a metric for the overall damage, and the damage modes observation by X-ray 

micro-CT. The damage scenario imparted during the early stage of the cyclic lower strain level, 

involved fracture of 0° LE plies, transverse cracks in ±45° plies and onset of delamination at 

+45°/90° interface, which were responsible of the initial drop of the stiffness retention. Further 

cyclic loading pointed out the very slow stiffness reduction which was motivated by the 

evolution of those damage modes as enlargement of the delamination at: the ±45°/90° 

interfaces, the 0° intra-sub-laminate LE/HE interfaces and the inter-sub-laminate 0°/+45° 

interfaces. 

The measurements and observations of the fatigue damage modes evolution in the studied 

carbon-carbon hybrid quasi-isotropic laminate are not exhaustive and need further analyses. 

Nevertheless, the detailed understandings highlighted the effect of pseudo-ductility on the 

tensile cyclic loading response and are a valuable contribution to the knowledge on the fatigue 

behavior of hybrid fiber-reinforced plastics, which is needed in a wide range of advanced 

industrial applications. 
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Abstract: Lattice structures offer excellent stiffness to weight ratios and show promising 

potentials in decreasing the weight of structures. This has significant implications in reducing 

carbon footprint, especially in the automotive and aerospace sectors. In this paper, the aim is to 

enhance the efficiency of lattice structures further by embedding multiple functionalities into one 

structure. To reach this goal, a multi-material lattice structure was designed and manufactured 

using a Polyjet 3D printer capable of printing different polymers in a single print. By fabricating 

a lattice whose different struts were built from distinctive materials, it was possible to induce a 

continuous varying stiffness in the structure through temperature elevations. A compressive 

stiffness drop of more than 95% could be observed in the lattice with a 27-degree increase in 

temperature. The observations demonstrate the potential of using the proposed method in 

designing programmable lightweight structures which can be a leap forward in achieving more 

efficient and multi-purpose structures.  

Keywords: Lattice Structures; Variable Stiffness; Multi-material 3D Printing 

1. Introduction 

When compared to bulk materials, architected lattice materials are noted for their better 

structural efficiency. This makes them ideal candidates for use in a variety of industries, including 

aerospace and automotive. Even though various complex lattice topologies have been 

developed over years and at least analytically demonstrated to be weight-efficient, the 

realization of these lattices in smaller length scales became feasible only in recent years. This is 

thanks to the rapid development and proliferation of various additive manufacturing processes. 

It is now possible to manufacture complex lattice topologies in various length scales and more 

recently from multiple materials.  

When it comes to efficiency, man-made structures often perform inferior to natural and 

biological materials. One of the main reasons behind this underperformance is the fact that 

man-made structures are often designed and manufactured to perform a single task. In the 

majority of applications, this task is to carry a specific load under a prescribed condition. In 

contrast, natural and biological materials have evolved to perform multiple tasks with minimum 

energy and available resources. Therefore, the next step to improve the efficiency of lattice 

structures is to embed several functionalities into a single structure. This means that rather than 

having a distinct structure for each function, a single structure is created to suit all the functional 

needs. In this regard, designing a variable stiffness structure is a promising method that helps 

achieve such multifunctionality within the structure. 
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Variable stiffness structures are defined as structures whose stiffness is changed considerably in 

response to external stimuli. The stiffness alteration can be achieved through either changing 

the material or the geometry [1]. The former involves alterations in material properties upon a 

change in an external condition. Shape memory alloys (SMAs), for example, can transform from 

the martensite phase to the austenite phase when heated above a certain temperature 

threshold and then revert to the martensite phase when cooled [2]. In each of these phases, the 

SMA exhibits a different behavior including having a different elastic modulus. Also, in polymers 

with an amorphous phase, a shift from the rubbery to glassy state takes place when cooled down 

below the glass transition temperature (𝑇𝑔) [3]. These two states may have substantially 

different mechanical properties, which can be used to modify the stiffness of a structure. Yang 

et al. [4] based their work on this phenomenon and could observe stiffness change of roughly 

two orders of magnitude in additively built polymeric lattice structures by varying the 

temperature. Stiffness variability through geometrical changes, on the other hand, can be 

induced using a mechanism inside the structure, e.g., by dislocating certain elements resulting 

in an overall different mechanical behavior [1]. As an example, Overvelde et al. [5] reported an 

extruded-based 3D origami structure capable of morphing between multiple shapes upon 

imposing proper actuation, which then resulted in stiffness changes.  

The two stiffness variation methods presented here can also be used in combination to build 

hybrid structures. Zappetti et al. [6], for example, designed a tensegrity structure modular unit 

with variable stiffness cables, using a hybrid strategy in which they changed both material 

properties and shape. A metal alloy with a low melting point was utilized as the variable stiffness 

material for the cables. To demonstrate its potential, they built a beam employing the unit 

structure. While softening the built-in cables through imposing electrical current, they noticed 

a considerable decrease in the beam’s stiffness. Another example of using a hybrid strategy to 

create variable stiffness structures is the multi-layered beam designed by Henke et al. [7]. By 

adjusting the amount of friction between layers, using an electroactive polymer as the actuator, 

they tuned the second moment of inertia and consequently altered the bending stiffness of the 

beam. 

The current study aims to utilize a hybrid approach that incorporates both geometric and 

material effects to create a variable stiffness lattice structure. This type of multifunctional 

structure can be used in a variety of industrial applications, including in soft robotics, where a 

transition between high load carrying capacity and deformability is required [8], and in 

aerospace, for applications such as deployable structures [9]. The methods of design and 

manufacturing of such a structure are described in the following section. 

2. Methods 

In order to build the variable stiffness lattice, a 2D multi-material unit cell was designed to be 

manufactured out of two different polymers. The unit cell, which is comprised of a square frame 

and a horizontal strut, is depicted in Figure 1. By heating up the structure, the horizontal strut, 

which is designed to have a lower 𝑇𝑔 than the square frame, gradually becomes softer. This is 

especially more pronounced when the initial temperature is well below the glass transition 

temperature of the horizontal strut and the temperature rise continues until the glass transition 

region of the material is passed. It is reasonable to anticipate that when the horizontal strut gets 

significantly softer than the surrounding frame, the structure's nodal connectivity decreases, 
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relative to its initial state. As a result, the proposed method can result in a hybrid variable 

stiffness structure capable of stiffness changes due to both material and geometrical alterations.  

To experimentally evaluate the mechanical behavior of the designed multi-material lattice, the 

designed unit cell was used to create a 3 by 3 lattice structure using Autodesk Inventor software 

(Autodesk, Inc., CA, USA). The total width and height of the lattice were designed to be 70.7 mm 

with a thickness of 10 mm. The value of 0.1 was considered for the t/l ratio (i.e. the ratio of 

struts' thickness to the square frame's strut length in Figure 1). 

 
Figure 1. The 2D multi-material unit cell with a horizontal strut shown in red tessellated 

in two directions 

An Objet260 Connex3 3D printer (Stratasys, MN, USA) was employed to fabricate the designed 

multi-material lattices. This 3D printer, which uses Polyjet technology, can manufacture samples 

from a variety of materials at the same time. To do this, the device combines two independent 

base materials to create a so-called “Digital Material” with properties falling between those of 

the base materials, depending on the mixture ratio. VeroWhite and TangoBlackPlus were chosen 

as the base materials in this study. The former base results in a rigid polymer, whilst the latter 

produces a rubbery product. VeroWhite was assigned to the diamond frame (shown in blue in 

Figure 1) while FLX9895-DM, a digital material with a mixture ratio of 62% TangoBlackPlus and 

38% VeroWhite [10], was selected as the fabricating material for the horizontal strut (shown in 

red in Figure 1). The two materials were chosen due to their distinct mechanical properties and 

glass transition temperatures. The mechanical properties of these materials are summarized in 

Table 1. 

Table 1: Mechanical properties of the Polyjet materials used in the current study. 

Material 𝑇𝑔 [℃] Tensile strength [MPa]  Elongation at break [%] 

VeroWhite 52 – 60 [11,12] 50 – 65 [12] 10 – 25 [12] 

TangoBlackPlus ∼-5 [13] 0.8 – 1.5 [14] 170 – 220 [14] 

FLX9895-DM ∼30 [11] 8.5 – 10 [15] 35 – 45 [15] 
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During the manufacturing of the lattices, cylindrical samples with a diameter of 12.7 mm and a 

height of 25.4 mm were also printed and later tested under compression according to the ASTM 

D695 standard [16]. To account for 3D printing uncertainties, the exact dimensions of all 

manufactured samples were measured using a caliper and utilized for any additional 

calculations. 

Compression tests were conducted on both cylindrical compression samples and the fabricated 

lattice structures at the strain rate of 10-4 s-1 and at four different temperatures: 23, 32, 40, and 

50°C. Tests were conducted using an Instron 5500 universal machine fitted with an Instron 3119-

005 environmental chamber.  Each sample was maintained within the chamber for at least 5 

minutes to ensure samples reached thermal equilibrium before operating the test. Three 

samples were tested at each temperature, and the average elastic modulus of the samples was 

recorded using the slope of the stress-strain curves at the early stages of deformation. A 

compliance test was also performed on a stiff sample to exclude the effect of the rig deformation 

and was utilized to correct the crosshead displacement results. 

3. Results and Discussion  

Quasi-static stress-strain curves of VeroWhite and FLX9895-DM in compression are shown in 

Figure 2 at different temperatures. As can be seen, both materials experience a reduction in 

their stiffness when the temperature increases from 23 to 50 °C. The reduction in stiffness is 

however not uniform for both polymers. VeroWhite shows the most notable decrease in 

stiffness when the temperature is raised from 40°C to 50°C, as it approaches its glass transition 

temperature (Table 1). In contrast to VeroWhite, FLX9895-DM demonstrates a more significant 

decrease when the temperature increases from 23℃ to 32℃, since it has a lower glass transition 

temperature (Table 1).  

 

Figure 2. Quasi-static stress-strain curves at different temperatures for a) VeroWhite b) 

FLX9895-DM 

Stiffness values for both VeroWhite and FLX9895-DM materials at different temperatures are 

depicted in Figure 3. The stiffness is extracted from the initial stages of deformation between 

the strain values of 0.8% and 1%. Figure 4 presents the results of compression tests on the multi-

material lattice structures at four different temperatures. As can be seen in this figure, 

increasing the temperature from 23°C to 50°C causes the stiffness of the lattice structure to drop 

by more than 95%, from 8.4 MPa to 0.4 MPa. This was made possible by combining two materials 

with vastly different mechanical characteristics. When the temperature rises, the horizontal 
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strut softens more rapidly than the frame, potentially affecting the lattice's node connectivity. 

In other words, the rapid decline in the stiffness of the horizontal strut causes the strut to 

provide less resistance to deformation of the frame, promoting a more bending-dominated 

behavior in the frame. This can also be deduced from Figure 3, which indicates that FLX9895-

DM has a sharper reduction in stiffness before 40°C than VeroWhite. 

 

Figure 3. Elastic modulus variation with temperature for a) VeroWhite b) FLX9895-DM 

 

Figure 4. Effect of temperature on the vertical elastic modulus of the lattice structure 

By employing multiple materials in the manufacture of a lattice structure, it is now possible to 

achieve greater stiffness variability by changing both the material and the geometry of the 

structure. This method allows designers to develop structures with more controllability over 

stiffness and the ability to carry loads at lower mass densities than conventional counterparts. 

4. Conclusions 

Owing to the emergence of new additive manufacturing techniques in recent years, a new door 

has opened to achieve more efficient structures unprecedented before due to production 

constraints. In the current study, the 3D printed structure was tested under quasi-static 
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compression at four different temperatures. By increasing the temperature from 23℃ to 50℃, 

a continuous reduction of more than 95% could be observed in the stiffness of the structure. 

The use of two materials with distinct mechanical properties in the lattice structure allowed for 

greater control over the structure's stiffness when exposed to a variable temperature. The 

acquired results illustrate the multi-material lattices' promise for applications requiring 

lightweight and stiffness changeable structures. 
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Abstract:  The  paper  presents  an  approach  for  the  development  of  a  novel  design  for  high 
performance  struts as used  for  landing gears  in  aviation.  In order  to  significantly  reduce  the 
weight and increase the load bearing capability of such mechanical highly stressed structures, 
the  use  of  carbon  fiber  reinforced polymers  in  combination with metal  provides  a  promising 
perspective.  The  objective  here  is  to  achieve  a  better  utilization  of  the  respective  material 
advantages. However, multi‐axial loads in connection with anisotropic material behavior lead to 
a  correspondingly  demanding  task  for  the  stress‐appropriate  design.  In  this  context  for  the 
development of a suitable strut concept, engineering‐relevant approaches for material selection, 
load‐oriented functional separation in the structure and partial hybridization for improved load 
transfer  are  introduced.  In  a  systematic  and  linked  procedure  based  on  virtual  and  physical 
methods, the composition of the tension loops based on shape optimization and mechanical tests 
for proof of partial hybridization are demonstrated. For verification, complex specimens were 
manufactured on a laboratory scale and successfully tested.  

Keywords: development process; combined virtual and physical methods; fiber reinforced 
composites; hybrid structures  

1. Introduction 

Highly stressed components for landing gears in aerospace applications usually consist of 
materials with high specific strength and stiffness values. Steel, titanium or aluminum alloys are 
generally used for this purpose. These are suitable for use under the environmental conditions 
prevailing in the application environment.  

In comparison, carbon fiber reinforced polymers (CFRP) can exhibit excellent specific anisotropic 
mechanical properties. Structures with defined uniaxial load conditions in broad areas 
predestine the use of CFRP to realize a high degree of lightweight [1]. In this context, specific 
development work is required for local load introduction areas in which mechanically complex, 
multi-axial stresses are present. In such areas, the advantageous properties of the materials 
used are to be exploited by targeted partial hybridization with metals, thus increasing the 
performance of the overall composite structure [2, 3]. 

In order to efficiently solve this task at a given level of complexity, a targeted combination of 
virtual and physical development process steps is necessary. The essential development 
methods presented below are examined using the reference example of a highly stressed 
aerospace landing gear strut previously manufactured from titanium material (cf. Figure 1). 
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Figure 1. Aircraft (left) and principle shape of reference example strut from landing gear 
(middle) with simplified mechanical model (right) for development of high performance 

lightweight struts  

2. Design approach for CFRP/titanium suspension struts 

General guidance on the basic methodical procedure for the development of products is laid 
out, among others, in VDI 2221 [4]. In the context of finding solutions for strut structures where 
complex material behavior has to be taken into account, concepts for finding designs on a virtual 
basis are to be developed first, taking into account the given requirements. For efficient 
development, this requires selective physical experiments with regard to material properties, 
hybridization and structural behavior. This allows the determination of necessary characteristic 
values for the numerical calculations, as well as further important information on the structure-
property relationships and technological influences. 

To elaborate and validate the development approach, the focus is on modeling, manufacturing 
and testing using representative, complex test specimens. The work on the virtual level is not 
necessarily followed consistently by the work on the physical level, but both complement each 
other and can also take into account a feedback of the physical solutions into the virtual level, 
for example through non-destructive computed tomographic (CT) analyses, which sharpen the 
understanding of the structural behavior after the tests. 

2.1 Concept based on material and structural mechanical aspects 

In the procedure of developing lightweight strut structures, a scale-based view of the areas to 
be developed facilitates the formulation of solution approaches. In this case, it is advisable to 
first develop conceptual designs for finding a global component design in such a way that the 
main global functions are fulfilled. Based on this, local considerations can be made in order to 
counteract critical areas or undesirable local effects separately and thus finally to guarantee the 
function at the highest load conditions on the overall component.  

For the mechanical design, the given installation spaces, boundary conditions, loads as well as 
media and temperature ranges in the associated use cases must be taken into account as 
external restrictions. As a result of the simplified considerations, a rough dimensioning and a 
possible material preselection can be derived. 

Besides, a key function for the realization of lightweight fiber composite structures is taken on 
by the load introduction areas of the structure. Known concepts for load introduction into strut-
like structures are adapted in such a way that the anisotropic material behavior is taken into 
account [5]. For the absorption of high tensile loads, a form-fit-based loop connection or a shear-
based load introduction at the surface, e.g. via bonding or clamping, are established as ideal 
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load- and material-compatible solutions. The latter and also an axially oriented load application 
via the end face allow the application of high compressive forces. Depending on the application, 
other or superimposed load types may also have to be taken into account, such as stability 
effects or resulting bearing moments, which can induce an additional bending load due to their 
function. 

Due to functional and assembly restrictions, the metal reference strut utilizes bolts for the 
introduction of loads. Therefore, the bolt eye and the surrounding structural design are of 
particular importance. Following the bolt geometry, a loop-based adaptation of the fiber course 
is basically appropriate for absorbing the tensile loads. The use of a compression strut arranged 
between the bearing eyes with a high fiber content in the load direction ensures both the 
introduction of high forces and a high compressive stiffness. This results in a differential design 
consisting of tension loop and compression strut for the design approach to the lightweight strut 
made of fiber composite material. (Figure 2). In this concept, however, only one of the two 
individual components would assume a load-bearing function, depending on the load case. 
Following the idea of a further increase in efficiency, the compression strut can also enclose the 
bolt eye over a large area with a correspondingly adapted design and thus also bear tensile 
forces proportionally in addition to the tension loop. 

 

Figure 2. Separation of functions (left) within the tension‐compression strut structure  
concept (right) 

The work of Kolesnikov et al. [6] shows that fiber composite laminates can support a significantly 
higher bolt load if the load application area is designed as a layered fiber composite-metal hybrid 
structure. Supporting effects in the fiber composite were observed under face loading. Here, it 
is apparent that increasing homogenization of the materials and suitable grading of the material 
transitions improve the structural mechanical properties. This approach thus represents an 
increasing resolution of the hybrid-designed structure, with the increasing material 
homogenization in the actual sense producing a hybrid material (Figure 3). 

 

Figure 3. Hybrid design with increased degree of homogenization for the realization of graded 
material transitions for lightweight structures with high performance under complex loads  

When designing tension loops, it should be noted that the tangential and radial stresses (σt, σr) 
are not constant across the cross-section, but decrease towards the outer edge. For high loop 
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thicknesses, it is therefore advisable to implement a graded multilayer or cascaded structure in 
which reinforcing fibers with higher stiffness are arranged on the outside [5].  

In addition to the structural and material-mechanical aspects, further special load scenarios and 
specific issues relating to the hybrid design must be taken into account in the present case. The 
choice of subcomponents and the different materials result in failure-relevant stresses in the 
area of the interfaces with regard to mechanical and, above all, thermal (delta-alpha- and delta-
T-problems) [7] and electrochemical influences, which are not discussed in detail here. 

The design guidelines presented here for a lightweight strut in fiber composite construction 
provide a wide parameter range for possible variants in the design. This results in high 
requirements for efficient design, i.e. a design in which all the components involved are 
withstand the maximum load scenarios while at the same time using as little material as 
possible. Because design details can partially influence and affect each other, virtual parameter 
studies or suitable optimization methods are required (Figure 4). 

 

Figure 4 : Virtual‐physical combined approach for design finding of the CFRP tension‐
compression strut with partial metallic hybridization in the load application region 

2.2 Partial solutions for virtual – physical verification and validation 

Virtual modeling and computational work must be performed for design identification of a fiber 
composite-based high-performance strut. These are carried out on abstracted and, if necessary, 
scaled designs in order to efficiently enable well-founded evaluations of the mechanical 
properties of the concept approaches. Based on this, promising partial solutions are further 
detailed. 

Shape optimizations are carried out for the geometric design of the loop area and a 
consideration of the variations in the sequence of fibers of different stiffness in the 
circumferential loop. For this purpose, suitable specifications are to be defined with regard to 
permissible material parameters and geometries. As a result, the resulting variants are 
calculated. For an evaluation of influencing parameters, the evaluation of specific stresses 
Sxx, max, specif and installation space, for example, is useful under lightweight design aspects. In this 
example, it becomes clear that if the fiber distribution is not optimal, load redistributions occur 
even with increasing loop thickness or more material, which promote at least a local induction 
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of failure. In particular, the distribution of the total thickness of the loop among the layer 
thicknesses of different carbon fiber types has a significant influence on the amount of maximum 
stress that occurs (Figure 5). 

 

Figure 5 : Example of the scaled plane quarter model (approx. 1:2 to reference) with 
circumferential two‐layer fiber composite loop (left) and result selection of the optimization 

study for the dimensioning of the loop sub‐structures under tensile load (right) 

In addition to literature data, physical tests on test specimens at coupon level are necessary to 
characterize the individual process-specific mechanical properties of the material composites. 
Specific problems for hybrid structures and detailed implementations are examined in physical 
mechanical tests. This requires test specimens with increased complexity between coupon and 
test structure level. For the bolt load introduction area, for example, there are studies on the 
use of layered metal/plastic composites for hybridization based on titanium or steel sheets with 
defined dimensions [6, 7]. A purely virtual transfer to the present strut structure and such 
considerations in this regard would be costly and are subject to many assumptions, e.g., due to 
the large number of interfaces. Therefore, corresponding CFRP specimens with and without 
partial metal hybridization are manufactured and experimentally verified. For reasons of sheet 
availability, the structural area around the bolt eye was initially tested on steel-CFRP laminates 
(Figure 6).  

 

Figure 6. Compression strut specimen made of CFRP and hybrid laminate with approximate 
cross‐section of 10 mm x 53 mm, results of mechanical load tests and failure of specimen  
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The tests confirmed the observation made by Both [7] that metal-CFRP laminates have higher 
strengths for bolt load introduction than pure CFRP designs, especially in limited installation 
space. In the case of high structural stiffness, as in the present example, it may be necessary to 
scale the size accordingly so that the failure behavior can be investigated on available testing 
machines in each case. Furthermore, the tests confirm a general increase in the load-bearing 
capacity of the test specimen structure compared to a conventional fiber composite 
construction. Especially in the tensile tests, a positive failure behavior with a high residual load-
bearing capacity over the course of the test and thus a high energy absorption capacity can be 
observed.  

For the experimental validation of the elaborated development methods, a process sequence 
for the manufacturing of complex test specimens, for the physical experimental testing as well 
as for the measurement of the mechanical behavior and associated damage detection are 
required.  

The development of the production process chain will not be discussed in detail below. In 
accordance with the fiber composite material distribution and orientation developed for the 
strut concept, adapted manufacturing processes are used. These are based primarily on stacking 
in the thickness direction for the compression strut and on winding processes for the 
tangentially circulating tension loop (compare Figure 4 below) and thus allow effective, efficient 
and reproducible production. Support structures applied to the sides of the compression strut 
ensure sufficient stability against lateral buckling of the strut under compressive loading 
(Figure 7). 

 

Figure 7 : Complex test specimen of the strut structure with novel CFRP‐titanium hybrid design 
in overall dimensions of 515 mm x 36 mm x 95 mm, representing a scale of approximately 1:2  

compared to the reference 

2.3 Experimental physical validation of the strut structure under tensile and compressive load 

For mechanical testing of the strut, suitable test setups with adapted load application adapters 
are to be developed. In a first step, the complex strut specimens are tested according to known 
load specifications with regard to defined limit load cases in quasi-static tests. Using optical 3D 
measurement technology, the resulting displacements and strains on the structural surface can 
be measured and the mechanical behavior with regard to deformations and failure can be 
analyzed. The scaled strut structure considered here was loaded and successfully tested up to a 
load of F = 600 kN under tension or compression, representing approx. 120 % of the ultimate 
load value (UL). The complex test specimens have not failed at end load (Figure 8). Only between 
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the substructures of the tension loop and the compression strut a delamination is identified, 
which does not lead to the total failure of the specimen. Compared to a conventional strut 
construction in titanium, the concept presented allows an estimated mass reduction of approx. 
25 %. 

 

Figure 8 : Test set‐up for experimental validation of the novel strut design,  
force‐displacement behavior and strain results at maximum load (modified according to [3])  

and tensile test specimen after successful testing  

3. Discussions and conclusions 

The presented considerations on the engineering of a CFRP aerospace landing gear strut with 
local metallic hybridization show an advanced method for the development of high performance 
tension-compression struts.  

In addition to tensile and compressive loads, the selected reference strut structure also 
experiences a bending load due to its function, which are not discussed in detail in this paper. 
This is relatively small in relation to the axial forces and is taken into account by numeric analyses 
in the context of the optimization study presented here. For the experimental validation of the 
tensile or compressive load case with superimposed bending load, suitable test concepts and 
test techniques still need to be developed. 

The physical experimental validation tests introduced only represent the static loading 
condition, which is used as an equivalent load for testing on metallic structures, considering 
safety factors. Nevertheless, further cyclic tests under a load that takes into account the 
operational stress are recommended to ensure the service life of the novel strut structure 
concept. Furthermore, testing under selected temperature and media boundary conditions or 
even dynamic loading can reproduce an increased closeness to reality. In this context, 
anisotropy- or hybrid-specific aspects, such as stiffness differences or delta-alpha problems, can 
also be considered in depth. 

The delamination observed between the tension loop and compression strut substructures at 
high loading conditions is probably due to the different stiffness behavior. Here, further 
developments in the region of the interface are recommended in order to avoid delaminations 
while at the same time achieving the highest load capacity. Possible solutions here could be the 
development of a relatively elastic intermediate layer or a 3D reinforcement [8]. 
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The presented aspects for the engineering of a CFRP strut with local titanium material 
hybridization show the high lightweight construction potential for complex-stressed high-
performance structures, which in the field of landing gears in aviation usually consist of high-
performance metals. With the help of a procedure in which tools of the virtual development 
environment are supported by physical experimental methods, it has been possible to develop 
effective and efficient approaches. The results obtained refer to a Technology Readiness Level 
(TRL) in which the structures were successfully mechanically tested as complex test specimens 
on a laboratory scale. The methods and the basic procedure are transferable to other strut 
structures in hybrid design, depending on the system similarity. It should be noted here that 
these always represent solutions tailored to the specific boundary conditions and loads, and that 
corresponding adaptations are usually required for other applications. 

In particular, when transferring and applying the presented modular-based design methodology 
to other strut structures, it should be examined whether scaling effects affect the stressability 
of substructures like the composite metal hybrid laminate areas. 

The reference example chosen here is a component that requires a great deal of effort, 
particularly due to the large dimensions, the availability of the semi-finished product made of a 
titanium alloy, the large machining volume and thus also the costs. The developed findings can 
therefore provide an important basis for improved lightweight construction solutions, which are 
also becoming increasingly important in consideration of ecological, economic and, where 
applicable, logistical aspects. 
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Abstract. In this study, the tailored fiber placement (TFP) technology was implemented to lay 

up high strength continuous steel fibers for manufacturing unidirectional hybrid composite 

laminates of glass and steel fibers. As result, the processing and impregnation of the steel fibers 

show good quality. Mechanical tests indicate a higher strength and lower strain of the steel fibers 

compared to glass fibers. A combination of the different fibers in hybrid laminates results in lower 

strength of the laminates, due to the steel fibers. Initial conclusions can be made on the 

mechanical tensile and bending behavior regarding the use to function integration through the 

steel fibers.  

Keywords: Tailored fiber placement; Steel fiber; Hybrid composite 

1. Introduction 

Fiber reinforced plastics (FRP) combine low density with excellent mechanical behavior, which 

make them a perfect match for lightweight constructions. Conventional structural reinforcing 

fibers such as carbon fibers (CF) or glass fibers (GF) are characterized by high strength and low 

strain behavior. The combination of different fiber materials into a hybrid composite generates 

a better balance in mechanical properties, but leads to a more difficult prediction of its 

properties [1]. Due to these characteristics, the combination of continuous ductile steel fibers 

(SF) with conventional reinforcing fibers increases the ductility and fracture toughness of FRP. 

The strain to failure of this combination is 3-4 times higher than the one of conventional 

composites parts from glass or carbon fibers [2]. On the other side, the strength of steel fiber 

composites can be increased by using silane treatments to modify the adhesion between the 

fibers and the matrix [3]. Most of the steel fibers used for hybridization of FRP have compared 

with conventional reinforcing fibers high strain to failure properties (>15%) but, low strength 

(< 1 GPa) and high diameters (30 µm) [4,5]. Besides the mechanical properties, steel fibers have 

additional benefits as is the possibility of integrating multiple new functions into composite 

parts, such as electric conductivity used for lighting strike protection [6].  

However, the high density of steel requires a targeted use at essential points. Therefore, the 

approach of this study is to use tailored fiber placement (TFP) technology to specifically place SF 

and integrate them into a GF stack to a hybrid composite. The TFP technology is an established 

manufacturing process for textile preforms with conventional reinforcing fibers [7]. The TFP 

process allows a load predicted placement of reinforcing fibers aligned to the load direction with 

a high positioning precision and a variable arrangement of the reinforcing fibers [8].  
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Hence, for the purpose of this study a hybrid composite consisting of continuous high strength 

SF and GF is manufactured, allowing the analysis and investigation of the influence of SF on the 

quasi-static mechanical properties of hybrid composite. 

2. Material and methods  

2.1 Fiber and matrix material  

The continuous SF selected for this study were BU 8/12.000 from Bekaert made of stainless steel 

AISI 302 A. The textile configuration was a non-crimp roving with 12 k filaments. The TFP 

technology was used to produce a textile of SF, which enables to place the SF with different 

distances in an unidirectional orientation on a base material. The placing was executed on a ZSK 

JGW 0200 550 TFP machine. The polyester sewing yarn Serafil 200/2 from Amann was used. A 

GF fabric with an area weight of 106 g/m² was used as base material. Two different types of 

textile SF-TFP-preforms were produced. The first TFP-preform type had a distance between SF 

rovings of 4.5 mm to ensure an areal layup by simultaneous low area weight. The second TFP-

preform type had a roving distance of 10 mm to ensure just a partial amount of SF with reduced 

area weight. The TFP process parameters and the area weight of the manufactured TFP-

preforms are shown in Table 1. 

Table 1: TFP parameters of the manufactured SF preforms  

TFP 

Preform 

Roving distance  

[mm] 

Stitch width 

[mm]  

Stitch distance  

[mm] 

Area weight 

[g/m²] 

Areal  4.5  5 7 1046 

Partial  10 5 7 576 

 

To create hybrid laminates, the SF-TFP-preforms were integrated in the middle of 4 plies 

unidirectional (UD) GF non crimp fabric (NCF) with an area weight of 663 g/m². The configuration 

Hybrid 1 consists of the TFP-preforms Areal and the configuration Hybrid 2 consist of the TFP-

preforms Partial. As reference, a laminate of 4 plies GF UD NCF (GFRP) and a laminate with 2 

plies Areal TFP-preforms (SFRP) were manufactured. All laminates have UD orientation of 0° in 

tensile direction. The different laminate configurations are shown in Table 2. 

Table 2: Lay up of the manufactured laminates  

 Layers  

Laminate   GF NCF SF SF preform type 

GFRP 4 - - 

SFRP - 2 Areal  

Hybrid 1 4 1 Areal  

Hybrid 2  4 1 Partial  
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The composite was produced by vacuum infusion using the epoxy resin Hexion EPIKOTE RIMR 

135 and the hardener Hexion EPIKURE RIMH 137 with a mixing ratio of 100:30 by weight. The 

impregnation was done at room temperature followed by a curing of 48 h at room temperature 

and a post-curing at 60 °C for 12 h. The manufactured laminates for the tensile tests are shown 

in Figure 1. 

 

Figure 1. Manufactured laminates for tensile tests : a) GFRP; b) SFRP; c) Hybrid 1; d) Hybrid 2 

2.2 Experimental methods 

At first the selected BU 8/12000 SF were characterized using single filament tensile strength test 

according DIN EN ISO 5079 on a FAVIMAT+ system. A clamping length of 20 mm and a testing 

speed of 10 mm/min was applied. Scanning electron microscope (SEM) images were created to 

analyze the SF’s surface. Micrographs of the laminates were used to investigate the 

impregnation quality. The fiber volume ratio was determined by pyrolysis. Due to the different 

fiber materials in the hybrid laminates, the amount of each fiber type was determined. The 

influence of SF content on the mechanical properties of the hybrid laminates was investigated 

by quasi-static tests, carried out on a Zwick Z250. Tensile tests were performed according to 

DIN-EN-ISO-527-4 with a testing speed of 2 mm/min. The length of the specimens was 250 mm 

by a width of 50 mm. To determine the elongation, strain gauges were attached to the 

specimens. In addition, three-point bending tests were performed according to DIN-EN-ISO-

14125, for the investigation of the bending behavior of the laminates. The testing speed was 

5 mm/min by a specimen size of 100 mm length and 15 mm width. In addition to the mechanical 

parameters, the failure of the laminates was investigated.  

3. Results and discussion 

3.1 Fiber characterization  

At the single fiber tensile tests, the E-glass fibers from the UD NCF, with a diameter of 23.8 µm 

achieved a strength of 1.08 GPa at a strain of 1.5%. The SF, with a diameter of 7.9 µm, showed 

a stiffer behavior. The strength of 1.61 GPa is 49% higher, but the strain to failure of 1.0% is 33% 

lower than the E-glass fibers. The stress to strain curves of the different fibers are shown in 

Figure 2. 

a) b) c) d)
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Figure 2. Representative stress stain curves of the single fiber tensile tests 

Figure 3 shows the SEM images of the steel fibers. Compared to common reinforcing fibers like 

carbon or glass fibers, the surface is rough and the cross-section is not circular but polygonal.  

 

Figure 3. SEM image of the steel fibers 

3.2 Micrographs  

Figure 4 shows micrographs at the cross-section of the different laminates. No voids or defects 

were detected, which indicates a good impregnation quality of the laminates. Compared the GF, 

the SF are not packed as closely together, which leads to higher matrix portions inside the SF 

roving. 

 

Figure 4. Cross-section micrographs of the laminates: a) GFRP; b) SFRP; c) Hybrid 1; d)  Hybrid 2 
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3.3 Fiber volume ratio  

The GFRP laminate shows the highest fiber volume ratio with 48.2%. As the other laminates 

consist of different fiber types, the amount of the consisting fibers was determined. The SFRP 

laminate shows the lowest fiber volume ratio with only 30.2%. This can be explained due to the 

not compact arrangement of the SF, see Figure 4. The hybrid laminates show with 39.6% for 

Hybrid 1 and 43.9% for Hybrid 2, a slightly higher fiber volume ratio. Responsible for the higher 

fiber volume ratio is the high amount of GF NCF in these laminates. The determined fiber volume 

ratio and thicknesses are listed in Table 3. 

Table 3: Results of the fiber volume ratio and thickness  

   Volume content [%] 

Laminate 
Thickness  

[mm] 

Fiber volume ratio 

[%]   
GF NCF SF  TFP base material  

GFRP 2.33 ± 0.01 48.2 100 - - 

SFRP 1.28 ± 0.04 30.2 - 76.9 23.1 

Hybrid 1 2.77 ± 0.04 39.6 85.0 11.7 3.3 

Hybrid 2 2.72 ± 0.05 43.9 90.7 5.8 3.5 

 

3.4 Tensile test  

The results of the tensile tests are listed in Table 4. The highest tensile strength and strain to 

failure is reached by the GFRP laminate. The SFRP reaches 47% of that strength and just 32% of 

the strain. The samples of Hybrid 1 and 2 reach 86% and 87% of strength and almost the same 

strain to failure as the GFRP. Figure 5 shows the stress-strain curves of the tested laminates. The 

Hybrid 1 and 2 indicate a kink in the curve at the failure of the SFRP. The low strain of SF leads a 

brittle fracture appearance and complete failure of the SFRP. The breaking edge is flat with a 90° 

angle to the tensile direction. At the Hybrid 1 and 2 laminates the GF fibers burst of the body 

similar to the GFRP. The GF do not show a uniform fracture line, the broken fibers are all of 

different lengths and distributed on different levels of the body.  

Table 4: Results of the tensile tests  

Laminate Breaking stress [MPa] Strain to failure  [%] No. of samples 

GFRP 842 ± 12.9 2.69 ± 0.36 4 

SFRP 374 ± 29.5 0.85 ± 0.08 6 

Hybrid 1 721 ± 15.7 2.67 ± 0.20 5 

Hybrid 2 736 ± 33.7 2.62 ± 0.34 6 
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Figure 5. Representative stress-strain curves of the tensile tests 

3.5 Bending test  

The results of the three-point bending tests are listed in Table 5. The GFRP laminate reaches the 

highest bending strength of 682 MPa while the SFRP only reaches 54% of the strength. The 

Hybrid 1 and 2 laminates reach almost the bending strength of the GFRP. Figure 6 shows the 

bending stress-deformation curves. The curves of Hybrid 1 and 2 samples have a steeper ascent 

due to the stiffer steel fibers. The GFRP samples shows fractures of fibers at the top side induced 

by compressive stresses including delaminations of the first layer due to interlaminar shear 

stress. The SFRP samples show a fracture starting on the bottom due to tensile stress. Hybrid 1 

and 2 show a similar behavior as the GFRP with fractures of the GF at the top through the 

compressive strength and delaminations.  

Table 5: Results of the three-point bending tests  

Laminate Bending strength [MPa]  Deformation [%]  No. of samples 

GFRP 682 ± 82.0 3.38 ± 0.38 6 

SFRP 365 ± 22.9 1.79 ± 0.08 6 

Hybrid 1 676 ± 48.5 3.44 ± 0.61 6 

Hybrid 2 662 ± 80.4 2.79 ± 0.34 6 
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Figure 6. Representative bending stress-strain curves of the three-point bending tests 

4. Conclusion 

The results of this study show that the SF BU 8/12000 have a higher strength but lower strain to 

failure compared to the E-glass fibers. This certain properties are reflected in the mechanical 

tensile and three-point bending tests. At both tests, higher strengths are achieved by laminates 

with a high amount of GF. Due to the low strain, the content of SF lowers the strength of the 

hybrid laminates. Consequently, it can be stated that no positive effect due to hybridization 

occurs. Nevertheless, the results evidence a good processing of the SF via the TFP process and 

good impregnation quality of the hybrid laminates. Initial statements on the mechanical 

properties are shown, which will be useful for further SF application e.g. functional integration.  
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Abstract: With the help of a robot-based 3d filament-winding process and a downstream 

injection molding process, highly loadable and functionalized hybrid thermoset-thermoplastic 

structures can be manufactured in a highly efficient, waste-free process. In this process, the 

continuous carbon fiber-reinforced filament-wound thermoset structures (CFRP) handle the main 

loads, and the short glass fiber-reinforced thermoplastic takes on additional functions, such as 

load transfer, functionalization by clips, planar surfaces and support of the truss-like CFRP 

reinforcement structures. To generate such a split of functions, there must be a highly loadable 

interface between the two dissimilar polymers. This can be created by a plasma pretreatment of 

the CFRP reinforcement structures. Here, the upper continuous fiber layer gets exposed, with 

which the thermoplastic injection molding material can then bond directly. In combination with 

the robot-based 3d filament-winding process, this creates an automated and cost-efficient 

process for manufacturing locally continuous fiber reinforced plastics. 

Keywords: Hybrid; Filament-Winding; TowPreg, Injection Molding; Interface; 

1. Introduction 

Continuous carbon fiber-reinforced plastics (CFRP) can be processed into highly loadable 

components with low mass, but this is usually very cost intensive due to the expensive materials 

and the complex process technology [1]. With a robot-based 3d filament-winding process, the 

thermoset CFRP material can be deposited along the load paths in a highly automated and 

waste-free process [2]. To make this possible, pre-impregnated rovings (TowPreg) are used for 

this process, which guarantee a higher winding speed (compared to classic winding with in-situ 

impregnation) and a very consistent impregnation quality of the fibers. In addition, the TowPreg 

allows leaving the geodesic paths due to the existing tackiness and thus more flexibility in the 

3d filament-winding process [3, 4]. 

In order to increase the application range of such 3-dimensionally wound structures, the winding 

process is to be extended by a downstream injection molding process. With the aid of the 

injection molding process, complex components with a high degree of design freedom can be 

manufactured cost-effectively in an automated process [5]. For example, additional clips or load 

introduction elements can be created. Planar subareas of the highly loaded component that are 

not highly loaded can be manufactured more cost efficiently, too. As a result, such planar 

subareas do not have to be created with the expensive continuous fibers in this hybrid process. 

Furthermore, the injection molding material can support the truss-like wound CFRP 

reinforcement structures as an additional support structure. The tensile and compressive loads 
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can be carried by the thermoset CFRP and the shear loads by the thermoplastic material. To 

realize such functions, a highly loadable interface must be created between the wound 

structures and the injection molding material to transfer loads. 

For an efficient process, the complete production chain of the hybrid thermoset-thermoplastic 

production concept must be considered (Figure 1). In the first step, adequate structural 

optimization must be carried out to identify the main load paths. Both, the anisotropic stiffness 

properties of the winding structure and the stiffness properties of the injection molding 

material, must be considered. The results of such an anisotropic topology optimizer based on 

the BESO algorithm were shown by Mehl et al. [10].  

 

Figure 1. Hybrid thermoset-thermoplastic production concept 

In the next step, the winding paths must be generated based on the topology-optimized 

structure. To do this, the structure can be broken down into individual winding paths (patterns), 

which are then reassembled to form an overall structure. Care must be taken to ensure that the 

winding paths are not traversed more often than it is actually required. The winding core can 

then be designed and manufactured using these results. The core can remain in the winding 

component as a lost core, be removed after curing or be demolded as a reusable mold. 

Due to the low availability of TowPreg and its high costs on the market (compared to the cost of 

the base products by a factor of approx. 3), it is recommended to manufacture the TowPreg in-

house. Above all, the choice of fibers and matrix can be made more flexible. The structural 

optimization determines the number of fibers in the roving (mainly by the geometric 

dimensions) and the core material, the core geometry as well as the later intended use of the 

component determine the properties of the matrix (tack, mechanical properties, curing 

temperature). 

In the robot-based 3d filament-winding process, the fibers are deposited on the core (mounted 

on the external axis) with the help of a winding head mounted onto a 6-axis industrial robot (as 

shown in chapter 2.1). The winding head can deposit up to two TowPreg strands at the same 

time (1-50k filament possible). The continuous fibers follow the main load paths from the 

structural optimization on the core. This creates the load-bearing structure. If individual sections 

in the component are passed over too often due to the existing winding patterns, an automated 

separating and feeding unit at the winding head can switch between one and two TowPreg 

strands automatically so that no accumulation of TowPreg is generated which would lead to an 

oversized section. 

The thermoset CFRP reinforcement structure is then cured under temperature and pressure. 

After curing, the structure must be pretreated to realize a high loadable interface. This 

pretreatment and the interface will be discussed in the following chapters. The final step, the 

overmolding of the CFRP reinforcement structure, is then carried out as usual within a standard 

injection molding process. The main point to consider is that the CFRP structure does not get 

dislocated in the injection mold. For this purpose, load introduction elements of the structure 

can be used to fix the CFRP reinforcement structure in the mold. 
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2. Hybrid Interface 

The transmission of forces between two bonded plastics is possible via form-fit, a coherent 

connection or a frictional connection. In this process, the form-fit is generated by overmolding 

and thus encapsulating the CFRP reinforcement structure. The effect contributed by this is 

strongly varying depending on the geometry of the components. By roughening the CRFP 

component, a microform-fit can also be generated, which additionally contributes to the load 

transmission. In this hybrid process, the frictional connection is created by shrinkage of the 

cooling thermoplastic injection molding material but can be assumed to be very small. A 

coherent connection can be created in this hybrid process by connecting the molten 

thermoplastic material to the CFRP reinforcement structure. 

Various preliminary studies have investigated different influences on the interface between the 

two materials. For example, the surface of the cured CFRP reinforcement structure can be 

roughened, which leads to an increase in the contact area of both materials and to an increase 

in the microform-fit. This has already been investigated in some publications, for example with 

peel plies or subsequent roughening using abrasive paper [6, 7]. Also, a coherent connection can 

be created by an additional component, such as hot melt adhesives shown by Karakaya et al. 

[8]. In contrast, Kazan et al. [9] overmolded and cured initially uncured prepreg directly in the 

injection molding process, but this leads to long occupancy times of the injection molding 

machine and is therefore unlikely to be practical for serial applications. 

In this study, the focus on improving the load transmission for this hybrid process is the coherent 

connection between the two materials. For this purpose, the hybrid interface between the two 

dissimilar polymeric materials (thermoset & thermoplastic) will be investigated. First 

investigations have shown that an etching process seems to be very promising. The aim here is 

to create an interface that introduces the forces directly between the two matrix materials into 

the continuous fibers without detours (direct interface). For this purpose, the continuous fibers 

in the uppermost layer are exposed so that the injection molding material can bond directly to 

the fibers (Figure 2). This is done, for example, by etching away the epoxy matrix in a plasma 

process [7] or with the aid of a CO2 laser [8]. In contrast to an indirect matrix interface, in which 

the loads from the thermoplastic matrix are first introduced via the thermoset matrix into the 

highly loadable continuous fibers, the direct fiber interface allows the thermoplastic matrix to 

be connected directly to the continuous fibers. 

 

Figure 2. Scheme of a matrix interface (left) and fiber interface (right) with continuous carbon 

fiber-reinforced thermoset and short glass fiber-reinforced thermoplastic material 

The aim of this publication is a special view on the fiber interface in this hybrid production 

process which was generated using a low-pressure plasma treatment. 
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3. Experimental 

The averaged shear stress, as key parameter for the maximum load transmission in the interface, 

is to be investigated with the aid of a pull-out test [7]. A TowPreg from TCR (UF3325 - T700 12k) 

is used as the continuous fiber-reinforced thermoset material. This consists of a T700 roving 

(12,000 filaments from Toray) pre-impregnated with epoxy resin. Due to its high prevalence in 

low-load structural components, a polyamide 6 with 30% by weight short glass fiber 

reinforcement is used as the injection molding material. Here, “Celanese Nyflor B2GF30” 

material is used in tests v1-v3 and “Khimvolokno Grodnamid PA6-GF30-1” material in test v4. 

2.1 Hybrid Sample Production 

The first step is to manufacture the CFRP reinforcement structures. In the first test series v1, 

these were still manufactured by hand and had 10 layers of CFRP. For the test series v2-v4, a 

specially developed winding tool is used, which enables to manufacture the reinforcement 

structures with dimensions of 75 x 5 mm (length L x width W) directly in a robot-based winding 

process. Figure 3 shows the fabrication of the reinforcement structures and a final CRFP 

reinforcement structure. For demonstrations, 12 layers of CFRP were deposited in each of the 

first five channels and one layer in the sixth channel. In tests v2 and v3, 10 layers are processed 

to a thickness of 1.33 mm. In test v4, 12 layers are processed to a total thickness of 1.6 mm to 

increase the bending stiffness of the reinforcement structures (which is important in the 

injection molding process). The TowPreg strand is attached to the tool at the beginning and by 

rotating the external axis and moving the robot, 20 reinforcement structures can be produced 

at once. The TowPreg is not cut during the winding process and the robot-based production 

enables an exact and reproducible production of the CFRP reinforcement structures with a 

constant fiber tension. By varying the number of layers, reinforcement structures of different 

heights can be manufactured with this tool. After the CFRP reinforcement structures have been 

wound, an outer tool is attached to the upper and lower sides to compress the CFRP uniformly. 

The ends get cut before curing. The CFRP reinforcement structures are then cured in the mold 

by means of a vacuum bag around the three parted tool at 155°C for 1.5 hours. After cooling, 

the CFRP reinforcement structures get demolded and only the resin residues must be removed. 

            

Figure 3. Robot-based filament-winding cell with a detailed view at the tool for manufacturing 

the CFRP specimen(left) and the final CFRP reinforcement structure (right) 
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After the reinforcement structures have been cleaned with acetone or isopropanol (to remove 

any release agent residues), they can be pretreated in different ways. As a comparison, a simple 

mechanical roughening with abrasive paper was done. All other pretreatments are based on a 

low-pressure plasma process. The etching rate in the plasma process can be changed by the 

parameters pressure, process duration, generator power and selecting different process gases. 

Furthermore, the selection of the process gas can influence the functional groups that are 

generated by the plasma. These also contribute to the coherent connection of the two 

composites.  

 

Figure 4. Aluminum inlay with covers, CFRP reinforcement structures, thermoplastic PA6GF30  
and the injection channel 

The final hybrid samples were produced using an aluminum inlay in a universal plate mold 

(80x80x4 mm) of the injection molding machine (Figure 4). The inlay is shaped in such a way that 

two samples (four samples in v1) can be produced with one injection molding cycle. The samples 

only need to be removed from the injection channel and otherwise do not need to be reworked. 

In test v1, the four hybrid samples have to be cut out of the molded plate. Table 1 shows an 

overview of the different production and test parameters in the different test series. 

Table 1: Overview of different parameters for the four test series. 

Parameter Test v1 Test v2 Test v3 Test v4 

Manufacturing Hand lay-up Robot-based Robot-based Robot-based 

Nr. of CFRP plies 10 10 10 12 

Diener plasma system 
Pico (200W) 

Tetra 30 (500W) 
Femto (100W) Femto (100W) Femto (100W) 

Injection molding inlay PTFE Aluminum Aluminum Aluminum 

Samples per shot 4 2 2 2 

Thermoplastic material  Nyflor B2GF30 Nyflor B2GF30 Nyflor B2GF30 Grodnamid 

Bracket type Open Open Open Closed 
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2.2 Pull-Out Test 

For the average shear stress, the maximum pull-out force is related to the overmolded area 

(without the front area, since this can be neglected as the simulated flow of forces suggests). 

The pull-out test was described in detail in Bauer et al. [7] and Figure 5 shows the test setup 

schematically with the different hybrid specimen geometries.  

 

Figure 5. Different setups for the pull-out test in the four test series 

While in test v1 both ends of the CFRP specimen were overmolded and one side was clamped 

and used for the force application in the pull-out test, only one side is overmolded in the tests 

v2-v4. This allows the force to be applied directly to the CFRP reinforcement structures. In test 

v4, the bracket is closed on both sides (the front side gets closed after placing the hybrid sample 

in the bracket) to prevent the specimen from tilting and to allow the CRFP specimen to be pulled 

out straight. During the start of the test, the hybrid sample is not in contact with the two closed 

sides of the bracket, so that no additional clamping forces are generated. If the sample starts to 

tilt, it supports itself with the lower edge of the thermoplastic material on one of the two closed 

sides so that the CFRP specimen is not pulled out slanted. 

4. Results & Discussion 

Figure 6 shows the main results of the four test series (v1-v4) and the number of samples tested 

for each single test set up. For the calculation of the average shear stress, the maximum pull-

out force was divided by the overmolded CFRP area (the entire overmolded area, except the 

front area  Figure 5). In each of the four test series, a reference measurement was carried out 

with reinforcement structures that were only cleaned (v1 acetone, v2-v4 isopropanol). These 

references can be considered as an untreated matrix interface (Figure 2).  

In the first series of tests, it was shown that roughening the surface with a 1200 grit sandpaper 

increased the strength of the interface by a factor of 3 (1-b). This is due to the increase in the 

surface area and the generation of microform-fit. An additional 5-minute oxygen low-pressure 

plasma treatment further doubled the interface strength (1-c). Since no etching process takes 

place during this short treatment period, the strength increase is due to the additional cleaning 

of the surface as well as the generation of functional groups. In a 30-minute etching process in 

a 300 W plasma system using oxygen low-pressure plasma, the averaged shear stress was 

increased by 7.6 times (1-d) compared to the reference sample. 
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Figure 6. Averaged shear-stress for the different test series (1-4) and number of tested samples 

In the second series of tests, the averaged shear stress was increased, due to a 90 minute 

treatment with low-pressure oxygen plasma, by a factor of 8.7 (2-b) compared to the 

corresponding reference. This is mainly due to the creation of a matrix interface by etching away 

the epoxy matrix in the area of the first continuous fiber layer. An additional 10 minute 

treatment with low-pressure air plasma (2-c) could apparently increase the interface strength a 

little more (but in the range of the standard deviation of both test series). An additional 

functionalization by means of a 10 minute low-pressure nitrogen plasma (2-d) slightly decreased 

the interface strength (again within the range of the standard deviation of both tests).  

In the third series of tests, a change in plasma pretreating duration was investigated. By 

pretreating the CFRP reinforcement structures 60 (3-c) instead of 15 (3-b) minutes with oxygen 

plasma, the interface strength could be increased by another 9%. Furthermore, the effect of 

argon (3-d) as a process gas was investigated. Due to its inert behavior as a noble gas, the etching 

process here is purely physical based and not physical and chemical based as is the case with 

oxygen or nitrogen. For the same duration, oxygen plasma produces a much higher interface 

strength, which is due to the chemical etching effect and the addition of functional groups. 

In the last series of tests, some minor optimizations were performed compared to the previous 

series of tests (more layers, closed bracket during pull-out) in order to generate a more 

reproducible failure of the samples, which was successfully achieved. Here it was shown that a 

45 minute treatment with air low-pressure plasma could generate the highest interface strength 

with 𝜏𝜏 = 15.1 ± 1.1 N/mm2 (4-b), 5% higher than with oxygen (4-d) as process gas. In contrast, 

pretreatment in oxygen plasma using the reactive ion etching (4-c) process deteriorated the 

interface strength compared to oxygen low-pressure plasma. This is due to the excessive etch 

rate and the resulting damage to the fibers at the interface as well as the very high temperatures 

acting on the CFRP reinforcement structures while placed on the electrode. 
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5. Conclusion 

It has been demonstrated that the use of low-pressure air plasma can produce a high loadable 

interface between a continuous fiber-reinforced thermoset and a short glass fiber-reinforced 

thermoplastic. By exposing the upper continuous fiber layer, it is possible for the injection 

molding material to directly bond onto the continuous fibers, thus providing an optimum force 

flow in this direct interface. The interface strength created in this way is comparable to a 

structural bonding and therefore the basis for a hybrid manufacturing process based on 

anisotropic topology optimization, the robot-based 3d filament-winding process and a 

downstream injection molding process. Further investigations must show which is the most 

optimal pretreatment time (depending on plasma system, plasma power and generator 

frequency) for epoxy based CFRP reinforcement structures. An additional increase of the 

interface strength can possibly be generated by preheating the plasma treated CFRP 

reinforcement structures before overmolding. 
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Abstract: In previous work, we have introduced a new manufacturing process, which combines 

deep drawing with thermoplastic resin transfer molding. The fabric is infiltrated with a reactive 

resin during forming, which polymerizes to a tough poly (methyl methacrylate) matrix after 

completion of the forming process. In this contribution, miniaturized tensile specimen are tested. 

The tensile properties are location dependent due to the forming process. It is found, that FMLs 

Young’s modulus and yield strength depends on the Young’s modulus and yield strength of the 

metal. The ultimate tensile strength of the FML depends on the GFRP layer and its fiber 

orientation, as well as fiber volume content. Specimens with a ± 45° fiber orientation show higher 

failure strains compared to specimens with 0° and 90° fiber orientation. 

Keywords: FML; multi-material design; deep-drawing; sandwich; in-situ polymerization  

1. Introduction 

The climate change is the greatest challenge of our time. Sustainability has thus become a 

central issue in society, as well as in the design process of new products. Lightweight design is 

no longer considered exclusively under technical, but also under ecological boundary conditions. 

One example is the automotive industry, which has to reduce the CO2 emissions of its vehicle 

fleet through legal framework conditions [1]. The automobile's energy consumption occurs 87 % 

of live time cycle during use and is thus proportional to the vehicle mass [2]. The result is the 

electrification of the powertrain and the use of new lightweight materials and strategies. In 

addition to steel and aluminum sheets [3], fiber-reinforced composites (FRP) are increasingly 

being used in car body design [4]. Joining or combining materials of different material classes 

has therefore become an essential part of the development process. Fiber-metal-laminates 

(FML) are a special form of multi-material design and combine the advantageous properties of 

metals and FRPs in a single layered material. FMLs exhibit excellent resistance to crack 

propagation, impact, and flammability [5].  

In the 1980s, FMLs were developed and commercialized for the civil aviation industry [6,7]. The 

classical autoclave manufacturing process is time consuming, expensive, and the achievable 

geometric complexity of the components is low [8,9]. For mass production of FML components, 

the material and process costs have to be reduced and the producible complexity of the 

components has to be increased. A possible process could be the combination of deep drawing 

and thermoplastic resin transfer molding (T-RTM), as shown in Figure 1. In this one-step process, 
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an in-situ polymerizing matrix is injected during deep drawing. The metal sheets and the fabric 

layers are formed simultaneously, while the matrix infiltrates the fabrics. The matrix polymerizes 

after the deep drawing process, embedding the fibers and bonding the FRP to the metal sheets 

[10–16], shown in Figure 1. The mechanical properties of the FML are strongly influenced by the 

manufacturing process of the generic part geometry. Therefore, the mechanical properties have 

to be determined dependent on the generic part geometry, otherwise the structure-property 

relationships cannot be measured. For this purpose, tensile specimens from four regions of the 

generic part are extracted, shown in Figure 1. The regions differ in terms of their forming history, 

more precisely the degree of metal forming, fiber draping and infiltration. 

 

Figure 1. Process flow of combined deep drawing and resin transfer molding 

2. Material 

The FML layup is a sandwich construction with metal sheets as face sheets and thermoplastic 

reinforced twill weave fabrics as intermediate layer. The DC04 metal sheet thickness is 1 mm 

and six plies of 280 g/m² E-glass twill weave fabric 2/2 (Interglas 92125 FK800) are used. As resin 

system, a 1:1 mixture of acrylates Elium 130 and Elium 190 from Arkema S.A. with 2.5 % 

dibenzoyl peroxide (United Initiators, BP-50-FT) is used. The rolling direction of the metal sheet 

defines the 0° orientation, which is equal to the weft direction of the dry fabrics. In weft direction 

(0°), the fabric weight is 143 g/m² and 133 g/m² in warp direction (90°). The metal sheets were 

pretreated to increase the adhesion to the thermoplastic matrix according to [17] with manual 

grinding and a silane adhesion promoter (Evonik, Glymo). In addition, generic parts are produced 

with aluminum sheets of 1 mm AA5182-H111 and six plies of 280 g/m² E-glass twill weave fabric. 

The aluminum sheets are pretreated with release agent to be able to remove them after the 

manufacturing process to obtain GFRP parts without metal sheets. The draping influence of the 

fibers on the tensile properties of the FML is investigated using the GFRP parts. 

The generic part geometry is divided into four general regions with different forming histories 

according to Figure 1. The samples are extracted by waterjet cutting from four different FML 

parts and two GFRP parts with equivalent process settings. The average fiber volume content of 

all parts is 70 % ± 3 % and is measured by thermal gravimetric analysis by the Fraunhofer 

Institute for Chemical Technology. 

3. Experimental set-up 

The tensile tests are performed on a Zwick/Roell ZMART.PRO 200 kN universal testing machine. 

The specimens are chosen according to DIN EN ISO 527-4:2022-03 [18] and ASTM 

D3039/D3039M−17 [19] with dimensions of 60 mm x 10 mm x 3 mm (LxBxt). For clamping 20 
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mm are required on each side, resulting in a free measuring length of 20 mm. Wooden spacers 

with a are placed between the clamping jaws due to the short clamping length. This prevents 

the clamping jaws from tilting. Strain is measured by using two-dimensional digital image 

correlation (GOM GmbH, Aramis 4M) with a recording frequency of 2 Hz for the FML specimens 

and 5 Hz for the GFRP specimens. An airbrush pistol with body paint is used for the speckled 

stochastic pattern to obtain a fine pattern for high resolution for high strains. The FML 

specimens are clamped rotated by 90° to measure the strain in stacking direction 𝜀𝜀z, shown in 

Figure 2. The GFRP specimens are not rotated and the transverse strain 𝜀𝜀y is recorded. The 

transverse velocity is v = 2 mm/min and corresponds to a strain rate of 𝜀𝜀̇ = 0.0016 1/s. A 

prestress of 2 MPa is applied via hydraulic jaws with a hydraulic pressure of 20 bar. Stresses and 

strains are calculated homogenized over the entire cross-section of the specimens. The Young’s 

modulus is determined for strains between 𝜀𝜀x = 0.01 % and 0.07 % according to ASTM E1111 

[20] by using linear regression with the method of least squares. The 0.05 % yield strength is 

determined as 𝑅𝑅p0.05 for a plastic strain of 𝜀𝜀x = 0.05 %. The tensile strength 𝑅𝑅m is calculated 

from the maximum measured force F. 

 

Figure 2. a) Experimental set up for tensile test with b) measured strain field of 2D-DIC system 

on a FML specimen 

4. Results 

Figure 3 summarizes the results in the form of box-plots. The tensile properties �𝐸𝐸,𝑅𝑅p0.05,𝑅𝑅m, 𝑇𝑇b� show a strong dependence on region and orientation for the FML, as well as 

for the GFRP specimens. In general, the 0° orientation exhibits higher tensile properties than the 

90° orientation within the respective region, with the exception of the FML specimens from 

region IV. The qualitative difference between 0° and 90° orientation is noticeable for all 

mentioned properties and is especially pronounced for ultimate tensile strength, except for FML 

specimen from region IV. The 45° orientation shows higher Young’s modulus, yield strength and 

ultimate tensile strength compared to the 135° orientation for FML and GFRP specimens. The 
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highest failure strain is reached by the 135° orientation with 𝑇𝑇b ≈ 6 % for GFRP and 𝑇𝑇b ≈ 10 % 

for FML specimens compared to 𝑇𝑇b ≈ 2 % for FML and GFRP specimens in 0° and 90° orientation.  

    

 

Figure 3. Box-plots of region dependent mechanical properties of GFRP and FML specimens 

a) Young’s modulus, b) yield strength, c) ultimate tensile strength and d) failure strain 

The stress-strain curves of the GFRP specimens in Figure 4 are linear elastic in 0° and 90° 

orientation, while in 45° and 135° orientation they are strongly nonlinear. The GFRP specimens 

in Figure 4 c) oriented in 135° show nearly ideal plastic flow behavior and differs from the stress-

strain curve of 45° oriented specimens. All stress-strain curves of the FML specimens in 0° and 

90° orientation show a bi-linear behavior, with a pronounced yield point. In 45° and 135° 

orientation, the stress-strain curves are strongly nonlinear and qualitatively similar to those from 

the GFRP specimens. In Figure 4 b) for region II, the stress-strain curves of GFRP and FML 

specimens oriented in 90° show significantly lower ultimate tensile strength. The ultimate 

tensile strength of GFRP and FML correlates directly. The same observation applies to the stress-

strain behavior for GFRP and FML specimens in Figure 4 c) with 45° and 135° orientation and 
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less pronounced in Figure 4 a) with 0° and 90° orientation. As already mentioned for the box-

plots, region IV in Figure 4 d) is an exception and shows no correlation between stress-strain 

behavior of GFRP and FML.  

     

         

Figure 4. Representative stress-strain curves of GFRP and FML specimens from 

a) region I in 0° and 90° orientation, b) region II in 0° and 90° orientation, c) region III in 45° and 

135° orientation and d) region IV in 0° and 90° orientation 

5. Discussion 

In region II and in region IV the fibers are drawn-in towards the center of the generic part. The 

fibers in 90° orientation in region II are draped transverse to loading direction. This results in a 

high fiber curvature and thus in low tensile properties. The same applies for the specimens in 

region IV in 0° orientation. Due to the shorter length of the geometry in region II compared to 

region IV, the fibers curvature is higher in region II, as shown in Figure 5. 
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Figure 5. Fiber draping of representative generic GFRP part with removed metal sheets 

The observed results can be explained by an analogous model consisting of two parallel springs 

representing the two metal layers and the GFRP layer [13]. The load distribution between the 

two layers, respectively the two springs, depends on the spring stiffness  𝑐𝑐 =
𝐸𝐸𝐸𝐸𝐿𝐿 →  

𝑐𝑐1𝑐𝑐2 =
𝐸𝐸1𝑡𝑡1𝐸𝐸2𝑡𝑡2                  (1) 

with the Young’s modulus 𝐸𝐸, the cross-section 𝐴𝐴 = 𝑏𝑏𝑠𝑠 and the length 𝐿𝐿, width 𝑏𝑏 of the specimen 

and thickness 𝑠𝑠 of the respective layer. The pronounced yield point of the FML stress-strain 

curves in Figure 4 is the load transition point between metal layers and GFRP layer. The stiffer 

DC04 metal sheets carry the main load up to the yield strength and then transfer the load to the 

GFRP layer. The GFRP layers ultimate tensile strength determines the ultimate tensile strength 

of the FML specimen, which depends on the fiber orientation of the GFRP layer due to fiber 

draping during forming. The more fibers are oriented in tensile direction, the higher is the 

ultimate tensile strength. The yield strength of the FML specimens depends on the degree of 

metal forming. For example, the influence of the GFRP yield strength on the FML yield strength 

is not be seen in Figure 3 b) for region I with 90° orientation and region III with 45° orientation, 

while the influence of the GFRP ultimate tensile strength correlates directly with the FMLs 

ultimate tensile strength in Figure 3 c) and failure strain in Figure 3 d). In region III with 45° 

orientation, the fibers are draped in loading direction, while in 135° orientation, the fibers are 

draped in transverse direction and the specimens have the largest proportion of fibers in 

transverse direction, which is why they have the lowest mechanical properties. The orientation 

and curvature of the fibers to the direction of loading significantly affects the ultimate tensile 

strength, as can be seen in Figure 4 b) and c). The specimens with higher fiber curvature  in 

Figure 5, region II 90° and region III 135°, have lower tensile properties. This can also be seen in 

Figure 4 d) for the region IV with 0° and 90° orientation, with the 0° specimens exhibiting higher 

fiber curvatures due to draping and thus show lower tensile properties compared to the 90° 

orientation.  
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6. Conclusion 

Results of tensile tests on GFRP and FML specimens of generic parts manufactured by combined 

deep-drawing with in-situ polymerization are presented. The study demonstrated that the 

mechanical properties in terms of Young’s modulus, yield strength, ultimate tensile strength and 

failure strain are location dependent due to the forming process. The tested GFRP specimens 

show the influence of fiber draping due to forming on the tensile properties. The FMLs ultimate 

tensile strength and failure strain are dominated by the GFRP, while the results show no 

influence of the GFRPs Young’s modulus and yield strength on the respective properties of the 

FML. 

Acknowledgements 

The German Research Foundation (DFG) kindly supports this research project (WE 4273/13-1 

& -2, HE 6154/4-1 & -2). The Fraunhofer Institute for Chemical Technology kindly supports the 

manufacturing of the laminates. ARKEMA SA Colombes (France) kindly provided the polymer. 

United Initiators provided the peroxide and Evonik the coupling agent. The authors also thank 

their colleges for support, especially Thomas Mennecart from the IUL of the TU Dortmund and 

Moritz Kruse from the PPI of the Leuphana University Lüneburg for the great collaboration.  

7. References 

 

[1] European Parliament. Regulation (EU) 2019/631 of the European Parliament and of the 

Council of 17 April 2019 setting CO2 emission performance standards for new passenger 

cars and for new light commercial vehicles, and repealing Regulations (EC) No 443/2009 

and (EU) No 510/2011; 2021. 

[2] Mayyas A, Qattawi A, Omar M, Shan D. Design for sustainability in automotive industry: A 

comprehensive review. Renewable and Sustainable Energy Reviews 2012;16(4):1845–62. 

https://doi.org/10.1016/j.rser.2012.01.012. 

[3] Tisza M, Czinege I. Comparative study of the application of steels and aluminium in 

lightweight production of automotive parts. International Journal of Lightweight 

Materials and Manufacture 2018;1(4):229–38. 

https://doi.org/10.1016/j.ijlmm.2018.09.001. 

[4] Dröder K, Vietor T (eds.). Technologies for economical and functional lightweight design. 

Berlin, Heidelberg: Springer Berlin Heidelberg; 2019. 

[5] Vlot A, Vogelesang LB, Vries TJ de. Towards application of fibre metal laminates in large 

aircraft. Aircraft Eng & Aerospace Tech 1999;71(6):558–70. 

https://doi.org/10.1108/00022669910303711. 

[6] Vogelesang L, Vlot A. Development of fibre metal laminates for advanced aerospace 

structures. Journal of Materials Processing Technology 2000;103(1):1–5. 

https://doi.org/10.1016/S0924-0136(00)00411-8. 

[7] Vlot A. Glare: History of the development of a new aircraft material. Dordrecht: Kluwer 

Acad. Publ; 2001. 

[8] Gunnink JW, Vlot A, Vries TJ de, van der Hoeven W. Glare Technology Development 

1997&#x2013;2000. Appl Compos Mater 2002;9(4):201–19. 

https://doi.org/10.1023/A:1016006314630. 

1288/1602 ©2022 Werner et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1016/j.rser.2012.01.012
https://doi.org/10.1016/j.ijlmm.2018.09.001
https://doi.org/10.1108/00022669910303711
https://doi.org/10.1016/S0924-0136
https://doi.org/10.1023/A:1016006314630
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

[9] Sinke J. Manufacturing of GLARE Parts and Structures. Appl Compos Mater 

2003;10(4/5):293–305. https://doi.org/10.1023/A:1025589230710. 

[10] Mennecart T, Werner H, Ben Khalifa N, Weidenmann KA. Developments and Analyses of 

Alternative Processes for the Manufacturing of Fiber Metal Laminates. In: Volume 2: 

Materials; Joint MSEC-NAMRC-Manufacturing USA. American Society of Mechanical 

Engineers; 2018. 

[11] Werner HO, Dörr D, Henning F, Kärger L. Numerical modeling of a hybrid forming process 

for three-dimensionally curved fiber-metal laminates. In: Proceedings of the 22nd 

International ESAFORM Conference on Material Forming: ESAFORM 2019. AIP Publishing; 

2019, p. 20019. 

[12] Werner HO, Stern C, Weidenmann KA. Location-Dependent Mechanical Properties of In-

Situ Polymerized Three-Dimensional Fiber-Metal Laminates. In: Hausmann JM, editor. 

22nd Symposium on Composites. Zurich: Trans Tech Publications Limited; 2019. 

[13] Werner HO, Liebig W, Weidenmann KA. Mechanical Properties of In-Situ Polymerized 

Fiber-Metal-Laminates. In: Hausmann JM, Siebert M, Hehl A von, Weidenmann KA, 

editors. Proceedings 4th International Conference Hybrid 2020 Materials and Structures; 

2020. 

[14] Werner HO, Poppe C, Henning F, Kärger L. Material Modeling in Forming Simulation of 

Three-Dimensional Fiber-Metal-Laminates – A Parametric Study. In: 23rd International 

Conference on Material Forming (ESAFORM 2020); 2020, p. 154–161. 

[15] Werner HO, Schäfer F, Henning F, Kärger L. Material Modelling of Fabric Deformation in 

Forming Simulation of Fiber-Metal Laminates – A Review on Modelling Fabric Coupling 

Mechanisms. In: 24th International Conference on Material Forming; 2021. 

[16] Mennecart T, Gies S, Ben Khalifa N, Tekkaya AE. Analysis of the Influence of Fibers on the 

Formability of Metal Blanks in Manufacturing Processes for Fiber Metal Laminates. JMMP 

2019;3(1):2. https://doi.org/10.3390/jmmp3010002. 

[17] Werner H, Sönmez I, Wendel R, Henning F, Weidenmann KA. Characterization of the 

interlaminar shear strength of fiber metal laminates with reactive processed 

thermoplastic matrix. In: SAMPE Europe Conference & Exhibition 2017 Stuttgart: 

Stuttgart, Germany, 14-16 November 2017. Red Hook, NY: Curran Associates Inc; 2017. 

[18] Deutsches Institut für Normung e. V. DIN EN ISO 527-4:2022-03, Kunststoffe - 

Bestimmung der Zugeigenschaften - Teil 4: Prüfbedingungen für isotrop und anisotrop 

faserverstärkte Kunststoffverbundwerkstoffe (ISO 527-4:2021); Deutsche Fassung EN ISO 

527-4:2021. Berlin: Beuth Verlag GmbH; 2022. https://doi.org/10.31030/3328116. 

[19] D30 Committee. Test Method for Tensile Properties of Polymer Matrix Composite 

Materials. West Conshohocken, PA: ASTM International. 

https://doi.org/10.1520/D3039_D3039M-17. 

[20] E28 Committee. Test Method for Youngs Modulus, Tangent Modulus, and Chord 

Modulus. West Conshohocken, PA: ASTM International. https://doi.org/10.1520/E0111-

04R10. 

 

1289/1602 ©2022 Werner et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1023/A:1025589230710
https://doi.org/10.3390/jmmp3010002
https://doi.org/10.31030/3328116
https://doi.org/10.1520/D3039_D3039M-17
https://doi.org/10.1520/E0111-04R10
https://doi.org/10.1520/E0111-04R10
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26‐30 June, 2022, Lausanne, Switzerland 

                  ‐ ‐ ‐ ‐         ‐      

 

MICRO‐SCALE MODELLING OF COMPOSITES MADE OF RCF/ PA6 STAPLE 
FIBER YARNS WITH SPECIAL EMPHASIS ON FIBER LENGTH DISTRIBUTION 
Thomas Gerekea, Tobias Langa, Thi Anh My Huynha, M. M. Badrul Hasana, Anwar Abdkadera, 

Chokri Cherif a 

a: Technische Universität Dresden, Institute of Textile Machinery and High Performance 
Material Technology (ITM), Dresden (Germany), Email: thomas.gereke@tu‐dresden.de 

 

Abstract: With the increasing demand and use of carbon fiber reinforced polymers (CFRP), the 
disposal  or  recycling  of  carbon  fibers  (CF)  and  end‐of‐life  composite  parts  is  becoming 
enormously important. Hybrid yarns from recycled CF (rCF) and a thermoplastic fiber (polyamide 
6, PA6) were developed. The use of fibers with an  initially higher fiber  length should result  in 
higher stiffness and strength of the composite. However, due to significant fiber damage during 
manufacturing the mechanical properties deteriorate. An algorithm is implemented to generate 
a  finite  element  model  of  the  yarn  with  probabilistic  distribution  of  fiber  length  and  fiber 
orientation. Fibers are coupled to elements of the thermoplastic matrix and the compaction step 
during composite manufacturing is simulated. The results of virtual tensile tests show the trend 
towards better composite properties at higher  fiber  lengths and at a  fiber  length distribution 
with  lower  variance.  The model  is  very well  suited  for  predicting  composite  properties  as  a 
function of various parameters in the production of staple fiber‐based rCF/ PA6 hybrid yarns. 

Keywords: micro‐scale; recycled carbon fiber; finite element model; thermoplastic; yarn 

1. Introduction 

Due to their excellent mechanical properties and their lightweight character, the application of 
carbon fiber reinforced polymers (CFRP) across different industries is steadily increasing. With 
the  increasing  demand  and  use  of  CFRP,  the  disposal  of  carbon  fibers  (CF)  and  end‐of‐life 
composite parts is becoming enormously important, especially from a sustainability perspective. 
As CF waste is not allowed to be thermally degraded or landfilled in the EU, the recovery of high 
quality  recycled  carbon  fibers  (rCF)  and  the  introduction  into  a  second  life  cycle  is of  great 
importance.  

Powders of  rCF are used as  filler materials  for plastics  [1,2]. Short  rCF are  incorporated  into 
thermoset  compression  moulding  compounds  [3,4].  Currently,  the  main  use  of  rCF  is  for 
nonwovens [5,6] or injection moulded parts [7,8]. For injection moulding processes, rCF are used 
as  short  fiber  reinforcement  in  thermoplastic  compounds,  for  example  in  combination with 
polypropylene  (PP),  polyamide  6  (PA6)  or  polyphenylene  sulfide  (PPS) matrix  [7,9,10].  Such 
materials lack of fiber orientation, have a low fiber volume content and, thus, low mechanical 
properties [11]. In the recycling of CF it is challenging to preserve high fiber length and to enable 
highly oriented fibers [12]. 

Probably the best alignment of rCF can be achieved by yarn spinning. In this process, the rCF 
web resulting from the opening is first processed into a tape. To homogenise it and to align the 
fibers,  this  sliver  is  then  doubled  and  drawn  [13,14].  Ring  spinning,  flyer  spinning,  friction 
spinning and wrap  spinning are  suitable methods  to  further process  rCF  [15]. At  ITM of TU 
Dresden, hybrid yarns from rCF and a thermoplastic fiber (PA6) were developed. The spinning 
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of hybrid yarns from rCF for load bearing composite structures was realised and resulted in high 
performance composite parts [13,16,17]. The use of fibers with an initially higher fiber length 
should result in higher stiffness and strength of the composite. However, due to significant fiber 
damage  during  manufacturing,  i. e.  mainly  during  carding  and  drawing,  the  mechanical 
properties deteriorate.  

Finite  element  models  are  widely  employed  to  predict  the  mechanical  properties  of  CFRP. 
Composites can be described at a microscale by modelling each fiber or a representative number 
of fibers. Approaches for composites made of continuous fibers [18,19] and short fibers were 
developed  [20,21]. With  the Digital  Element Approach  (DEA),  textiles  and  composites were 
modelled with chains of beam elements that reduce the numerical effort [22–24]. Numerical 
models almost exclusively refer to textiles and composites made of continuous fibers with very 
low stretchability. However, yarns made of rCF are discontinuous  in nature and the structure 
and mechanical behaviour of  filament  and  staple  fiber  yarns differ  significantly. Only  a  few 
empirical and analytical investigations on the mechanical behaviour of staple fiber yarns made 
of natural fibers are available [25–27]. 

2. Finite Element Model 

The material used  for  the  study  is  recycled  carbon  fibers  (rCF) and polyamide 6  from which 
hybrid yarns are fabricated that are then processed to thermoplastic composites. Micro‐scale 
models  of  spun  yarns  are  generated  based  on  information  on  the  fibers,  i.  e.  fiber  length 
distribution and fiber orientation. The properties are  implemented  in the form of probability 
distributions. An algorithm is implemented that randomly adds fibers to a predefined volume 
until  the  respective  fiber  volume  fraction  is  reached.  By  using  a  nearest  neighbour  search 
algorithm similar to the Random Sequential Adsorption Algorithm [28], overlapping of the fibers 
is avoided. Fibers  that  cross  the boundaries of  the unit cell during  the yarn  compilation are 
divided at the boundary and moved to the opposite side. This ensures the periodicity of the unit 
cell. The algorithm that generates the yarn structure is developed as a Python code. A length of 
100 mm assures inclusion of the full trajectory of each fiber within the RVE. 

Having generated the yarn structure based on the probabilistic algorithm, a finite element model 
of the composite  is created  in LS‐Dyna.  In the first step, the fiber network  is compacted  in a 
simulation step  in order to account for the fiber volume content. The composite model then 
uses separate meshes for fibers and matrix. Fibers are modelled with beam elements; matrix is 
modelled with solid elements. Both meshes are coupled with kinematic constraints using the 
*CONSTRAINED_BEAM_IN_SOLID keyword in LS‐Dyna. The procedure can be seen in Figure 1. 
Periodic boundary conditions are applied and homogenised tensile properties are calculated. 

 
Figure 1: Generated and compacted fiber network with beam elements (A), solid element mesh of the matrix (B), 
and composite model (C) 
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3. Results and Discussion 

A generated spun yarn model with a twist of 75 m‐1 and fiber  length distribution  is shown  in 
Figure  2.  The  results  of  the  following  compaction  simulation  and  virtual  tensile  test  are 
presented  in Figure 3. Stresses are greatest near  the  fiber ends. Fiber  failure dominates  the 
tensile failure of the composite. Thus, overall composite failure occurs at the locations near the 
fiber ends. 

 
Figure 2: Generated spun yarn model with twist of 75 m‐1 and fiber length distribution 

 

 
Figure 3: Example of a compacted and tensioned composite model: A – Entire RVE, B – Cross‐section 

 

The results of a study on yarn twist are shown in Figure 4 and Figure 5. The tensile modulus and 
strength of the composite reveal a dependence on yarn twist. A higher twist leads to higher fiber 
orientation and, thus, reduced mechanical properties. The comparison of simulation results and 
experiments  shows  a  good  correlation. Differences  between  virtual  and  simulated  data  are 
attributed to the  idealised yarn model, which does not account for all the randomness  in the 
real fiber network.  

 

 
Figure 4: Tensile modulus in dependence on yarn twist 
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Figure 5: Tensile strength in dependence on yarn twist 

 

A simulation study on the influene of the fiber length distribution within the composite is shown 
in Figure 6. The fiber length distribution is implemented in the model as follows:  

  1 exp  (1) 

The  influence of the parameter m shows a trend towards better composite properties with a 
distribution with  lower variance. Thus, the damage of the fibers during processing should be 
minimised in order to reduce short fiber content. 

 

 
Figure 6: Influence of fiber length distribution (parameter m in Eq. 1) on composite behaviour 

4. Conclusions 

A numerical model has been established that simulates composite behaviour of rCF/ PA 6 based 
on input parameters such as fiber length, fiber orientation and yarn twist. The model is based 
on an algorithm  that randomly generates  the  fiber network based on process parameters. A 
finite element model of the composite was used to perform parameter studies. Results show 
the influence of twist and fiber length on the composite properties. Future work should focus 
on  reducing  the  yarn  twist  and  the  fiber  damage  during  processing  in  order  to  increase 
composite  properties.  Nevertheless,  the  mechanical  properties  achieved  are  suitable  for 
structural applications in automotive engineering or the like. 
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Abstract: The paper presents a methodology for processing micro-CT images of 3D braided 
preforms to assess the fiber orientation distribution uniformity and permeability. The micro-CT 
image is transformed into a voxel representation with identification of either fibre density and 
orientation, or absence of fibres in voxels, using VoxTex software. The voxel model allows 
calculation of the statistical parameters of the fibre spatial and orientation distribution, and 
characterization of the preform porosity. The voxel model is transferred to a Stokes solver in a 
commercial CFD software to calculate the preform permeability, using methods approbated 
during the International Virtual Benchmark Exercise.  

Keywords: 3D braiding, all-oxide CMC, digital twin, composite design, permeability  

1. Introduction 

Oxide ceramics are a suitable material class for high-temperature applications due to their high 
oxidation and corrosion stability. Although the operating time of oxide ceramics exceeds 
metallic high-temperature materials, e.g. nickel- or titanium-based alloys, the high brittleness of 
ceramics presents a challenge when used in applications of combined high temperature and 
high mechanical stress. To overcome the brittleness of ceramics, their damage tolerance can be 
improved through fibre reinforcements. For this purpose, oxide ceramic reinforcement textiles 
and matrix are combined to an all-oxide ceramic matrix composite (CMC).  
Multidirectional 3D distribution of reinforcing fibre orientations is crucial to enable high damage 
tolerance of CMC [1, 2]. Currently, textile reinforcements in all-oxide CMC are realized by woven 
or scrim fabrics. The fibre orientation distribution in the laminate is 2D due to the absence of 
interlayer reinforcement. In woven layers the orientation of the fibres is bi-directional in-plane, 
with certain out-of-plane deviation (few degrees) due to crimp.  
The high potential of three-dimensionally braided structures for high-temperature applications 
has been known since NASA's investigations in the 1970s. Like no other textile manufacturing 
technology, 3D braiding combines enormous process integration and automation potential with 
a geometric range of variation that has so far only been achieved in 3D printing. Compared to 
2D braiding or weaving, it is thus possible to indirectly integrate entire process chains (e.g. 
surface production, cutting, draping, drilling, sewing) in one work step without waste and 
joining-related weak points in a resource-saving manner.  
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The 3D braiding process enables the production of complex and near net-shaped textiles by 
interlocking braided fibre layers, featuring a 3D multidirectional fibre orientation distribution. It 
increases the damage tolerance of all-oxide CMC by up to 95% [3]. Apart from the favourable 
fibre distribution, the preform permeability is a crucial parameter for defect-free infiltration 
with dispersed ceramic particles for further slip casting and sintering.  
The paper presents a methodology for processing micro-CT images of 3D braided preforms to 
assess the fibre orientation distribution multidirectionality and permeability. The micro-CT 
image is transformed into a voxel representation with identification of either fibre density and 
orientation, or absence of fibres in voxels, using VoxTex software (KU Leuven, Belgium) [4]. The 
voxel model allows calculation of the statistical parameters of the fibre spatial and orientation 
distribution, and characterization of the preform porosity. The voxel model is transferred to a 
Stokes solver in a commercial CFD software to calculate the preform permeability, using 
methods approbated during the International Virtual Benchmark Exercise [5]. The methodology 
is demonstrated on three types of 3D braids, 3M Nextel 610 alumina fibres.  
 

2. Materials 
 
The alumina fibre 3D braids are produced on a 3D laboratory braiding machine in ITA (RWTH 
Aachen University, Germany). For the braiding operation, the 3M Nextel 610 alumina fibres are 
first rewound from the supplied mother spools onto braiding spools of 25 m each and inserted 
onto the braiding bobbins. The braiding machine is then loaded with the prepared bobbins. In 
the braiding operation, the 3D braid produced is continuously wound onto a take-off drum. The 
produced 3D braid is separated manually by cutting the textile to a defined length. 

The fibres have diameter 10 – 12 µm, density 3.9 g/cm3. Table 1 characterises the braids, which 
are modelled in the present work. 
 
Table 1. Parameters of the fibres and braids 

 Braid 1 Braid 2 Braid 3 
Yarn linear density, den 4,500 10,000 10,000 
Filament count 1,200 2,550 2,550 
Braiding pattern square litz (wire) litz (wire) 
Braiding angle (with Z axis) 30° 6° 8° 
Braiding yarns count 16 28 26 
Inlays count 9 7 0 
Braid width, mm 1.5 12 16 
Braid fibre volume fraction 76% 64% 40% 

 

 
Braid 1     Braid 2    Braid 3 

Figure 1. Braids images and dimensions 
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3. Micro-CT imaging 
 
The computed-tomographic examinations are carried out on strip-shaped specimens with 
dimensions of 70.0 x 30.0 x 3.0 mm³ (L x W x H). For this purpose, preparation of the specimens 
is necessary. The 3D-braided textiles are cut by hand according to the required dimension. 
Before bringing the braids into the test chamber of the micro-CT, the bending stiffness of the 
textiles has to be evaluated. To prevent deposition of the limp braids during the scanning 
process, corresponding test specimens of length L = 70.0 mm are selected.  

All images are taken with the help of a computer tomograph type CT-ALPHA (customized), 
ProCon C-Ray GmbH, Sarstedt, Germany. The scanned area is selected according to a repetitive 
braiding interval and is mapped to a resolution of 22.821 µm per pixel. The collected micro-CT 
data are processed using the reconstruction software VOLEX 10 (software package for X-ray and 
CT applications for digital information acquisition and evaluation) of the Fraunhofer 
Development Centre X-ray Technology EZRT, Fürth, Germany. The examined solid is built up as 
an image stack of scanned individual layers. 

Figure 1 depicts the 3D images, which have been studied. Figure 2 shows succession of cross 
sections of the braids, revealing the braiding patterns. 

 

Figure 2. Successive cross sections of the braids. Distance between the cross sections 1 mm. The 
scale of all images is the same (shown for Braid 1) 

 

4. Transformation into voxel mesh and segmentation 
 
VoxTex software transforms the micro-CT image, as a 3D pixels array with the size of ~109 pix, 
into a voxels array. Each voxel is created by averaging properties of several pixels, with the step 
size 6 pix, and integration window size 4 pix. The resulting voxels array has a size of ~107 
elements. The voxels, apart from the grey scale density, contain also information of anisotropy 

Braid 1 

Braid 2 
Braid 3 
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index and the principle direction of the anisotropy, obtained using structure tensor analysis [4]. 
The voxel model can be segmented, labelling the voxels as belonging to the yarn volumes or to 
a void, based on two-parameters segmentation (density and anisotropy). Before the 
segmentation, a noise-reduction processing of the image is done (Gauss filtering). The 
segmentation limits are set for grey scale image density (8 bit, 0 – 255) and for degree of 
anisotropy, as shown in Fig 3c. The anisotropy limit includes only voxels with high degree of 
anisotropy, which represent fibrous material. The grey density limit cuts off empty spaces 
between the yarns. The thresholds are adjusted for the best visual fit between the original image 
and the result of the segmentation. The adjustment is done based on ten slices and remains 
subjective, especially given blurred edges of the yarns.  
Only the central part of the braid is used for calculation of permeability, to exclude the influence 
of open edges of the braid. Figure 3 shows the transformation of the image into a segmented 
volume for permeability calculation. 
 

 
Figure 3. Segmentation of the image for permeability calculation, Braid 1: (a) central part of 
the braid, 3D image; (b) segmented image; (c) density-anisotropy histogram, lines show the 

thresholding limits. The colour scale gives number of voxels 
 
 
 
 

a b 

c 
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5. Orientation distribution 
 
Fibre orientation distribution in the core of the braids was evaluated using VoxTex software. This 
evaluation is based on calculation of structure tensor of the image in the voxels. The main 
direction of anisotropy (which is identified with the local fibre orientation) is given by the 
eigenvector of the structure tensor, corresponding to the smallest eigenvalue. The reader is 
referred for details to [4]. 

Figure 4 shows fibre orientation distributions. The distributions are represented as histograms  
of the orientation vector projection angles on plane YZ (in-plane orientation) and XZ (out-of-
plane orientation). 

Braid 1 has a wide fibre orientation distribution. Axial yarns (inlays) are responsible for fibres 
oriented close to axial (Z) direction. Braiding yarns “travel” from one side of the braid to another, 
creating strong deviations from the axial direction. This braid has the largest braiding angle of 
30°, in comparison for Braid 2 and Braid 3. 

Braids 2 and 3, of a “litz” (“wire”) pattern, have, as the name implies, more narrow orientation 
distribution, concentrated near the axial direction. This is suggested by their low braiding angles. 

Hence a square braiding pattern in combination with considerable braiding angle creates an 
orientation distribution, favourable from the point of view of damage tolerance of the braided 
composite. 

 

Figure 4. Orientation distributions for Braid 1 (a,d), Braid 2 (b,e), Braid 3 (c,f): (a-c) in-plane 
orientation angle (YZ plane), (d-f) out-of-plane orientation angle (XZ). 0° in the both cases 

corresponds to Z (axial) direction of the braids. 

6. Permeability calculations 
 
Permeability calculations are done using computational fluid dynamics (CFD) FlowTex software 
[6], integrated within VoxTex [7]. A flow of Newtonian incompressible fluid through the model 
is calculated. This calculation route (using another CFD package, namely CFX) has been 

Braid 1 Braid 2 Braid 3 
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investigated by Skoltech in the framework of the International Virtual Permeability Benchmark 
[5]. The CFD software implements the numerical solution of the Stokes equations on a 3D regular 
grid, which is created directly from the segmented voxel model. The periodic boundary 
conditions were set along all the directions, simulating the resin flow in a thick braided preform. 
Because of the local variations of the fibrous structure, the periodic boundary conditions are 
weak, with coefficient of periodicity (the fraction of the corresponding boundary voxels on 
opposite faces, see [7]) about 0.6. 
Table 2 shows results of the calculations. The fibre volume fractions are repeated here for easy 
reference. Figure 5 depicts dependencies of the permeability on the fibre volume fraction on 
the braids. These dependencies are close to linear in semi-logarithmic coordinates. The highest 
permeability component is the one along the braids, for all variants. For Braid 1 and Braid 2 
permeability values in two directions across the braid are close one to another as is suggested 
by visual inspection of the fibre packing (Figure 2). For Braid 3 permeability in thickness (X) 
direction is five times higher than in width direction, because of presence of large empty spaces, 
seen in Figure 2.   
 
Table 2. Computed permeability of the braided preforms 

 Braid 1 Braid 2 Braid 3 
Fibre volume fraction 76% 64% 40% 
Kx, m2 (thickness) 7.210-10 2.210-9 2.110-8 
Ky, m2 (width) 8.110-10 1.810-9 4.410-9 
Kz, m2 (length) 13.110-10 6.210-9 3.810-8 

 

 
Figure 5. Calculated permeability of the braids in relation with fibre density 

 
7. Conclusion 

 
A methodology for processing of micro-CT images of 3D braided preforms, using VoxTex 
software and CFD Stokes solver is assessed and successfully used for evaluation of the fibre 
orientation distribution and permeability of 3D braided Al2O3 reinforcement. 
 

Braid 3 

Braid 2 
Braid 1 
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Abstract: A multi-scale modeling strategy is proposed that takes into account the temperature 

and cure dependence of the viscoelastic behavior of the constituent materials of a composite 

material and the effects of stress relaxation on thermal expansion and chemical shrinkage. A 

homogenization strategy is presented, which, starting from the constituent behaviors, yields 

the homogenized viscoelastic behavior of the composite with time-dependent expansion 

coefficients. This time-dependence is a direct consequence of the viscoelastic behavior of the 

constituents, as their expansion coefficients are supposed to be time-independent. In the 

simulation of a heating process, the model predicts sign changes in the thermal strain rate due 

to residual stress relaxation close to the glass transition temperature, which cannot be 

obtained with classical thermo-elastic homogenization methods. 

Keywords: Viscoelasticity; Thermal expansion; Chemical shrinkage; Homogenization 

1. Introduction 

Fiber reinforced composites with thermosetting polymer matrices are manufactured at much 

higher temperatures than typical in-service temperatures. During the curing process, the 

initially liquid resin polymerizes and forms a solid matrix material that holds the fibrous 

reinforcement together. At the end of the curing process, the composite part is cooled down 

to room temperature. As the coefficients of thermal expansion (CTE) of the fibers and the 

matrix material are not the same, residual stresses emerge within the composite, which may 

lead to part distortion and influence damage onset and evolution [1]. Furthermore, the resin 

shrinks during polymerization, which also contributes to the formation of residual stresses [2]. 

While the most common fiber materials (glass or carbon) are in a good approximation linear 

elastic and independent of temperature over the range of the cure cycle, the behavior of the 

polymer matrix is viscoelastic, leading to strain and stress evolutions in time even when 

temperature and degree of cure are constant [3,4]. This time-dependent component of the 

matrix behavior depends strongly on both temperature and degree of cure [4,5]. Therefore, in 

most recent published works on modeling residual stresses in composite materials, viscoelastic 

constitutive laws are used that take into account stress relaxation, which plays an important 

role in particular at the beginning of the cooling phase, when the matrix is still close to its glass 

transition temperature 𝑇𝑔 [6-8]. The models are either identified directly from experimental 

observations of the time-dependent behavior of the composite [3] or obtained by viscoelastic 

homogenization starting from the constituent behaviors [8-11]. 

To predict residual stresses and shape distortions, time-independent average CTE and 

coefficients of chemical shrinkage (CCS) are used for the composite [8,11]. This means that 
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locally, changes of temperature or degree of cure only cause an instantaneous deformation of 

the material, which does not further evolve in time when temperature and degree of cure are 

kept constant. However, when looking at the lower scales, it becomes clear that due to the 

viscoelastic behavior of the matrix, residual stresses caused by, e.g., a temperature change 

evolve in time due to relaxation and creep phenomena, even if the temperature is kept 

constant. This effect leads to an evolution of the average strain of the composite after a 

change of temperature that has to be taken into account by time-dependent CTE (and likewise 

by time-dependent CCS for the relaxation of the stresses caused by chemical shrinkage). 

In this contribution, we show how these phenomena can be taken into account in a multi-scale 

model of the thermo-viscoelastic behavior of polymer matrix composites with 3D woven 

reinforcements. The viscoelastic behavior is described in section 2. In section 3, it is shown 

how time-dependence can be taken into account in CTE and CCS using similar approaches as 

for the relaxation modulus of the viscoelastic behavior. A recently developed homogenization 

technique [12] is briefly outlined in section 4. It yields the homogenized viscoelastic behavior 

and the time-dependent CTE and CCS of the composite from the constituent behaviors. In 

section 5, the resulting model is used to predict the temperature dependence of the apparent 

elastic properties and the CTE of the composite. 

2. Viscoelastic behavior 

2.1 General formulation 

We start from the general integral form of linear viscoelasticity, in which the stress tensor is 

expressed as the Stieltjes convolution of a 4
th

 order tensor of (in general) anisotropic relaxation 

moduli �̳� with the mechanical strain �̲�𝑣𝑒 over a reduced time 𝜉  �̲�(𝜉) = ∫ �̳�(𝜉 − 𝜉′): 𝜕�̲�𝑣𝑒(𝜉′)𝜕𝜉′ 𝑑𝜉′𝜉−∞                 (1) 

The mechanical strain is obtained by subtracting the strain due to thermal expansion �̲�𝑡ℎ and 

due to chemical shrinkage �̲�𝑐ℎ from the total strain tensor �̲�. �̲�𝑣𝑒(𝜉) = �̲�(𝜉) − �̲�𝑡ℎ(𝜉) − �̲�𝑐ℎ(𝜉)                (2) 

The reduced time 𝜉 accounts for horizontal shifts of the relaxation curves along the logarithmic 

time scale upon change of temperature and degree of cure if the time-cure-temperature 

superposition principle applies [13] 𝜉(𝑡) = ∫ 1𝑎𝑇(𝑡′) 𝑑𝑡′𝑡−∞ ,  𝜉′ = 𝜉(𝑡′)                (3) 

where 𝑎𝑇 is the shift factor, which, in general, depends on temperature and degree of cure. 

If the relaxation moduli can be approximated by a Prony series �̳�(𝜉 − 𝜉′) = �̳�∞ + ∑ �̳�𝑘𝑒−𝜉−𝜉′𝜏𝑘𝑁𝑘=1                 (4) 

with relaxation times 𝜏𝑘, the integral form resolves to a generalized Maxwell model given by �̲�(𝜉) = (�̳�∞ + ∑ �̳�𝑘𝑁𝑘=1 ): �̲�𝑣𝑒(𝜉) − ∑ �̳�𝑘𝑁𝑘=1 : �̲�𝑘𝑣𝑒(𝜉)              (5) 
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with tensorial internal variables �̲�𝑘𝑣𝑒 accounting for the strain history [14]. They evolve 

following the differential equations 𝑑�̲�𝑘𝑣𝑒(𝜉)𝑑𝜉 = 1𝜏𝑘 (�̲�𝑣𝑒(𝜉) − �̲�𝑘𝑣𝑒(𝜉))                 (6) 

2.2 Viscoelastic model of the matrix 

The epoxy matrix used in the modeled composite was characterized experimentally by multi-

temperature relaxation tests on fully and partially cured specimens [4]. Relaxation master 

curves were built for different degrees of cure by shifting the relaxation curves observed at 

different temperatures along the logarithmic time scale. Below the glass transition 

temperature, the necessary shift factors can well be approximated by an Arrhenius model: 𝑎𝑇(𝑇, 𝑐) = 𝐻(𝑐)𝑅⋅ln 10 (1𝑇 − 1𝑇𝑔(𝑐))                 (7) 

Fitting Prony series to the obtained master curves, it was shown that the coefficients plotted 

against the relaxation times follow closely a continuous function of the form 𝐺(𝜏) = 𝐴 exp (− (log10 𝜏−log10 𝜏𝑝𝑒𝑎𝑘𝑙𝑝𝑒𝑎𝑘 )2) + 𝐵2 (1 − erf (log10 𝜏−log10 𝜏𝑝𝑒𝑎𝑘𝑙𝑝𝑒𝑎𝑘 ))           (8) 

This function reproduces a Gaussian peak of height 𝐴, width 𝑙𝑝𝑒𝑎𝑘, and center position 𝜏𝑝𝑒𝑎𝑘. 

For short relaxation times, the curve approximates a constant value of 𝐵. erf is the Gaussian 

error function, which makes the function tend towards zero for long relaxation times. Since 

this function is continuous, we may freely choose the relaxation times, as long as there is at 

least one relaxation time per decade. The corresponding weights of the Prony series are then 

given for the 𝑘th relaxation time by 𝐺𝑘 = log10 𝜏𝑘+1−log10 𝜏𝑘−12 𝐺(𝜏𝑘)                 (9) 

The parameters 𝐴, 𝐵, and 𝑙𝑝𝑒𝑎𝑘 are similar for the relaxation master curves obtained from 

partially cured specimens. The positions of the peaks for different degrees of cure superpose 

well, if the shift factors are defined with respect to the cure dependent glass transition 

temperature 𝑇𝑔(𝑐), as written in Eq. (7). 𝑇𝑔 as a function of cure is given by the DiBenedetto 

equation [15] 𝑇𝑔(𝑐) = 𝑇𝑔0 + (𝑇𝑔1 − 𝑇𝑔0) 𝜆𝑐1−𝑐(1−𝜆)              (10) 

where 𝑇𝑔0 is the glass transition temperature of the uncured and 𝑇𝑔1 the glass transition 

temperature of the fully cured resin. The activation energy 𝐻 in Eq. (7) decreases with 

increasing degree of cure. A linear function was used in [9] to take into account this effect.  

A 3D version of this model developed in [4] was proposed in [9], based on the assumption of 

isovolumetric viscous effects. Thus, the tensors �̳�𝑘 in the time-dependent terms of Eq. (4) take 

a purely deviatoric form �̳�𝑘 = 𝐺𝑘 (�̳� − 13 �̲� ⊗ �̲�)                (11) 
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with the coefficients 𝐺𝑘 given by Eqs. (8) and (9). The (purely elastic) bulk modulus is included 

into the time-independent term using for �̳�∞ the general form for an isotropic elastic stiffness �̳�∞  = 𝐾 13 �̲� ⊗ �̲� + 𝐺∞ (�̳� − 13 �̲� ⊗ �̲�)              (12) 

Here, �̲� is the 2
nd

 order identity tensor and �̳� the 4
th

 order identity tensor with minor symmetry. 

The assumption of isovolumetric viscous effects implies that for long relaxation times at high 

temperatures the apparent Poisson ratio tends towards 0.5 [16]. The full list of parameters of 

the 3D model identified using the experimental data in [4] is given in [9]. 

3. Time-dependent expansion coefficients 

Different formulations were proposed to integrate time-dependent effects of thermal 

expansion into viscoelastic constitutive models [14,17,18]. They use integral forms similar to 

the viscoelastic formulation given in Eq. (1) to express the time-dependent effects of thermal 

expansion on stress or strain. We use the formulation of [18] to write the thermal strain as �̲�𝑡ℎ(𝜉) = ∫ �̲�𝑡ℎ(𝜉 − 𝜉′, 𝑇(𝜉′), 𝑐(𝜉′)): 𝜕𝑇(𝜉′)𝜕𝜉′ 𝑑𝜉′𝜉−∞             (13) 

with time-dependent CTE �̲�𝑡ℎ. The chemical shrinkage strain is written in an equivalent form �̲�𝑐ℎ(𝜉) = ∫ �̲�𝑐ℎ(𝜉 − 𝜉′, 𝑇(𝜉′), 𝑐(𝜉′)): 𝜕𝑐(𝜉′)𝜕𝜉′ 𝑑𝜉′𝜉−∞             (14) 

In the following, we will only show the expressions for the thermal strain, but the same 

formalism can be applied for the chemical shrinkage strain. 

In addition to the reduced time-dependence of �̲�𝑡ℎ that describes the influence of a 

temperature change at 𝜉′ on a later time 𝜉 > 𝜉′, we also allow for an explicit dependence of 

the CTE on temperature and cure at the moment of the temperature change. This is 

represented by the arguments 𝑇(𝜉′) and 𝑐(𝜉′). As in the case of the relaxation moduli, we 

suppose that the time-dependence of the CTE can be approximated by a Prony series �̲�𝑡ℎ(𝜉 − 𝜉′, 𝑇(𝜉′), 𝑐(𝜉′)) = �̲�∞𝑡ℎ(𝑇(𝜉′), 𝑐(𝜉′)) − ∑ �̲�𝑘𝑡ℎ(𝑇(𝜉′), 𝑐(𝜉′))𝑒−𝜉−𝜉′𝜏𝑘𝑁𝑘=1          (15) 

The evolution of thermal strain in reduced time is then given by [12] 𝑑�̲�𝑡ℎ(𝜉)𝑑𝜉 = (�̲�∞𝑡ℎ(𝑇(𝜉), 𝑐(𝜉)) − ∑ �̲�𝑘𝑡ℎ(𝑇(𝜉), 𝑐(𝜉))𝑁𝑘=1 ) 𝑑𝑇(𝜉)𝑑𝜉 − ∑ 1𝜏𝑘 �̲�𝑘𝑡ℎ(𝜉)𝑁𝑘=1          (16) 

with tensorial internal variables �̲�𝑘𝑡ℎ accounting for the history of temperature and the CTE. 

They evolve following the differential equations 𝑑�̲�𝑘𝑡ℎ(𝜉)𝑑𝜉 = �̲�𝑘𝑡ℎ(𝑇(𝜉), 𝑐(𝜉)) 𝑑𝑇(𝜉)𝑑𝜉 − 1𝜏𝑘 �̲�𝑘𝑡ℎ(𝜉)             (17) 

For time-independent CTE, the classical definition 𝑑�̲�𝑡ℎ(𝜉)𝑑𝜉 = �̲�∞𝑡ℎ(𝑇(𝜉), 𝑐(𝜉)) 𝑑𝑇(𝜉)𝑑𝜉                (18) 

of the CTE is recovered from Eq. (16). 
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4. Thermo-viscoelastic homogenization 

According to the viscoelastic correspondence principle, the Laplace-Carson (LC) transform 𝑓(𝑝) = 𝑝 ∫ 𝑓(𝜉)𝑒−𝑝𝜉𝑑𝜉∞0                (19) 

applied to a viscoelastic problem transforms it into an elastic problem in the LC-space [19] as a 

function of the transform parameter 𝑝. Applying Eq. (19) to Eqs. (1), (13), and (14) yields �̲̂�(𝑝) = �̳̂�(𝑝): (�̲�̂(𝑝) − �̲̂�𝑡ℎ(𝑝)�̂�(𝑝) − �̲̂�𝑐ℎ(𝑝)�̂�(𝑝))            (20) 

if the explicit dependence of �̲�𝑡ℎ and �̲�𝑐ℎ on 𝑇 and 𝑐 is momentarily ignored. This corresponds 

to a thermo-elastic problem as a function of the transform parameter 𝑝. Classical thermo-

elastic homogenization methods can therefore be applied in the LC-space to obtain the LC-

transforms of the relaxation modulus, CTE, and CCS of the homogenized material [12]. 

Applying the LC-transform to the Prony series expression of the relaxation modulus (Eq. 4) 

yields for a given value 𝑝𝑖  of the LC-transform parameter 𝑝 �̳̂�(𝑝𝑖) = �̳�∞ + ∑ ℒ𝑖𝑘�̳�𝑘𝑁𝑘=1                (21) 

with ℒ𝑖𝑘 = 𝑝𝑖𝑝𝑖+ 1𝜏𝑘                 (22) 

Likewise, for a given temperature 𝑇 and a given degree of cure 𝑐, we obtain �̲̂�𝑡ℎ(𝑝𝑖, 𝑇, 𝑐) = �̲�∞𝑡ℎ(𝑇, 𝑐) − ∑ ℒ𝑖𝑘�̲�𝑘𝑡ℎ(𝑇, 𝑐)𝑁𝑘=1              (23) 

We now assume that the relaxation modulus, CTE, and CCS of the homogenized thermo-

viscoelastic behavior can also be well fitted by Prony series, whose weights follow continuous 

functions if plotted against the relaxation times on a logarithmic time scale. In this case, we 

can choose to represent the homogenized behavior by the same relaxation times as the matrix 

behavior, distributing the 𝜏𝑘 uniformly on the logarithmic time scale at one relaxation time per 

decade [9]. Then, the LC-transforms of the homogenized properties can also be written in 

terms of Eqs. (21) and (23), with the same transform matrix given by Eq. (22). 

If this procedure is carried out for 𝑀 ≥ 𝑁 different 𝑝𝑖, the coefficients �̳�∞, �̳�𝑘, �̲�∞𝑡ℎ, and �̲�𝑘𝑡ℎ of 

the homogenized behavior can be obtained by solving the least-squares problems given by the 

equation systems in Eqs. (21) and (23) [9,12]. This problem is often ill-conditioned, causing 

oscillations in the coefficients of the �̳�𝑘 if plotted against the relaxation times [9], which may 

lead to non-positive definite tensors �̳�𝑘. The proper choice of the 𝑝𝑖  [9,19] improves the 

condition of the least squares problem, which reduces the oscillations [9]. If this is not 

sufficient, Tikhonov regularization can be used [12] to ensure positive definite �̳�𝑘 and thus a 

thermodynamically admissible homogenized behavior. 

5. Results 

Two scale changes are needed to obtain the homogenized behavior of a 3D woven composite. 

In a first step, the homogenized behavior of the warp and weft yarns is determined using a 

hexagonal representative volume element (RVE) [9] and the thermo-viscoelastic behavior of 
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the matrix and the fibers (taking zero �̳�𝑘, as the fibers are considered as linear elastic). Time-

independent CTE and CCS are taken for the matrix and the fibres [12]. In the second step, the 

homogenized behaviors of the warp and weft yarns and the matrix behavior are used for 

thermo-elastic homogenizations on a mesoscopic RVE obtained from micro-tomography 

images of the composite material [9]. The thermo-elastic homogenizations in the LC-space are 

carried out by Finite Element (FE) calculations. The resulting homogenized behaviors 

reproduce accurately the average stresses and strains obtained from full-scale thermo-

viscoelastic FE simulations on the respective RVEs using the same FE meshes [9,12]. 

The homogenized behavior of the composite was used to calculate the evolution of the secant 

moduli under tensile and shear loading as a function of temperature. The results are compared 

to experimental data in Figure 1. Up to about 120°C, the model only slightly underestimates 

the experimental observations. This difference may be due to the influence of the fibers on the 

polymerization of the resin during composite cure, which is not taken into account, as the 

predictions were made using exclusively the constituent properties identified on pure matrix 

specimens. Differences become more significant around 𝑇𝑔, at which the matrix 

characterization was less accurate due to the very soft and fragile specimens. Above 𝑇𝑔, the 

resin becomes very soft, and direct interactions between the fibers like friction, which are not 

take into account in the model, may influence the apparent properties of the composite. 

 

Figure 1. Secant moduli obtained with the homogenized viscoelastic behavior at strain rates of 

0.001s
-1

 and 0.0001s
-1

 compared with experimentally measured moduli of the composite at 

0.001s
-1

. The moduli are normalized by the measured tensile modulus in warp direction at 25°C. 

The evolution of the average composite strain upon heating at 3°C/min from room 

temperature to 200°C predicted by the homogenized thermo-viscoelastic behavior is shown in 

Figure 2. The thermal expansion in the out-of-plane direction is significantly larger as in the 

plane, where it is limited by the fibers. The out-of-plane expansion increases considerably 

around 𝑇𝑔, as the CTE of the matrix increases. In the plane of the reinforcement, the thermal 

expansion is initially positive, but gradually slows down at growing temperatures. Close to 𝑇𝑔, 

the model yields a strong contraction, which is due to the relaxation of the matrix stresses. As 

a consequence, the composite strain becomes dominated by the fibers, which have a slightly 

negative CTE. The initially positive strain of the composite disappears when the internal 

stresses relax, leading to a strongly negative apparent CTE. The model also yields small average 

shear strains, as the RVE identified from tomography images of the composite, is not perfectly 

orthotropic with the axes of the coordinate system. These complex evolutions of the average 
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thermal strain with sign changes of the apparent CTE cannot be predicted by purely thermo-

elastic homogenization or by viscoelastic homogenization without taking into account time-

dependent effects of the average CTE. 

 

Figure 2. Average strain evolution of the fully cured composite upon heating at 3°C/min 

predicted by the homogenized thermo-viscoelastic behavior. The strains are normalized by the 

final out-of-plane strain at 200°C. 

6. Conclusions 

The viscoelastic behavior of the composite obtained with the presented homogenization 

method captures well the evolution of the apparent elastic properties with temperature. The 

time-dependent CTE that take into account stress relaxation at the lower scales predict a sign 

change of the in-plane average differential CTE of the composite that are not obtained with 

thermo-elastic or purely viscoelastic homogenization techniques. Experimental validation of 

the predicted effects is in progress. The presented methodology will be used in multi-scale 

simulations of the formation of residual stresses and shape distortions of composite parts. In 

particular, it can give indications on whether the shape of a composite part will evolve in time 

after the end of the curing process [8] and on relaxation of internal stresses when the parts are 

reheated. 
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Abstract: The use of natural fibres (NF) as reinforcement in composite materials has a long 

history. Yet, due to the growing awareness of global warming and the related societal demand 

for sustainability, its potential has never been more important. Compared to glass fibre-

reinforced plastics (GFRP), natural fibre-reinforced plastics (NFRP) can be produced consuming 

up to 50 % less energy and emitting significantly less CO2. While NFRP are already established 

for certain non-structural applications, they do not represent an adequate alternative to GFRP 

for structural components. One of the main reasons for this is the variation in fibre properties 

due to different fibre types, growing areas and climatic conditions. Another reason is the induced 

twist during the spinning of natural fibre yarns, which lowers the realisable fibre volume contents 

and reduces the mechanical properties of the composites. At the Institut für Textiltechnik (ITA) 

of RWTH Aachen University, ongoing research addresses these two deficits. 

Keywords: natural fibre-reinforced plastics; predictive model; mechanical properties; fibre 

orientation; non-crimp fabrics 

1. Introduction 

Fibre-reinforced plastics (FRP) offer the potential to be used in an energy- and resource-efficient 

way, which is why production volumes have risen significantly in recent years. In volume, the 

composite market was approx. 12.1 Mt in 2021 [1]. The annual growth rate of the market is 

estimated at 5 % for 2021-2026 [1]. Glass fibres are used for more than 90 % of FRP, which is 

due to the low fibre price (2-3 €/kg) in combination with good mechanical properties [1,2]. 

Despite their excellent specific mechanical properties (see Table 1), natural fibres are only used 

for about 5 % of FRP, mostly for non-structural applications [1]. 

Table 1: Mechanical properties of E-glass and typical natural fibres used for NFRP [3] 

Fibre 
Density 

[g/cm³] 

Fibre length 

[mm] 

Elongation at break 

[%] 

Specific modulus 

[GPa/g*cm-3] 

Specific tensile strength 

[MPa/g*cm-3] 

Sisal 1.3-1.5 900 2.0-2.5 6.7-20 362-610 

Jute 1.3-1.5 1.5-120 1.5-1.8 7.1-39 300-610 

Ramie 1.5 900-1200 2.0-3.8 29-85 270-620 

Hemp 1.5 5-55 1.6 39-47 370-740 

Flax 1.5 5-900 1.2-3.2 18-53 230-1220 

E-glass 2.5 ∞ 2.5 29 800-1400 
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When it comes to structural components, NFRP currently do not represent an adequate 

alternative to GFRP. This is due in particular to the fact that the potential of the fibres is not 

being fully exploited. One major reason for this are the fluctuations in the mechanical properties 

of the fibres, due to different fibre types, growing areas and changing climatic conditions over 

the years. This makes it very difficult to predict the achievable properties of the composite 

material. Another reason is the induced twist during the spinning when using natural fibre yarns, 

which negatively influences the fibre orientation, the impregnation behaviour of the 

reinforcement fabrics, the realisable fibre volume contents and thus reduces the mechanical 

properties of the composites [4,5]. Given the growing awareness of global warming and the 

related societal demand for sustainability, the need to address these issues has never been more 

important. After all, NFRP can be produced consuming up to 50 % less energy and emitting 

significantly less CO2 compared to GFRP [6]. At the Institut für Textiltechnik (ITA) of RWTH 

Aachen University, ongoing research addresses the two deficits stated above. 

2. Predicting the mechanical properties of NFRP 

Currently, the mechanical properties of components made of NFRP are usually determined by 

means of complex destructive testing. Based on the results, the component design is iteratively 

adapted to the requirements. This procedure is a major hurdle for the usage of NFRP in series 

applications. One approach to solve this problem is to develop a model which allows for the 

prediction of the composite properties. This approach is being investigated within the IGF-

project 21240 N “NaturePerformance” using the example of a thermoplastic NFRP, which is 

produced by means of thermoforming from a carded hybrid nonwoven. 

2.1 Modelling approach 

There are already different approaches, that allow for the calculation of the mechanical 

properties of NFRP (see Table 2). However, none of these methods is suitable for predicting the 

properties of nonwoven-based NFRP. 

Table 2: Models for the calculation of the mechanical properties of NFRP 

Model Output 

Mixing rule of Cox et al. [7,8] 
Theoretical tensile strength and E-modulus of a unidirectional 

fibre-reinforced composite material 

Equation of Moser [9] 
E-modulus of a composite material made of NF with random 

fibre orientation and thermoplastic matrix 

Model of Venkateshwaren [10] Mechanical properties of natural fibre-reinforced thermosets 

Halpin-Tsai-Equation [11] 
Variation of the mixing rule of Cox et al. on the basis of 

empirical data 

Shear-Lag-Theory [12] 
Consideration of the fibre length and thus the shear forces, 

extension possible by using orientation factor 
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From these approaches, the Shear-Lag-Theory is currently the most promising one. However, 

under certain conditions, a highly modified Cox-Krenchel model can be used to calculate the 

tensile strength and E-modulus of NFRP. The equation used within the Cox-Krenchel method is: EC = η0 ∙ ηLE ∙ Vf ∙ Ef + (1 - Vf) ∙ Em  (1) EC  = Modulus of elasticity of the composite material in fibre direction [GPa] η0  = Orientation factor according to Krenchel [-] ηLE  = Fibre length efficiency factor Vf = Fibre volume fraction [%] Ef = Modulus of elasticity of the fibres in longitudinal direction [GPa] Em  = Modulus of elasticity of the matrix [GPa] 

 

Eq. (1) takes into account the length of the individual fibres in addition to the modulus of 

elasticity. This also includes the effective transmission of shear forces in the component (Shear-

Lag-Theory). In addition, Krenchel gives an extension of the Shear-Lag-Theory with which the 

fibre orientation can be included in the calculation. The equation can also be used to calculate 

the (tensile) strength of a component by replacing the elastic moduli with the (tensile) strengths. 

To use the model for nonwoven materials, it is necessary to further modify the equation, which 

is part of the ongoing research. In addition to the adaptation of the model, the determination 

of the necessary material properties is of particular interest. 

2.2 Measurement of the fibre properties 

Due to the inconsistent properties of the natural fibres, each fibre batch differs from another. 

To get accurate results from the predictive models, it is necessary to characterise the fibre 

properties from each batch that will be used in the production of NFRP. Some fibre properties 

strongly influence the properties of the produced textile and later composite, like e.g. the fibre 

length. While this property can be measured quite easily, determining other factors, such as the 

tensile strength, is costly and time-consuming. For industrial applications, faster measuring 

systems to determine the needed fibre properties are required. Within the current project, 

alternative testing methods and property correlations are therefore investigated. For instance, 

it is being investigated to what extent the colour and thickness of fibres can be used to derive 

information about the fibre strength. 

3. Improving the mechanical properties of NFRP 

Recent research has shown that NFRP can be produced with comparable specific stiffness to 

GFRP when achieving a very high fibre orientation and a good fibre-matrix adhesion. For most 

of the investigations, low twist or twist-free yarns were used. However, the processing of such 

yarns is limited in terms of the textile processes in which they can be used. [5,13] This is 

particularly critical when producing multiaxial non-crimp fabrics (NCF) on conventional warp 

knitting machines, as high yarn tension occurs during the weft insertion, which twist-free yarns 

can hardly withstand. As a result, the yarns necessarily need to be twisted, which has the 

following disadvantages: 
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 The twisting of the yarns leads to fibre undulation, resulting in lower mechanical 

properties within the composite [5]. 

 With increasing yarn twist, the fibre bundles are further compressed, leading to a 

reduction in impregnability and thus to a reduced fibre-matrix adhesion [5]. 

 The yarn production accounts for about 30 % of the process costs in NFRP production. 

[13,14] 

These disadvantages were addressed in the IGF project 19400 N “HyPer-NFK”. The solution 

approach was based on a machine modification enabling the processing of twist-free flax slivers 

during the production of NCF. 

3.1 Production of non-crimp fabrics from twist-free flax slivers 

In order to process flax slivers, a novel feeding and weft insertion device was developed and 

integrated into a warp knitting machine Copcentra Max 3 CNC from KARL MAYER Technische 

Textilien GmbH, Chemnitz (Germany) at ITA (see Figure 1). Measurements with a TS44/A1000E 

tensile force sensor from BTSR International, Olgiate Olona (Italy), showed that a tensile force 

of approx. 1.7 N has to be withstood in the feeding area of the machine up to the weft carrier 

system in order to prevent the slivers from slipping and tearing. Within the carrier system, the 

tensile force to be withstood is approx. 6.3 N. No significant dependence between yarn tension 

and production speed were found.  

 

Figure 1. Modified weft carrier system of a warp knitting machine with false-twist device 

The necessary cohesion of the slivers up to the weft carrier system is ensured using the false 

twist principle, commonly used for the texturing of yarns. The slivers are thus temporarily 

twisted in particularly critical sections of the feeding line. Flax slivers from SAFILIN, Sailly-sur-la-

Lys (France) with a fineness of 5 ktex were used as raw material for the investigations. Applying 

a temporary twist of 10 turns per meter has been found suitable to transport the slivers. The 

inserted twist is released after passing through the false twist device within the carrier system. 
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Subsequently, the slivers are transported by a driven conveyor roller, which enables the tension-

free deposition of the material. The new system allows for the production of flax NCF with a very 

higher fibre orientation and homogeneity of fibre distribution compared to yarn-based fabrics 

(see Figure 2). 

 

Figure 2. Comparison of NCF produced from flax yarns (top) and flax slivers (bottom) 

Using the modified technology, a 1.27 m wide flax NCF with a fibre orientation of ±45° and an 

areal weight of approx. 350 g/m² was produced at a productivity of 25 m/h. The calculated 

production costs are approx. 20 % lower at 12.9 €/kg compared to the use of flax yarns. The 

produced NCF was subsequently vacuum infused with RIM-R134 epoxy resin and RIM-H-1366 

hardener from Hexion Inc, Columbus, Ohio (USA) to form composite panels, from which coupon 

test specimens were taken to determine the resulting mechanical properties. 

3.2 Resulting mechanical properties 

Due to the higher fibre orientation and homogeneity of the novel flax NCF, the tensile properties 

of the resulting composite were increased by approx. 10 % compared to yarn-based products. 

Thus, a comparable specific tensile modulus to GFRP with a conventional glass fibre NCF 

reinforcement was achieved (see Figure 3). 

 

Figure 3. Specific tensile properties of composites made of glass and flax ±45° NCF 
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Conclusions 

Within the ongoing IGF-project 21240 N “NaturePerformance”, models for calculating and 
predicting the properties of NFRP and methods for determining the necessary material 

properties are being investigated at ITA. It has already been shown that the properties of NFRP 

can be calculated to a certain extent, while the measurement effort remains manageable. With 

further research and the use of larger material databases, accurate predictions should be 

possible. Currently, the generated data is only suitable for nonwoven-based composites and 

components. Further research is needed to adapt the prediction models for other textile 

structures. 

Within the IGF-projects 19400 N “HyPer-NFK”, the technical feasibility of the false-twist principle 

for conveying flax slivers in the production of NCF has been successfully demonstrated. Based 

on the new technology, new types of flax NCF were produced and qualified. The manufacturing 

costs for the fabrics could be reduced by approx. 20 % compared to yarn-based products. The 

mechanical properties of the composites produced using the novel fabrics could be increased 

by approx. 10 %. The combination of both effects could open up the potential for the use of 

natural fibres in load-bearing structures for series applications. 
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Abstract: The permeability characterization of the interlocks is crucial for the impregnation 

quality and its simulation. In this work, a continuous 3D permeability measurement technique 

[3] is used to measure the permeability evolution during compression of a saturated layer-to-

layer interlock fabric. The in-plane and transverse permeability can be extracted for a range of 

fiber volume fraction which serves as support for simulation of applications such as C-RTM. The 

occurrence of flow-induced in-plane deformation and its effects on the fabric's apparent 

permeability is also investigated.  

Keywords: 3D weave; Permeability measurement; In-plane deformation; Interlock  

1. Introduction 

The interest of using 3D fibrous reinforcements for industrial applications have increased over 

the years. For example, they are considered for the manufacture of aircraft engine fan-blades. 

In comparison to 2D woven materials, 3D weaving provides more out of plane stiffness and 

prevents delamination. There is no need of ply stacking because the 3D weave already contains 

multiple ply, decreasing manufacture time. Therefore, the permeability characterization of 

those fabrics becomes of great interest to support the manufacture process. 

Due to its elevated thickness and internal structure, several tens of bar are needed to compress 

the 3D weave to the desired fiber volume fraction (50% of its initial thickness) making necessary 

the use of specific equipment suitable for such pressure.  This makes the permeability 

measurement challenging since the structure changes considerably from uncompressed to final 

state. 

It is important to develop a reliable technique to measure the permeability evolution of the 3D 

fabric when it is under a large amount of pressure. In this work we will present a methodology 

to measure both in-plane and transverse permeability continuously and what happens to the 

structure when the viscous drag becomes higher than the friction forces between tows. 
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2. Materials and samples  

2.1 Fabrics 

The fabric used for both the saturated compression and injection methods is a carbon layer-to-

layer interlock provided by Safran Composites. Details of the used tows can be seen on Table 1 

Table 1: Interlock fabric information. 

Warp density (thread/cm) 2.36 

Weft density (thread/cm) 2.61 

RCT(no. of warpwise tows 

in the repeating unit cell) 
64.4/35.6 

Warp tow 48K IM7 

Weft tow 24K IM7 

Number of layers 16 

 

A 2D glass woven fabric (twill-weave, 600 g/m2 from CHOMARAT) is also studied [5] and used 

as comparative. 

2.1 Fluids 

Silicone oil 

The model fluid for the continuous saturated compression is silicone oil sold by Carl Roth. The 

chosen silicone viscosities can be seen in Table 2: 

Table 2: Silicone oil characteristics 

 Density (g/cm³) Viscosity range (Pa.s) Melting point (°C) 

M 100 0.97 0.095-0.105 -55 

M 500 0.97 0.475-0.525 -47 

M 1000 0.98 0.95-1.05 -50 

M 5000 0.98 4.75-5.25 -50 

M 10000 0.98 9.5-11 -50 

 

Glycerol 

The radial injection was made using a mixture of Glycerol and fluorescent pigment (Fluo Yellow 

502 by Sennelier). The pigment concentration was 1.5% and later water was added to decrease 

the fluid viscosity in the proportions seen in Table 3: 
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Table 3: Glycerol + pigment (1.5%) water concentration. 

Water % Viscosity (Pa.s) @20 ° C 

0.82 1.3 

2.6 0.63 

3.2 0.57 

  

Sample conditioning for saturated components 

It was observed that the saturated compression method is sensitive to the degree of saturation 

in a sample therefore, it is important to ensure a good fluid impregnation. Considering the 

specifics of the fabric (dense tows and an open geometry) some care needs to be taken to 

guarantee this proper saturation of the fabric. The samples are immersed in a container filled 

with fluid then they are degassed overnight in a vacuum chamber to expel air bubbles. The 

container is used to transport the sample and the fluid until it is time to be compressed, making 

sure the sample is always submerged. The sample and the fluid are then transferred to the 

receptacle where it is compressed using the universal testing machine.   

2.2 Permeability measurement  

Various methods to measure a 2D fabrics permeability have been published over the years as 

described by Sharma et al. [1]. When considering 3D woven fabrics and their complex internal 

structure work has been made investigating its mechanical properties as seen on Tan et al. [4]. 

However, regarding the permeability of 3D woven fabrics few papers have been published. The 

work of Umer et al. [2] measures the unsaturated in-plane radial and saturated through-

thickness permeability data were obtained at several fiber volume fractions of an orthogonal, 

angle and layer-to-layer interlock. 

2.2.1 Unidirectional compression 

The principle of this method consists in compressing saturated fabric and extracting the in-plane 

and transverse fluid pressure to then calculate the permeability evolution during compression. 

For detailed description of the method, reference the work of Comas-Cadorna et al. [3]. 

The compression response of a saturated fabric is higher than of a dry or just lubricated fabric 

(Fig.1). For tests carried out on impregnated fabrics, the total compaction stress, 𝜎𝑧𝑧 under 

Terzaghi  hypothesis is written as: 𝜎𝑧𝑧 = 𝜎𝑧𝑧𝑂 + 𝑝                                                                                                                                          (1) 

Where 𝜎𝑧𝑧𝑂  is the effective stress of the lubricated preform (fibers) and 𝑝 the hydrostatic 

pressure generated by the fluid. 
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Figure 1 - Compression of a saturated and lubricated fabric 

To determine 𝜎𝑧𝑧𝑂  the compression force of a lubricated fabric is measured then divided by the 

compression platen area S. To generate the lubricated force (𝐹𝑧𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑡𝑒𝑑) the fabric is 

impregnated with a very low viscosity fluid (μ = 0.01 Pa.s) then compressed using a lower 

perforated platen (Fig. 2a) to minimize any fluid flow.  

To measure the total force (𝐹𝑧𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑) ,the fabric is impregnated with a high viscosity fluid and 

is compressed fully immersed in liquid as seen in Figure 2b, creating an in plane flow. The total 

stress 𝜎𝑧𝑧 is then calculated as previously mentioned in Eq.1.  

 

 

                                                    (a)                                                                (b) 

Figure 2 - Experimental setup for impregnated fiber reinforcement compression tests that 

generate through-thickness (a) and in-plane (b) fluid flow 

The equivalent in plane permeability 𝐾𝑒 is then calculated using Eq.2: 𝐾𝑒(ℎ) = 𝜇ℎ̇𝜋𝑅48ℎ(𝐹𝑧𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑−𝐹𝑧𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑡𝑒𝑑)                                                                                                             (2) 

Where 𝑅 is the platen's radius ℎ is the fabric's thickness, 𝜇 the fluid viscosity and  ℎ̇ the 

compression speed. 
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3.2 Results 

3.2.1 Permeability Measurements 

We can see in Fig.3 the equivalent permeability 𝐾𝑒 measured on the interval 45% < Vf < 60 %. 

During the transverse compression, the space between the fibers decrease and so does the 

permeability. The results from both methods (saturated compression and radial injection) are in 

good agreement, with the radial injection showing a slight higher permeability. 

Differently from the saturation compression method, the radial injection was done once the 

fabric was already compressed to its desired Vf (50%, 55% and 60%) so the fabric is static and 

relaxed when the injection starts. The material's more relaxed configuration manifests in a 

higher 𝐾𝑒. 

 F 

Figure 3 - Equivalent permeability 𝐾𝑒 comparison between saturated compression (μ = 0.5 Pa.s ℎ̇ = 6 mm/min) and central injection. 

 

3.2.2 In-plane deformation 

The permeability is calculated considering that the structure only deforms transversely while 

compressed and that no deformation occurs in plane. As shown by the work of Hautefeuille et 

al. [5] if the viscosity of the resin and the mold closing speed are too high, the viscous-drag forces 

become higher than the friction between tows and it causes an in-plane washout (tow motion).  

When comparing the theoretical fluid force calculated from Eq.3 and the experimental fluid 

force (𝐹𝑧𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 − 𝐹𝑧𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑡𝑒𝑑) we can see that for higher fluid viscosity (μ=5 Pa.s and μ= 10 

Pa.s) the responses do not match the theoretical baseline given by Darcy's law: 𝐹𝑓𝑙𝑢𝑖𝑑 = ∫ 2𝜋𝑃(𝑟) ⅆ𝑟 =𝑅0 𝜇ℎ̇𝜋𝑅48𝐾𝑒(𝑉𝑓)ℎ                                                                                                          (3) 
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Figure 4 - Comparison between theoretical and experimental fluid force at ℎ̇= 6 mm/min 

When the in-plane deformation occurs, the flow channels within the fiber reinforcement start 

to open to decrease the fabric's resistance to the flow. The apparent permeability becomes 

higher in comparison to its undeformed state. As seen in Figure 5, the viscosities  μ= 5 Pa.s and 

μ = 10 Pa.s generate a permeability much higher than the reference (μ = 0.5 Pa.s) given by the 

Darcy's law for static fibrous bed. 

 

Figure 5 - In-plane permeability 𝐾𝑒calculated using Eq.2 with iso-speed of ℎ̇= 6 mm/min and 

chosen viscosities μ = 1 Pa.s, 5 Pa.s and 10 Pa.s 

Hautefeuille et al. [5] worked on the experimental detection of flow-induced in-plane 

impregnation during compression of a woven fabric (twill weave, glass fiber, 600 g/m2 from 

CHOMARAT). 
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He calculated the in-plane permeability 𝑲𝒆 using Eq.2 for various fluid viscosities as seen in 

Figures 6 a and b.  

 

                                     (a)                                                                            (b) 

Figure 6 - In-plane permeability of the fibrous reinforcement with a μ= 0.1 Pa.s μ= 0.5 Pa.s, μ= 1 

Pa.s and b) μ= 5 Pa.s and μ= 10 Pa.s [5] 

Similar to what was observed with the interlock, higher fluid viscosities (Figure 6b) 

generate a higher apparent permeability. When comparing the compression behaviour 

between the twill weave (Figure 7a) and interlock (Figure 7b) as the fiber volume 

increases, the permeability of the twill weave distances more from the reference 

permeability (B-C). The lack of binding yarns lets the tows free to move and the 

permeability increases as the compression continues. On the other hand, the interlock 

has binding yarns that hold the tows to a determined position. We can see that at around 

Vf = 50% the curves tend to converge to a locked deformed configuration (E).  

 

(a)                                                                    (b) 

Figure 7 – In-plane deformation behavior of a 2D weave (a) and a 3D weave (b) 
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3. Conclusions 

A methodology to measure the permeability of 3D fabric has been presented. The results show 

good agreement between the saturated compression and radial injection techniques. It is also 

possible to identify the flow-induced deformation when comparing the theoretical fluid force to 

the experimental one. The interlock structure and its binding yarns prevent the weft and warp 

tows to be moved after a certain point and it sustains the structure. 
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Abstract: Fused Deposition modelling creates 3D geometries in various shapes. Using FDM, it 

is possible not only to print on even surfaces; it is possible to print onto uneven substrates like 

textiles. The work at hand investigates the penetration of polymer into textiles. Whereby, the 

resulting geometry of the polymer within and on top of the textile is studied. The textile (woven 

textiles) is modelled at meso-scale (yarn-level). The G-code for the FDM machine is parsed, 

analysed and converted by means of a self-implemented Python algorithm. The trajectory of the 

nozzle is used to calculate and, subsequently, simulate the areas where the polymer gets in 

contact with the textile. The shape of the resulting polymer structure is meshed and can be 

utilized for analysis of the penetration behaviour of the polymer into the textile. 

 

Keywords: FEM mesh; textile-polymer composite; automatic generator; G-code analyser; 3D 

printing 

1. Introduction 

The use of Fused Deposition Modelling (FDM) to produce 3D structures is becoming more 

popular year on year. Also printing polymer on textiles to create polymer-textile composite 

prototypes are gaining in popularity. Currently developed prototypes purposes are mainly to 

investigate use cases such as replacement of anatomical structures in humans, structurally 

reinforced textiles for orthopaedic treatments and similar applications [1]. 

During the FDM process, melted polymer is stacked in thin layers one on top of the other in a 

generative manner. Depending on the kind of the 3D printer, moving part(s) are nozzle and/or 

printing bed. Often, the printing bed has integrated heating to prevent a fast cooling, in turn, 

preventing unwanted deformations of the polymer structure [1]. A convenient side-effect of a 

heated printing bed is improved adhesion between polymer and textile [2]. Before starting a 3D 

print, a 3D geometry is created digitally and sliced. Slicing converts the 3D object into machine 

commands for the printer. These machine commands include the moving directions of the 

nozzle and/or printing bed, heating temperatures, fan speed, display commands and many other 

parameter and is called G-code [3]. 

Creating a polymer-textile composite, the substrate is a textile, and the polymer is placed on the 

textile in a layered manner.  Printing on the uneven textile surface makes the 3D printing process 

much more challenging compared to printing on a smooth metal surface. The uneven and 

porous surface can lead to a penetration of the polymer into the textile. Whereby, the polymer 

enclosures the textile fibres partly or fully. The degree of penetration and enclosure differs 

because they are strongly depended on the printing parameters and textile structure and, 

furthermore, influence the adhesion between textile and polymer (Figure 1) [4, 5]. Other factors 
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influencing the adhesion are polymer viscosity and thus its temperature during the print process, 

extrusion rate, the nozzle speed, nozzle diameter, z-distance between textile and nozzle [4] and 

other parameter. 

Modelling textiles can be done on the micro- (fibre based), meso- (yarn based) and macro- 

(textile based) level. The micro-level is the most detailed simulation scale, but comes with high 

computational costs. The marco-scale has the smallest degree of details resulting in lower 

computation costs. Therefore, choosing the scale level is always compromise between havening 

a detailed enough simulation model and reasonable calculation time. Different approaches are 

available for the modelling, for instance finite element methods (e.g. LS-Dyna, Ansys), multi 

physics approaches (e.g. python modules) and other techniques [6]. 

Currently, the simulation of 3D printed geometry’s are rare, especially when it comes to printing 

on textiles. Research to investigate the mechanical properties of printed objects in FEM or the 

adhesion between printed layers has been done [7–9]. All these simulations do not involve the 

penetration of polymer into the textile. Therefore, models involving the adaption of the polymer 

on the textile surface of the polymer-textile composite are more realistic and help to better 

understand the influences on the adhesion between of a polymer-textile composite.  

This paper aims to create a computational method to generate a polymer-textile composite 

model fast, whereby polymer penetration can be calculated based on a given G-code.  

 

Figure 1 :  Cross section of a polymer-textile composite  

2. Methodology 

The aim is to generate a mesh which represents the polymeric structure which results from the 

penetration of the polymer into the textile during the 3D print precisely. The method of creating 

a Finite Element mesh are the following steps. Firstly, the G-code of the printed geometry is 

analyzed. Because the G-code is a text file containing printing parameter and machine 

parameter, it can be read with almost any programming language which has libraries for it, in 

the current case python is chosen. A script is written to process the G-code and to extract the 

following printing parameter: nozzle path, nozzle velocity and extrusion rate. As a next step, the 

simulation environment ("world"), including boundary conditions, acting forces, damping etc. is 

set up. Part of this world are the textile and nozzle geometry. The WiseTex software is used to 

design the textile [10]. The nozzle geometry is created in Solidworks. Thirdly, the script to 

analyse G-code and components of the simulations environment are combined. Thus, the 

analysed nozzle path, -velocity and extrusion rate is transferred to the virtual environment. The 

nozzle path, nozzle velocity and extrusion rate can be adjusted within the script. Lastly, the 

resulting polymer shape is analysed and transferred as a finite element mesh. 

 

polymer
contact boundary
textile
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3. Results 

3.1. Automated analysis of G-code to extract printing parameters  

The generated G-Code is parsed using python script and is filtered by relevant machine 

commands (Table 2, right). Lines starting with “G1” indicate information about the nozzle 

position, nozzle velocity and extrusion rate [11]. Other commands like M204 (Table 2, left) 

indicate a change in the nozzle acceleration or M73 is responsible for the display of the printing 

progress. The sections which are framed by “;WIPE_START” and “;WIPE_END” are irrelevant for 

the analysis, because those sections handle the cleaning of the nozzle. Subsequently, nothing is 

printed. Comments start with “;” are ignored. Only lines starting with “G1 Z”, “G1 X” and “G1 F” 
are kept for further processing (Table 2, right). 

The relevant printing parameters for the simulation are the nozzle positions, nozzle velocities 

and extrusion rates. The nozzle path is stored in an array. An object of the array holds the x, y 

and z coordinates of one nozzle trajectory node, the nozzle velocity and the polymer extrusion 

rate at that trajectory node. “G1 Z” marks a positioning in z-direction. The command to change 

the z-coordinate occurs once per layer (Table 1, first row), because it stays the same for the 

following commands until the next layer begins. Therefore, that z-value is set for all trajectory 

nodes of that layer in the array. “G1 F” (Table 1, second row) describes the nozzle velocity for 

the movement to the following trajectory node. The velocity value remains constant for the 

following nodes until the next “G1 F” appears; hence, it is treated like the z-value. The G-code 

defines the nozzle velocity in 
mm
min

. “G1 X” (Table 1, third row and following) sets the x- and y- 

coordinates and describes the nozzle trajectory. The extrusion rate is marked with an “E” and is 

placed after the fields for the x- and y- coordinates. It describes the amount of polymer, which 

is printed between two coordinate points (extrusion rate). The unit is mm. This information can 

be used to simulate the nozzle movement and extrusion rate. 

Table 1 : Description of a G-code text file 

G-code explaination 

G1 Z.65 F720 G1 Z: position z-axis 

G1 F2700 F: velocity 2700 
mm
min

 = 45 
mm

s
 

G1 X120.643 Y80.643 E1.25887 G1 X: position x-axis 

G1 X129.357 Y80.643 E.022706 G1 Y: position y-axis 

G1 X129.357 Y129.357 E1.26929 E: extrusion volume between start and end point 

G1 X120.643 Y129.357 E1.22706   

G1 X120.643 Y129.357 E.00886   

G1 X120.225 Y129.357 E10800   

G1 F1500 F: velocity 2700 
mm
min

 = 45 
mm

s
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Table 2 : Original and reduced G-code with machine commands 

original G-code reduced G-code 

G1 X120.768 Y128.383 E.02448 G1 X120.768 Y128.383 E.02448 

; stop printing object Streifen.STL id:0 copy 0  

M106 S255  

;LAYER_CHANGE  

;Z:0.65  

;HEIGHT:0.15  

;BEFORE_LAYER_CHANGE  

G92 E0.0  

;0.65  

;WIPE_START  

G1 F8640 G1 F8640 

G1 X121.429 Y129.044 E-.21584 G1 X121.429 Y129.044 E-.21584 

G1 X122.023 Y129.044 E-.13712 G1 X122.023 Y129.044 E-.13712 

G1 X120.956 Y127.977 E-.34837 G1 X120.956 Y127.977 E-.34837 

G1 X120.956 Y127.723 E-.05866 G1 X120.956 Y127.723 E-.05866 

;WIPE_END  

G1 E-.04 F2100  

G1 Z.9 F720  

;AFTER_LAYER_CHANGE  

;0.65  

; printing object Streifen.STL id:0 copy 0  

G1 X120.643 Y128.957 F10800 G1 X120.643 Y128.957 F10800 

G1 Z.65 F720 G1 Z.65 F720 

G1 E.8 F2100 G1 E.8 F2100 

M204 S800  

;TYPE:Perimeter  

;WIDTH:0.45  

G1 F2700 G1 F2700 

G1 X120.643 Y80.643 E1.25887 G1 X120.643 Y80.643 E1.25887 

G1 X129.357 Y80.643 E.22706 G1 X129.357 Y80.643 E.22706 

G1 X129.357 Y129.357 E1.26929 G1 X129.357 Y129.357 E1.26929 

G1 X120.643 Y129.357 E.22706 G1 X120.643 Y129.357 E.22706 

G1 X120.643 Y129.017 E.00886 G1 X120.643 Y129.017 E.00886 

M204 S1000  

G1 X120.225 Y129.775 F10800 G1 X120.225 Y129.775 F10800 

M204 S800  

;TYPE:External perimeter  

G1 F1500 G1 F1500 
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3.2. Setting up the simulation environment and simulating the printing process 

The simulation environment is set-up with Python and the system is loosely based on a particle 

method. The meshes of the polymer, the nozzle and the textiles are loaded into the 

environment.  An AABB algorithm is used to detect the contact between the meshes. Time 

iterations are performed using the Symplectic (semi-implicit) Euler Method. The environment 

offers the ability to import different kinds and shapes of textiles. The penetration of the polymer 

into the textile is strongly influenced by the type of textile. Using WiseTex, different textile 

shapes are created (Figure 2: (a) plain weave, (b) three-dimensional woven textile). The yarn 

parameter implemented in WiseTex represent a glass roving with 610 tex.  The unit cell has a 

size of 6 x 6 x 0.5 mm
3
 for a plain woven textile and 6 x 6 x 2 mm

3
 for the three-dimensional 

textile. The nozzle of the 3D Printer has an opening with a diameter of 0.4 mm. The nozzle 

trajectory, nozzle velocity and extrusion rate can be regulated.  

 

Figure 2 : Different textiles generated with WiseTex and imported in the simulation world, 

3.3 Creating a finite element mesh of a penetrated polymer into a textile 

After simulating the nozzle movement, the particles positions are used to reconstruct the 

resulting polymer 3D structure, which can be meshed and transferred into FEM software. In 

Figure 3 (a) the result of the simulated manufacturing of a polymer-textile-composite is shown 

from the nozzle view. Figure 3 (b) shows the polymer adapted shape to the textiles surface and 

structure in a sideview. Figure 3 (c) shows the polymers penetration through the textiles pore 

to the bottom of the textile from underneath. 

(a) (b)
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Figure 3: Meshed penetrated polymer and meshed textile (a) top view, (b) side view and (c) 

bottom view  

 

4. Discussion 

This work presents first step in the creation of a framework to remodel the penetration process 

of polymer into textile. The interactions of melted polymer with the yarn surface, their surface 

tensions, changing the state from melt to solid, temperature of the textile, of the air etc. are not 

considered at this point, but are part of upcoming steps in our research.  

5. Conclusion  

This work demonstrates first results of a virtual twin of the complete FDM process with textile 

as a printing substrate. The G-code is used to automatically generate the trajectory of the nozzle. 

Different types of textiles are generated using WiseTex and used as to be able to simulate the 

uneven textile substrate to print on, Polymer penetration and contact is modelled using particle 

methods. The adapted polymer is meshed as beams and a FEM model of a polymer-textile 

composite is generated. Although this work is based on simplifications, the first results provide 

already useful information to evaluate the FMD printing process on textiles.  

 

 

(a)

(b)

(c)
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Abstract: Permeability of a fibrous reinforcement is an important input parameter for the 

simulation of the impregnation stage of the liquid composite molding process and its further 

optimization. In this work, an automatized workflow for the assessment of saturated 

permeability was developed as a part of Siemens Digital Industries Software solutions and its 

application was demonstrated on the case study of a composite B-pillar. X-Ray micro-computed 

tomography (micro-CT) was used to capture a realistic microstructure of the composite laminate 

in several locations of the B-pillar. The acquired images were segmented using VoxTex software 

developed by KU Leuven. Then, using the segmentation output, image-based models were 

generated in Simcenter 3D to predict homogenized local permeability. The obtained results 

showed a good agreement with the permeability map computed based on the draping 

simulations in Fibersim and verified against the experimental data of the flow front progression 

in the component infusion simulation in Simcenter STAR-CCM+. 

Keywords: Textile composites; X-ray computed tomography; Permeability; Finite element 

modeling 

1. Introduction 

Liquid composite molding (LCM) process is an often-used technique for manufacturing of 

polymer composite components, in which a dry fibrous reinforcement is impregnated with a 

liquid resin [1]. When the dry woven reinforcement is draped over a mold, local changes in its 

microstructure are introduced [2], e.g., fabric shear modifying the warp-weft angle, variations 

in the composite thickness etc. Such changes directly affect the fabric local permeability 

required for designing the impregnation process and its optimization, which nowadays can be 

performed virtually. For such simulations, permeability is an important input parameter which 

shows the ability of a resin to flow through a fibrous reinforcement when subjected to an 

external force (pressure) [3]. 

In this paper, the application of an automatized workflow is demonstrated for the assessment 

of saturated permeability developed in Simcenter 3D (Siemens Digital Industries Software) to 

numerically validate local permeability map required for the composite B-pillar infusion 

simulation.  

2. Permeability calculation in Simcenter 3D 

Simcenter 3D Materials Engineering is a module in the comprehensive, fully integrated 

Simcenter 3D simulation software [4], which aims aiding the engineers to virtually design and 
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test the performance of new materials as part of complex products, which drastically speeds up 

the design while lowering costs compared to a fully test-based approach [5]. In this work, an 

automatized workflow was developed for the assessment of the in-plane and out-of-plane 

components of the saturated permeability tensor. It was implemented as a part of the Materials 

Engineering module, thus, extending the capabilities towards the support of multiphysics 

simulations. The approach consists of two steps and can be orchestrated with the user interface 

(Fig. 1). The authors highlight that this workflow including, e.g., the boundary conditions (BCs) 

selection, modeling assumptions, was established based on numerous comparative studies and 

a careful choice between the model complexity and computational efficiency.  

                     

  

Figure 1. Simcenter 3D Materials Engineering: user interface of Permeability Pre-processing 

step and Homogenization step for the automatized computation of saturated permeability 

2.1 Permeability Pre-processing 

Permeability Pre-processing tool automatically sets up three scenarios for flow simulation 

through a unit cell (UC) of a composite reinforcement by defining a set of boundary and flow 

conditions in three orthogonal directions (Cartesian coordinates). The user input is restricted to 

the selection of the finite element (FE) mesh in which the flow will be simulated and to specifying 

the fluid (resin) dynamic viscosity and its pressure at the inlet (Fig. 1). Although permeability is 

the reinforcement property and should be independent of the dynamic viscosity and inlet 

pressure values [6], in virtual simulations they may affect the computed homogenized 

permeability [7] which is a numerical artefact. A high inlet pressure and/or a low viscosity 

increase Reynolds’ number preventing the flow being laminar. To satisfy the laminar flow 

condition, 1 Pa and 0.1 Pa∙s are the suggested default values (Fig. 1). 

To gain computational efficiency, only the fluid (resin) mesh is considered in simulations (Fig. 2), 

thus, the model size is significantly reduced (by the number of elements in the reinforcement 

mesh). This assumption is valid for the microscale where fibers act as a solid blockage and are 

therefore neglected. The same assumption is also acceptable for the saturated permeability 
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computation on the mesoscale because the flow is dominated by channels between the yarns 

(the path of least resistance). Optionally, intra-yarn permeabilities can be activated in 

simulations, however, this will significantly increase computational time. 

In three generated simulation scenarios, BCs are defined as follows (Fig. 2). The flow is driven by 

the pressure difference. For the outer side surfaces of the UC (not in the flow direction), slip wall 

condition is set which eliminates any surface drag calculations for the surface. For the fiber or 

yarn surfaces, no-slip wall condition (drag on a smooth wall) is defined. The flow solver computes 

the drag force by integrating the shear stress over the wall surface.  

In the proposed workflow, Simcenter 3D Thermal/Flow solver solves Navier-Stokes equations 

with the FE-control-volume method to predict the fluid flow through a system of channels inside 

the reinforcement. As a result, the solver computes pressure and velocity fields which are used 

in the next step to compute the saturated permeability. 

 

Figure 2. Example of a micro-CT image-based FE model of a woven composite and a model set-

up for the saturated permeability computation in Simcenter 3D 

2.2 Permeability Homogenization 

Permeability Homogenization tool computes the homogenized saturated permeability of the 

reinforcement UC based on the results of three simulations. The permeability, 𝐾, is then 

calculated using Darcy’s law (eq. 1) [8]: 𝐾 = −𝑄𝜂𝐿 (𝐴∆𝑝)⁄                      (1)  

where 𝑄 – volume flow rate [mm3/s] automatically extracted from the simulation results; 𝜂 –
fluid viscosity [Pa∙s]; 𝐿 – UC length [mm] in the flow direction; 𝐴 – UC cross-sectional area [mm2] 

which is perpendicular to the flow direction; ∆𝑝 – pressure gradient [Pa] driving the flow. ∆𝑝 is 

negative (the fluid flows from high pressure to low pressure), then the flow is positive. 

3. Virtual permeability computation for the composite B-pillar  

A composite B-pillar (an automotive application) was chosen as a case study for the developed 

workflow for saturated permeability. A schematic overview of the current study (blue boxes) 

and its position in the global case study (green/brown boxes) is presented in Fig. 3.   

3.1 Brief description of the global case study 

The composite B-pillar part was designed and manufactured in the past collaborative project by 

the partners Sirris, Com&Sens and Siemens Industry Software NV (see Acknowledgements). The 

objective was to perform, simulate and experimentally validate manufacturing of an automotive 

B-pillar with resin transfer molding process (RTM). Only the project key points relevant to the 

current study are here summarized. For more details, the reader is referred to [9]. 

Composite unit cell geometry 

→ + 

Yarns 

Model set-up 

Δp 

Resin 
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Figure 3. Schematic positioning of the presented study in the global case study context 

Experimental part (brown box in Fig. 3) 

The B-pillar was produced as a sandwich structure made of a foam core (Airex T92.100) glued to 

composite skins. Each composite skin was composed of five plies of the balanced woven carbon 

fiber fabric Chomarat C-WEAVE™ 285T 3K HS impregnated with the epoxy resin (Sicomin SR1710 

with hardener SD8731) and had the layup of (0°, 60°, -60°)S’ [2]. During the laying up of the dry 

woven fabric in the mold, optical fiber Bragg gratings (FBGs) were introduced into the layup for 

flow front tracking during the RTM process [2]. Thus, the experimental data for the validation of 

the infusion simulation was generated (Fig. 3, Validation 1 [9]). 

Simulation part (green boxes in Fig. 3) 

Draping of a dry woven fabric over a mold leads to local shearing (the warp-weft angle change) 

which directly affects the fabric permeability values and orientation of the flow front. The local 

fiber orientations needed in the infusion simulation were predicted in Fibersim (Siemens Digital 

Industries Software) [10] by the simulation of the reinforcement forming over the 3D CAD shape 

of the B-pillar (Fig. 4).  

 

Figure 4. Simulation sequence: draping simulation; mapping of fiber orientations and 

computation of local permeability tensor, and resin flow simulation. Reproduced from [9] 
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During the next step, the Fibersim output (elements, warp and weft angles) was transformed 

into a local permeability map based on the analytical formulae of Demaria et al. [11] for the in-

plane permeabilities of sheared fabrics. This local permeability map (Fig. 4) is our primary 

validation interest in the current study (Fig. 3, Validation 2).  

During the final step, the permeability map was assigned to the B-pillar model in Simcenter 

STAR-CCM+ (Siemens Digital Industries Software) [12] as a porous viscous resistance tensor. The 

infusion simulation was solved by the finite volume solver and allowed to track the flow front 

progression (resin/air interface) with the volume of fluid approach (Fig. 4, the resin is shown in 

red). Fig. 5 illustrates a good agreement between the simulation and the experimental results 

(obtained via optical FBGs) of the flow front progression and supports the validity of the local 

permeability map. 

 

Figure 5. Time at which the flow front passes through each sensor location (symbols are 

experimental data; continuous lines are simulation results); on the right bottom corner, a 

scheme shows the sensor locations. Reproduced from [9]  

3.2 Description of the current study 

The objective of the current study (blue boxes in Fig. 3) was to perform numerical validation of 

the local permeability map (Fig. 4) by means of micro-CT image-based modeling.  

From the draping simulation in Fibersim [10], zones of minimal (no shear) and maximal fabric 

shear were identified on the B-pillar. Their locations are illustrated in Fig. 6 (step 1) in green and 

red color respectively (the 60°-ply is depicted). Several specimens were cut from zones 1 (min 

shear) and 2 (max shear) such that they contained at least one UC of the fabric in every ply. The 

specimens were scanned with the resolution of 3.75 μm using GE Nanotom X-Ray CT-system at 

the X-ray CT center of KU Leuven. A 3D image of a specimen is shown in Fig. 6 (step 2). 

The image acquisition was followed by their segmentation into material components, i.e., the 

yarn and resin regions (Fig. 6 step 3). For that purpose, a micro-CT data analysis software VoxTex 

developed by KU Leuven [13, 14] was used. From the scan, only the composite skin was 

considered, the foam core was neglected (Fig. 6 step 2). The image stacks were split into cubic 

sub-volumes (“voxels”) with the edge of ~ 18-19 μm, inside which averaging was performed to 

decrease the noise coming from individual pixels. This also helped to reduce the resulting FE 

model size from a billion to several million of elements (one voxel = one finite element). The 

voxel classification in the yarns and resin clusters was completed by two feature variables 

approach based on the average grey value (density) and structural anisotropy. At the last step, 

voxel FE models of the specimens were generated in Simcenter 3D Materials Engineering using 
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a dedicated tool supporting direct import of VoxTex segmentation results [15]. The voxel models 

were seamlessly connected to the virtual permeability assessment workflow described in 

Section 2. 

 

Figure 6. Steps of the image-based FE modeling using VoxTex and Simcenter 3D 

4. Results and discussion  

Table 1 reviews simulation results of the B-pillar in-plane permeability assessment using the 

micro-CT image-based modeling approach (Section 3.2).  

Table 1: Micro-CT-based assessment of permeability in Simcenter 3D 

Specimen label Kx [m2] Ky [m2] Max abs shear angle [°] K1 reference [m2] 

1 2.15E-10 2.34E-10 8.1 2.67E-10 

2 1.36E-10 1.55E-10 5.5 2.07E-10 

3 3.99E-11 4.62E-11 17.6 3.79E-11 

4 1.09E-10 1.36E-10 13.6 1.77E-10 

5 1.38E-10 1.43E-10 15.6 1.53E-10 

 

Specimen labels and locations are indicated in Fig. 7 against the local permeability map 

calculated from the Fibersim draping simulation (Section 3.1). The permeability map reports the 

in-plane first principal permeability value, K1. For each micro-CT specimen two orthogonal in-

plane (axial) permeability values (Kx and Ky) were computed. According to [11], the principal 

bottom top 
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permeability does not vary significantly for fabric shearing angles below 20°. Thus, K1 reference 

values (Table 1) can be compared with the simulated in-plane (axial) values, Kx and Ky. The fabric 

shear angles were measured on the micro-CT images and reported in Table 1. The simulation 

results showed a good agreement with the experimentally validated local permeability map. 

 

Figure 7. Specimen location on the B-pillar local permeability map 

5. Conclusions 

In this work, an automatized workflow for the assessment of saturated permeability in 

Simcenter 3D was demonstrated. The workflow was successfully applied to compute the local 

in-plane permeabilities of the composite B-pillar by means of the micro-CT image-based 

modeling. 

Based on Fibersim predictions of the fabric draping, several small specimens were cut from 

various locations of the B-pillar component with the focus on the zones of minimal and maximal 

shear. Then, micro-CT images of the specimens were acquired using GE Nanotom CT-scanner 

and segmented into the yarn and resin regions using VoxTex software developed by KU Leuven. 

Afterwards, micro-CT-based FE models were set up in Simcenter 3D and the homogenized 

permeability of each specimen was computed using the developed workflow. 

The simulation results showed a good agreement with the local permeability map which was 

analytically calculated from the Fibersim predictions. Additionally, this map was verified against 

the experimental data of the flow front progression in the component infusion simulation [9]. 
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Abstract: The present work focuses on the characterization of the effect of temperature on 

damage onset in three-dimensional woven organic matrix composites for aero-engine 

applications. Damage initiation is characterised by X-ray µ-Computed Tomography (µCT) in-situ 

tensile tests at different temperatures supported by Acoustic Emission (AE). The synergy between 

these techniques allows an accurate damage characterization at the onset.  

Keywords: 3D woven composite; Onset damage mechanisms; high and low temperature in-situ 

test; tomography; acoustic emission 

1. Introduction 

Three-Dimensional Woven Organic Matrix Composites (3DOMC) have been used as structural 

elements in various parts of the aircrafts since last two decades due to excellent damage 

tolerance, improved fracture toughness and better through-the-thickness properties [1]. In the 

last decade, they are increasingly being used as elements of structural parts in the vicinity of 

aircraft engines and in the fan blades (for instance, LEAP engine). Thus, 3DOMC may operate in 

high-performance ranges for which their mechanical integrity is required at different 

temperatures.  

Damage mechanisms in 3DOMC have been studied at room temperature in a wide range of 

mechanical test: static axial tensile load [2], tension-compression fatigue [3], low velocity impact 

[4] or off-axis tensile loading [5]. In mentioned works, damage mechanisms according to the 

type of test are studied up to failure of the specimens. Due to the complex damage mechanisms 

of such materials, the specific use of different experimental techniques is required to achieve a 

correct damage characterisation. For this reason, some authors have focused on developing 

complex tests by coupling different techniques. For instance, in [6] a multi-instrumentation 

analysis using digital image correlation (DIC), acoustic emission (AE) and in-situ microscopy was 

conducted in carbon fiber reinforced polymers (CFRP) in a compression-damaging scenario from 

first micro-damage to final failure. In [7] authors characterised damage evolution through real-

time 3D observations in CFRP specimens under torsion coupled with X-ray computed 

tomography, which is a very rich technique as it allows a volume characterisation of the complex 

meso-structure and the damage mechanisms taking place in it. Because of the various 

experimental limitations, this type of testing becomes difficult to implement when attention is 

paid to damage occurring at high and low temperatures.  
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On the other hand, several studies emphasise the whole range of damage mechanisms, from 

initiation mechanisms up to catastrophic failure or rupture of the specimens. If this is done in 

this way, the mechanisms at the onset are neglected, or even studied post-mortem, which 

implies a lack of information of the structure behaviour at this stage. This context has prompted 

new in-situ testing methodologies whose target is to track the onset of damage. For instance, in 

[8] the authors proposed the coupling of two techniques (AE & DIC) to catch the onset through 

a progressively stepped loading. The onset is reached and analysed at the sample surface, 

however there is still a lack of information about the damage mechanisms at the core. Authors 

in [9] coupled AE and µCT to determine the initiation of damage. The criterion used to catch the 

onset was the accumulation of acoustic events to set a test interruption and perform a 

tomographic scan.  To date, no studies of the onset of damage taking into account the effect of 

temperature have been found in the case of 3DOMC. 

In the present work, the effect of temperature on damage onset in 3DOMC for aero-engines 

applications is investigated. For this purpose, an interruption protocol based on the cumulative 

energy released during the test is proposed, showing that damage initiation mechanisms are 

different for each temperature  

2. Material & Experimental Setup 

3D woven OMC materials samples made by Resin Transfer Molding (RTM) manufacturing 

techniques are provided by Safran Composites. At the level of constituents, commercial 

HexTow® IM7 carbon fiber and CYCOM® PR 520 epoxy resin are used. The material used in this 

study is a 4 plies interlock woven composite whose pitch size and fibre volume fraction has been 

designed for laboratory purpose. However, the RTM process is similar to that used in industrial 

parts. After curing the samples are cut from a 4 mm plate with high pressure water jet. The 

sample geometry (see Fig.1-d) is a trade-off between the in-situ experimental setup limitations 

and the fact of being able to visualize a RVE (RVE = 25.9 mm, see Fig.1-d). Furthermore, the 

specimens have been cut at 22.5° to the warp direction to induce multi-axial state of stress in 

the useful part.   

 

Figure 1. (a) Scanned area, AE sensors and grips; (b) isolation peek chamber used in warm and 

cold tests;(c) tensile machine and tomography coupling; (d) off-axis sample used in 

experiments. 
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Table 1: AE and µCT acquisition parameters. 

Acoustic emission µCT 

Gain [dB] 40 Voltage [kV] 50 

Frequency [kHz] 100 – 1000 Current [mA] 280 

Sensor Mistras µ-80 Resolution [µm/vox] 14 

Threshold [dB] 40 NB images 1120 

  Frame rate [im/s] 6 

 

The homemade temperature controlled tensile stage is shown in Fig.1 (a-b-c); it is integrated in 

the hollow rotation stage of an Ultratom RX-solutions µCT scanner. The maximum traction load 

hold by the machine is 20kN and the temperature operating range is +200°C to -40°C. The testing 

protocol consists of applying a monotonic displacement of 1mm/min to the lower grip and 

monitoring the load and released acoustic energy in the scanned zone of the specimen (Fig.1-a). 

The protocol followed to interrupt the test at the damage onset is based on the synergy between 

µCT and AE. 

Tomography acquisition parameters are a compromise between image quality and scanning 

time to mitigate the effects of matrix relaxation. In the same way, the acquisition parameters of 

the acoustic chain have been selected to localise events in the scanned zone (see Fig.1-a) 

considering the material properties. These parameters are listed in Table.1. 

3. Experimental Protocol 

Tensile test is conducted within the µCT with 2 AE sensors monitoring damage onset, and those 

sensors are unplugged before launching the scan. The acoustic parameters involved in the 

protocol are: 

• Amplitude: maximum level of the AE signal during a hit in Volts. It is converted into dB 

according to a reference voltage value and the preamplifier gain depending on the 

acquisition parameters.  

• Duration: time from the first threshold crossing to the end of last threshold crossing of the 

AE signal.  

• Energy: the magnitude taken into account is the MARSE (Measured Area under the Rectified 

Signal Envelope) energy, sometimes referred as energy counts (EC), which is the integral of 

the rectified voltage signal over the duration of the AE hit (or waveform). Commercially it is 

found as PAC-energy in the MISTRAS® packages used to record acoustic activity [10]. It 

depends on the amplitude and duration of a hit.  

The criterion to stop the tensile test is based on two conditions: the AE events should be 

localized in the scanned zone and the Cumulated MARSE Energy (hereinafter, CME) should 

overcome a certain level. Since two hits are needed to register or localize an event, and 

depending on the relative distance of the hits to the sensors, they may measure different levels 

of energy due to material damping; it has been decided therefore to measure the average 

energy of both hits in each event localization.  
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Fig.2-a shows the load and the averaged and localized CME (between both piezoelectric sensors, 

according to Fig.1) as a function of test time. The CME at stop is called CME-Stop on Fig.2-a .Then 

a relaxation phase occurs, in which some events are still recorded, the CME after this relaxation 

phase is called CME-relaxation on Fig.2-a. In Fig.2-b are collected all the captured events in the 

scanned zone, as a function of time and its amplitude. Each event shown in Fig.2-b has its own 

weight in the cumulated energy in Fig.2-a. It can be observed how at the very beginning the first 

relatively small amplitude events whose impact in the cumulative energy is not very significant 

start to emerge, giving immediately way to a wider range of cascade events, between 40 and 70 

dB. When the cumulative energy reaches a value equal to CME-Stop beyond a conventional 

threshold of around 40 EC (CME-Stop = 75EC in this case, Fig. 2a), the test is stopped by keeping 

constant the displacement at grips. Finally, when acoustic emission ceases and a steady value of 

CME is reached (CME-Relaxation = 100EC, in Fig. 2a), the tomographic scan is launched. 

Tomographic scans are very rich since they do provide information about the 3D internal 

morphology of the damage mechanisms and through image processing techniques it can be 

quantified in terms of the total cracked surface (Fig.2-c) and it can be related to the scalar value 

of CME released during the test, up to the relaxation phase (CME-Relaxation Fig.2-a). 

 

 

Figure 2. (a) CME and load in function of time; (b) localized AE events in the scanned zone; (c) 

segmented cracked surface. Results at room (20°C) temperature. 

The lower the cumulated energy at which the test is stopped, the lower the cracked surface is 

observed; consequently this protocol can be sharpened towards the very early damage. Finally, 

it is important to point out the major limitation of this technique, which lies in the final quality 

of the image that can be achieved for the given setup, mostly in terms of contrast and resolution 

to discriminate a crack. Therefore, there is a possibility that for very low levels of cumulated 

energy, the resolution may not be sufficient to discriminate a crack. 
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4. Results 

In-situ tensile tests have  been conducted at 20°C, 120°C and -30°C on 3 specimens (A, B and C) 

respectively. Interrupted CME and loads levels following the above protocol as well as damage 

mechanisms are discussed below for each specimen. Furthermore, a crack classification with 

respect to the 3D-woven meso-structure is proposed. 

4.1 Onset Damage mechanisms at room (20°C) temperature 

The test at room temperature (RT) has been interrupted at CME-Stop level of 75 EC which has 

resulted in a load of 9.3 kN. This cumulated energy after relaxation has reached a value of 100 

EC (CME-Relaxation) corresponding to a total cracked surface of 46 mm2. Three different kind of 

cracks can be observed in Fig.3:  

• Type I (red cracks in Fig.3): intra weft open crack, matrix crack inside weft yarns connected 

to a specimen cut edge,  

• Type II (blue cracks in Fig.3): inter warp inner crack, matrix crack between two adjacent 

warp yarns not connected to specimen surfaces. 

• Type III (green cracks in Fig3.): inter warp and weft crack, it consists in a matrix crack at the 

crossing point between warp and weft yarns. This type of crack is relatively limited at RT. 

 

Figure 3. Segmentation and CT scan at damage onset at room (20°C) temperature [Specimen A]   

4.3 Onset Damage mechanisms at high (120°C) temperature 

The test at high temperature (HT) has been interrupted at CME-Stop level of 126 EC which has 

resulted in a load of 7.5 kN. This cumulated energy after relaxation has reached a value of 198 

EC (CME-Relaxation) corresponding to a total cracked surface of 193 mm2. One kind of crack can 

be observed in Fig.4:  

 Type III: inter warp and weft crack, it consists in a matrix crack at the crossing point 

between warp and weft yarns (green cracks Fig.4), similar to the one found at RT, but 

much more developed. Having a look at Fig.4 it can be observed how the damage follows 

the weaving pattern. It can be supposed that shearing caused on the yarns by the multi-

axial loading has a major impact; the increased viscosity of the matrix may also play an 

important role in this behaviour. 
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Figure 4. Segmentation and CT scan at damage onset at high (120°C) temperature [Specimen 

B] 

4.3 Onset Damage mechanisms at low (-30°C) temperature 

The test at low temperature (LT) has been interrupted at CME-Stop level of 180 EC which has 

resulted in a load of 9.2 kN. This cumulated energy after relaxation has reached a value of 192 

EC (CME-Relaxation) corresponding to a total cracked surface of 5.9 mm2. Two different kind of 

cracks can be observed in Fig.5: 

 Type I (red cracks): same crack observed at 20°C, intra weft open crack, matrix crack 

inside weft yarns connected to a specimen cut edge,  

 Type IV: it is an intra-crack given in the yarns middle section, both warp and weft (violet 

cracks Fig.5). The main difference with type I cracks (which are also intra-crack type) is 

that in the latter, cracks occurs in the yarn edge and normal to plane 1-3 (that is, edge 

of the sample), while at type IV cracks do appear in the middle of the yarn without 

connection to the cut edges, normal to plane 1-2. 

 

 Figure 5. Segmentation and CT scan at damage onset at low (-30°C) temperature [Specimen C]   

4.4 Discussion of results  

For each test, the following parameters have been reported in Table.2: the cumulated energy at 

interruption time (CME-Stop) and the corresponding load at interruption; the cumulated energy 
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after the relaxation phase (CME-relaxation) as well as the corresponding number of events at 

interruption, and finally the total cracked surface which has been computed from segmentation 

of the µCT scans after interruption. Differences depending on temperature can be clearly 

appreciated: 

• Energy values at interruption (CME-Stop inTable.2) exceed the established threshold of 

40EC in all cases, but differ from each other depending on temperature; it has not been 

possible to interrupt the test for the same CME-Stop at the different temperatures as it is 

an instantaneous and different energy release for each case, probably linked to the 

difference in damage mechanisms already discussed. 

• Paying attention to the cracked surface and load at interruption, the damage onset at HT is 

given at lower load levels, with respect to RT and LT. More cracked surface is given (193 

mm2) at a load level of 7.5 kN for HT, while at RT a lower surface of 46 mm2 is given for a 

higher load of 9.3 kN. This results is even more marked for LT, in which a load of 9.2 kN only 

generated 5.9 mm2 of cracked surface. 

• Regarding the total energy released (CME-relaxation in Table.2), it can be observed that it 

is not proportional to the cracked surface: at RT 64 recorded events are responsible of 100 

EC while at LT only 19 events are responsible of almost the double of energy (192 EC); while 

at HT a similar level of energy (198EC) is distributed in 250 events. In consequence, the 

lower the temperature, the higher the energy of the recorded events. This may be related 

to the fact that the damage mechanisms, as has been shown, are different for each 

temperature, and so it is the associated energy. There is also the possibility that the change 

in the mechanical properties of the material with temperature plays a role in the way elastic 

waves propagate, giving rise to more energetic events at lower temperatures due the 

increase in rigidity of the matrix.  However, this last point needs to be studied in more detail. 

Table 2: Parameters at the interruption at different temperatures. 

Specimen & 

Temperature 
CME-Stop [EC] 

CME-Relaxation 

[EC] 
Number of events 

Total Cracked 

surface [mm2] 

Interruption Load 

[kN] 

A (20°C) 75 100 64 46 9.3 

B (120°C) 126  198 250 193 7.5 

C (-30°C) 180 192 19 5.9 9.2 

 

5. Conclusions 

In this study a novel experimental in situ coupled technique for tracking the damage onset has 

been presented. This has allowed to interrupt a tensile test at different load levels depending 

on temperature. The CME interruption levels shown in the protocol differ according to 

temperature mainly because different mechanism of damage are involved. On the other hand, 

initiation damage mechanisms have turned out to be different depending on the temperature. 

At least one characteristic mode can be distinguished for each:  

• Room (20°C) temperature: intra-crack between warp yarns at the core of the sample.  

• High (120°C) temperature: intra-crack between warp and weft yarn at high waviness pattern 

zones 
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• Low (-30°C) temperature: inter-crack at yarn and weft yarn at 1-2 sample surfaces.  

AE has allowed the test to be interrupted at a load level, while the tomography has provided 

information on the local location of this damage (and its relation with the meso-structure). The 

next step would be to use these inputs to create a finite element model based on µCT images 

that can answer at what level of local mechanical stress damage onsets. 
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Abstract:  

In Jacquard harness looms used for 3D interlocking fabrics, the relative motions between warp 
threads and heddles under confining effects induce frictional interactions that can damage the 
threads or block their motion and cause weaving errors. Based on an implicit solution scheme, a 
finite element approach is proposed to simulate these interactions. Simulation parameters are 
implemented according to the actual operating machine conditions. Simulation results for an 
interlock fabric with 20 warp threads will be presented. The resulting forces required to move the 
heddles are obtained as simulation results. In addition, the lateral force exerted by the rest of 
the harness on the portion considered is prescribed using rigid moving planes. The influence of 
the reed on the lateral confinement is highlighted along with various force evolution analyses of 
the heddles and warp threads over a few tens of shed openings. 

Keywords: Jacquard harness; Frictional interactions; Finite element simulation; Shedding 

1. Introduction:  

The use of 3D interlock fabrics for manufacturing composite parts allows the making of stronger 
and lighter pieces. These fabrics are produced using Jacquard-weaving looms, in which a large 
number of heddles are gathered within the so-called Jacquard harness, and are operated to 
move the warp threads up and down to allow the insertion of weft threads.  

Today, controls are done once the part has been produced and mostly manual operations are 
required to check them which generates time-consuming iterations. This study is concerned 
especially with the congestion mechanisms within the Jacquard harness. The harness is the part 
of the loom where the warp threads are the most subject to frictional effects. Our purpose is to 
provide a numerical tool that allows performing virtual testing representative of the real 
weaving process and provide technical locks to optimize the system.  

Due to the high density of heddles and threads in a limited space, the relative motions between 
harness components induce frictional forces. These forces are of two types: thread friction 
against machine parts (that includes with heddles and especially at eyelets level and with the 
reed) and thread against thread friction. The interactions are particularly important when a large 
number of warps are moved along the harness depth and if friction forces within the harness 
can prevent some of them to reach their expected positions that causes a wrong weft thread 
insertion and thus an unexpected weaving pattern. These interactions are problematic for 
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weaving, resulting in a degradation of the state of the threads and subsequently leading both to 
a reduction in production rates and in the mechanical properties of the final reinforcement.  

Based on an implicit solution scheme, a finite element approach [1] is used to simulate the 
interaction phenomena that occur in such harnesses. In this model, all elements involved in the 
studied part of the harness are represented using finite strain beam elements with different 
material properties. That includes the heddles, the warp threads, and the reed. Frictional 
contact elements are automatically created to account for frictional contact interactions.  

To our knowledge, none of the works dedicated to the simulation of the weaving process  [3-6]  
has addressed the congestion phenomena taking place in the Jacquard harness. The purpose of 
the present work is to deal specifically with this issue, in particular, to represent the frictional 
contact interactions between harness components in an accurate way and to provide a 
numerical tool that allows performing simulation representative of the real weaving process, in 
order to determine the variations of forces within the harness due to frictional forces and to 
prevent possible blocking events due to congestion through virtual testing.  

After introducing the simulation model, the shedding device for 3D interlock fabrics and its 
operations are introduced. The representation of the rest of the harness on the portion of the 
harness selected in the model by the lateral pressure applied by moving planes is discussed. 
Results illustrating the ability of the proposed approach to determine the efforts in the heddles 
for the simulation of an actual case study are finally presented.  

2. Simulation Model : 

2.1 MULTIFIL: search for the mechanical equilibrium of a set of beams in frictional contact 
interactions 

The finite element simulation approach used in this study was developed to model the 
mechanical behavior of wire or filament assemblies, subjected to frictional contact interactions 
and large displacements. This approach, based on an implicit solution scheme, presents an 
original procedure for the determination of contacts, the detailed description of which is 
provided in [1].  

The beam model used to represent each wire or filament is based on kinematics that describes 
the displacement and deformation of each cross-section and bypasses the use of rotations. 
Complete Green-Lagrange deformation tensors are derived, allowing the implementation of 
three-dimensional constitutive equations.  

A model of frictional contact between two spatial beams with circular cross-sections is 
proposed. After a global search, proximity zones are determined, and frictional contact 
interactions between two beams are taken into account by means of point-wise contact 
elements created for intermediate geometries generated for each proximity zone. 

A regularized penalty model is used to determine the normal contact reactions. Quadratic 
regularization is considered for very small penetrations to smooth the transition between the 
contact and non-contact status. The penalty coefficient is adjusted at each proximity zone to 
control the maximum penetration for each proximity zone. A regularized friction model, taking 
into account a small reversible relative tangential displacement before the actual sliding, is 
considered for the friction interactions.  
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2.2 Components of the harness model 

 

 
1. Nylon cord  
2. metal rod (2) 
3. Eyelet (2 half elliptical rings)  
4. Eyelet (4  braces)   
5. Spring  
6. Warp thread  
7. Reed vertical slits (2)  
a. Bottom extremity blocked  
b. Upper-end where the motion is 
applied  

Figure 1. model of the harness components 

2.2.1 Heddles 

Each heddle is modeled by a set of beam elements, with different material properties, 
representing its different parts. These consist of, as shown in Fig. 1, the nylon cord at the top, 
two metal rods on either side of the eyelet, which itself consists of two half-elliptical rings and 
four braces, and lastly a spring element at the bottom end. Special connecting elements are used 
to ensure the bonding at the connection points between the different elements of the beam.  

2.2.2 Warp threads  

Each warp thread is modeled as a beam element. However, bending and twisting stiffness 
coefficients are adjusted to account for the very low bending and twisting stiffness of the 
considered carbon threads due to their multi-filamentary construction. In the case of a 48K 
carbon thread, the coefficient can be estimated as follows: 𝐶𝑜𝑒𝑓 =       =            (2.1) 

2.2.3 The reed 

The reed is a frame with many vertical slits used for spacing the warp threads and for pushing 
the weft threads into place. Each vertical slit of the reed is modeled as a beam element with 
steel material properties.  

3. Shedding Operation  

3.1 Harness configuration building  

The heddles respect the comber board positioning. The warp threads layers are arranged plane 
by plane with the specific thickness of the fabric while the thread board maintains their position 
at the opposite end.  The reed is placed following and respecting the actual machine spacing and 
dimensions.  We begin the simulation with a starting configuration in which the geometry of 
each element of the harness can be defined by simple geometries. Once the threads have been 
repelled on the right side, the starting configuration is then gradually changed until reaching the 
initial configuration in which each warp thread is inserted in its assigned eyelet resulting from a 
mechanical equilibrium, further details are provided in [2].  
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3.2 Estimation of the lateral pressure  

The idea is to estimate the pressure exerted by the rest of the harness on the few heddles and 
warp threads being considered. This allows to represent the confining effects inside the harness 
on the few components being considered. Since the reed sets the width of the fabric, and the 
threads board sets warp threads positioning (bobbin bank side), the path of the warp threads 
between the board and the reed makes thus an angle at the eyelet level. Then the lateral force 
can be expressed using the angles and the thread tensions by the following formula:                                                                                                                             𝐹 ≈  𝑇 sin(𝜑) +   𝑇 sin(𝜓)               (3.1) 

Given that the heddles do not remain straight also during shedding, they also generate a 
contribution to that lateral pressure expressed as: 𝐹′ ≈  𝑇′ sin(𝛿) +  𝑇′ sin(𝛾 )              (3.2) 

Figure 2. The lateral pressure estimation   

Once we know tensions and angles from the simulation results we can estimate the total 
pressure of an assembly of heddles and warps. See Fig. 2, during a dozen successive shedding 
motions of 20 heddles and warp threads, the total pressure obtained using formulas (3.1) and 
(3.2) for all heddles is about 3.25N.  

3.3 Representation of the rest of the harness  

Using moving rigid planes placed on both sides of the harness portion, which are assumed to be 
driven by the force estimated before, as demonstrated in Fig. 3, we can prescribe the lateral 
force exerted by the rest of the harness on the few heddles and warp threads being selected.  

 

Figure 3. Representation of the rest of the harness using rigid planes 
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3.4 Successive shedding configurations during the weaving process 

The shedding step allows the separation of the warp threads into two layers, thus creating the 
shed, necessary for the insertion of the weft. The raising and lowering of the threads are 
determined by the chosen weave constituting the elementary pattern of the desired fabric. It is 
represented by a binary matrix -the loom card- as shown in Fig. 4. Weaving errors are mainly 
related to events that prevent respecting the movements dictated by this card. The motions 
defined by the loom card for shedding are prescribed as displacements to the upper ends of the 
heddles. 

 
Figure 4. 3D interlock fabric weaving matrix portion 

Warps tensile load, spring characteristics, heddles, and warps positioning are all implemented 
according to the actual operating conditions. Hereafter in Fig. 5 an overview of the simulation 
model at the shedding phase shows frictional contact interactions within the harness.  

 
Figure 5.  Simulation model at shedding phase showing frictional contact interactions 

4. Multifil Simulation Results and Analysis   

The case study presented is a portion of a harness that is composed of 20 heddles corresponding 
to 4 columns of warp threads arranged in 5 layers of carbon fiber of 48K (3200 Tex). Constrained 
by rigid planes on both sides driven by pressure force equivalent to the pressure of 20 heddles 
and warp threads, estimated at 325cN. The warp positions are locked on the fabric side when a 
nominal constant tension of 345cN is applied to the opposite end. Two planes of warp threads 
are placed per reed slits.  
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Firstly, the rigid planes are placed at a distance, then at the end of the initial phase the two 
planes are driven by displacement until they constrain the portion and the contact elements are 
created. At the beginning of the successive openings and closings of the shed, these planes are 
only driven by force. The transitions from the starting to the initial configurations, and between 
the successive shedding configurations and the taking-up phase are simulated incrementally, by 
prescribing the increments of displacements corresponding to each stage at the ends of the 
heddles and the warp threads. The taking up phase occurs in each 5 shed openings following the 
matrix card.  

Friction between all elements is considered in the simulation represented with a friction 
coefficient of μ = 0.1. The finite element total number is around 1400 for all the structures. With 
a shed opening amplitude close to 110 mm, the simulation phases occur. For 20 shed openings, 
the total loading steps calculation time is about 18 hours.  

4.1 Effort evolution on heddles and warp threads  

Fig. 6 represents simulation results. The vertical axis shows the force required to move the 
heddles and the horizontal axis presents the shed openings number.  

 

 
Figure 6. Heddles effort variation during successive shedding openings (a) without adding 

lateral pressure (b) with lateral pressure prescription  
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Mainly, two levels of effort corresponding to the upper and lower position of the heddles are 
highlighted. Besides irregularities, at one level, we notice that the heddles do not have the same 
value of equilibrium effort, this can be explained by the fact that each thread of these heddles 
has a significantly different position in the threads board. A difference in positioning generates 
different shed angles and since the effort in the heddle depends on the tension of the warps by 
the sinus of these angles, a difference in effort is exerted.    
We can notice that simulation with lateral pressure (Fig.6 b) represents a different appearance 
compared with simulation without planes (Fig.6 a). More important irregularities in the two 
levels are observed for case b. Besides that area is the final expected position of heddles, when 
they arrive (or start to move) to their expected position,  the contact interactions are more 
important with the others which are already in that position.  

 

Figure 7. Warp threads tension evolution on the fabric side during shedding  

The warp positions are locked on the fabric side when a nominal constant tension of 3.45N is 
applied to the opposite end.  Figure 7 shows the evolution of thread tensions during successive 
shedding openings on the fabric side.  It can be seen that the tension varies and an amount of ±30 % of the nominal tension is reached during shedding. The tension changes are surely due 
to frictional interactions between threads and with heddles but also can be caused by the reed 
movements.  

4.2 Example of blocking event  

When we observe a singular peak that appears in heddles effort curves,  that allows us to 
highlight that there is almost certainly a locking situation. Due to congestions, and especially 
hereafter when three warp threads are moved along the fabric depth at the same time. Friction 
forces within the harness prevent them to reach the expected position. We can notice clearly 
how threads remain blocked at a higher position compared with their eyelets due to the 
important frictional interactions involved. Figure 7, illustrate this blocking situation. 
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Figure 7. Blocking situation  

5. Conclusion 

The purpose of this research is to simulate the operation of a Jacquard harness to produce 3D 
interlock woven fabrics from carbon threads where a congestion phenomenon occurs within the 
harness components (heddles and warp threads). By simulating the motion of these elements, 
and by modeling the frictional contact interactions between them, the objective is to assess the 
tensile loads in the heddles in order to better understand and prevent the congestion effects 
responsible for various defects in the weave.  

To limit the cost of simulation while remaining representative of the congestion phenomenon a 
formulation and implementation of the representation of the rest of the harness on the heddles 
and warp threads considered are carried out. The different effort curves allow the user to 
highlight blocking events. If a heddle remains blocked during its crossing, due to frictional forces, 
the user can notice it directly through the curves. The complete shedding process simulation of 
real 5-layer interlock fabric with 20 warp threads can be reached for a calculation time of 18 
hours. 

To validate the effort in the heddles predicted by the simulation, sensors will be used to obtain 
the loads measured directly on a real weaving case. 
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Abstract:    Natural fibres are attractive reinforcement of polymer matrices, as they combine a 

high specific strength and modulus with sustainable production and reasonable prices. Modifying 

the fibre surface can increase the adhesion and thereby enhance the mechanical properties of 

composites. In this study, a novel sustainable surface treatment is presented: the fungal enzyme 

laccase was utilised with the aim of covalently binding the coupling agent dopamine to flax fibre 

surfaces. The goal is to improve the interfacial strength towards an epoxy matrix. 

SEM and AFM micrographs showed that the modification changes the surface morphology, 

indicating a deposition of dopamine on the surface. Fibre tensile tests, which were performed to 

check whether the fibre structure was damaged during the treatment, showed that no decrease 

in tensile strength or modulus occurred. Single fibre pullout tests showed a 30% increase in 

interfacial shear strength (IFSS) due to the laccase-mediated bonding of the coupling agent 

dopamine. These results demonstrate that a laccase + dopamine treatment modifies flax fibres 

sustainably and increases the interfacial strength towards epoxy. 

Keywords: Natural fibres; fibre matrix adhesion; encymatic treatment  

 

 

1. Introduction 

The interphase between fibre and matrix is essential for the composites’ mechanical properties. 
Reinforcing fibers such as glass, aramid or carbon fibres are usually treated with a sizing  in order 

to improve the fibre matrix adhesion. Sizings are aquaeous solutions which aid in processing,. 

For better adhesion they contain coupling agents such as silanes, which can ideally covalently 

bind to both fibre and matrix. For a sustainable composite, sustainable interface modifications 

need to be found.  

The study focuses on enzymatic fibre treatment: Flax fibres are treated with Laccase from a 

Cerrena unicolor polypore fungus. Laccase is e fungal enzyme abundant in nature and used e.g. 

in the food industry. Laccase catalyzes a ring opening reaction of lignin, inducing bonds to either 

amino or hydroxyl moieties. This may be used to covalently bind reactive species to the fibre 

which can then improve the fiber matrix interaction.  
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     2. Materials and Methods 

Flax fibre yarn (250 tex) was obtained from Composites Evolution (Chesterfield, UK). Once the 

outer winding yarn was removed, it contained mostly single fibres of 2–6 cm length and 20 µm 

diameter that could be used without further separation. Dopamine hydrochloride of TraceCERT® 

grade was obtained from Sigma (St. Louis, MO, USA). Epoxy resin/hardener systems RIM 

135/RIM 137 and L + L were obtained from Hexion (Columbus, OH, USA) and R&G 
Faserverbundwerkstoffe GmbH (Waldenbuch, Germany) respectively. 

Laccase enzyme from Cerrena unicolor fungus was kindly provided by the group of Bioprocess 

Engineering, Institute of Natural Materials Technology, Technical University Dresden, Germany. 

The fibre treatment was also performed by this group. Laccase and treatment are discussed in 

detail in Brodowsky et al. [1] and [2]. 

Four different fibre treatments were compared: 

 fibre treated with laccase enzyme in presence of its substrate dopamine  

in malonate buffer  

and three reference samples 

 fibre treated with the malonate buffer only 

 fibre treated with laccase in buffer but without dopamine 

 fibre treated with dopamine in buffer but without laccase 

 

     3. Results and Discussion 

In order to determine whether the laccase will not only modify the fibres’ lignin but also harm 
the cellulose, the tensile strength of the treated fibres was measured in a 50 fold measurement.  

The single fibre tensile strength and Young’s modulus as well as the Weibull distribution are 
shown in fig. 1  
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Figure 1. Results of single fibre single fibre tensile tests  of Laccase treated fibres and control 

fibres for 25 °C and 50 °C. 

Laccases mainly catalyze the ring opening reaction in Lignin, but could potentially damage the 

cellulose as a side effect. In current study, we can see this is not the case, not even at a higher 

reaction temperature. The treatment seems to have a tendency to improve fibre strength, 

perhaps rather due to other effects (such as recrystallization or removal of cement) than Laccase 

induced lignin catalysis. The treatment at higher temperature also improves the strength, while 

no difference between laccase treated fibre and control fibre are seen. The fibre modulus is not 

affected by the Laccase treatment.  In the Weibull representation ot the data, the higher 

temperature strength probability data are shifted to higher strengths but there is no shift due 

to laccase activity [1].  

 

The fibres were then exposed to laccase at 3,3 U/ml in malonate buffer with two substrates 

containing an amino and a hydroxyl moiety, namely dopamine and amino-hexanol. Both have 

been described to be substrates for Laccase [1]. Dopamine is a typical representative of Laccase 

substrates, which almost always have a ring structure. Amino-Hexanol is one of the few linear 

molecules that have been seen to act as Laccase substrates. The fibres are imaged by scanning 

electron microscopy (SEM) after treatment with buffer only, buffer and laccase, buffer + laccase 

+ substrate, buffer+ substrate only. The dopamine binding effect of laccase is evident in REM [2] 

which is more pronounced than the polydopamin layer formed without Laccase. With amino-

hexanol as a substrate, no fibre surface modifications are seen in REM or AFM [1].  In Figure 2,  

atomic force microscopy (AFM) images of buffer-only treated and laccase dopamine treated 

fibres are shown. The surface of the untreated fibre is smooth, whereas the modified fibre is 

covered by a flakey layer.  
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a)  

 

 b)  

Figure 2. left: AFM images of fibre surface without (a) and with (b) laccase-modification.  

right: (c)  interfacial shear strength of fibre epoxy composites 

 

The interfacial shear strength (IFSS) of laccase modified interfaces was determined by 

micromechanical tests on single fibre model composites, namely single fibre pull out test and 

single fibre fragmentation test. The interfacial shear strength towards an epoxy matrix is 

improved by 30% in laccase-dopamine modified fibres as compared to buffer only treated fibres. 

IFSS from pullout measurements are shown in fig.2 The micromechaninca test results are 

thoroughly discussed in [2].  

 

     4. Conclusion 

Natural fibres have a high potential as reinforcement of polymer matrices, as they combine a 

high specific strength and modulus with sustainable production and reasonable prices. 

Modifying the fibre surface is a common method to increase the adhesion and thereby enhance 

the mechanical properties of composites. In this study, a novel sustainable surface treatment is 

presented: the fungal enzyme laccase was utilised with the aim of covalently binding the 

coupling agent dopamine to flax fibre surfaces. The goal is to improve the interfacial strength 

towards an epoxy matrix. SEM and AFM micrographs showed that the modification changes the 

surface morphology, indicating a deposition of dopamine on the surface. Fibre tensile tests, 

which were performed to check whether the fibre structure was damaged during the treatment, 

showed that no decrease in tensile strength or modulus occurred. Single fibre pullout tests 

showed a 30% increase in interfacial shear strength (IFSS) due to the laccase-mediated bonding 

of the coupling agent dopamine. These results demonstrate that a laccase + dopamine 

treatment modifies flax fibres sustainably and increases the interfacial strength towards epoxy. 
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Abstract: Wrapped composite joint is an innovative technique which connects steel hollow 

sections through bonding such that the fatigue performance is improved compared to welded 

joint. In this paper, a DIC-based method of monitoring surface strains is proposed to quantify the 

debonding crack propagation within the composite wrap layers during high cycle fatigue  

loading. A constant strain threshold was used to obtain crack length based on strain distribution 

curves extracted from DIC. Sensitivity analysis of such threshold showed that within the ‘steady 

strain slope’ region, the influence of threshold choice on calculated crack length is insignificant, 

but a good choice of threshold can help obtain more stable results. During cyclic loading, it was 

found that stiffness degradation and crack development of the joint is arrested due to friction 

effect at the cracked interface. Static tests after cyclic loading showed that the joint can still 

sustain its original static resistance. 

Keywords: Wrapped composite joints; Debonding crack propagation; Fatigue test; Digital 

Image Correlation 

1. Introduction 

Fatigue failure has been proved to be a common hazard for welded tubular joints, which are 

now widely used for circular hollow sections (CHS) of steel truss/jacket supporting structures of 

off-shore wind turbines, oil and gas platforms, steel bridges [1]. In recent years, fiber-reinforced 

polymers (FRP) have been widely used for enhancing static/fatigue performance of steel 

structures, due to their light weight, tailorability, high fatigue endurance and other excellent 

mechanical properties. In the previous study, an innovative joining technique, the wrapped 

composite joint was proposed by the authors [2], where composite wrap is used to connect steel 

members of hollow sections through bonding and welding can be completely avoided in the load 

transferring mechanism, and the low fatigue endurance due to welding is eliminated. Static [3] 

and fatigue [4] experiments on this kind of joints have shown their superior mechanical 

performance over their welded counterparts. However, monitoring the most important failure 

mode of the joint wrapped with thick laminates, debonding at the steel-to-composite interface 

still remains as a critical issue, which is of great importance for characterizing and predicting 

fatigue behaviour of wrapped composite joints. 

During recent years, the non-destructive technique (NDT) has been widely used for mechanical 

damage assessment in composite structures [5], especially for monitoring debonding at 

composite-to-steel/concrete interface. Among these techniques, the Digital Image Correlation 

(DIC) technique has been widely used due to its advantages of non-contact, full field and real-

time measurements. For example, Bahman Ghiassi [6], Pei Zhang [7] and Mohamad Ali-Ahmad 

[8] investigated debonding between FRP and substrates under quasi-static monotonic loads by 

DIC. Strain contours were captured under different load levels, where increased strains 
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indicated crack initiation or debonding at the interface. The DIC method was also applied for 

investigating debond behaviour under fatigue loading [9]. The strain plateau along the CFRP 

plate represented the debond length which increased gradually with the increasing number of 

loading cycles. However, monitoring technique for debonding crack propagation at curved 

interface under thick laminates still needs to be developed.  

In this paper, fatigue tests on axial wrapped composite joints were carried out. A 3D DIC system 

was utilized for capturing surface strain of the specimen such that debonding crack propagation 

at the composite-to-steel interface was monitored. A constant strain threshold was utilized to 

calculate crack length, meanwhile sensitivity of such threshold was conducted. After fatigue 

tests, static tests were carried out to determine the remaining static resistance of the joints.  

2. Specimens, test set-up and loading protocol 

Geometry and dimensions of specimens are shown in Figure 1. Two steel tubes of 60.3×4 with 

steel grade S355 are bonded together by composite wrap. The laminate of the composite wrap 

is formed with multi-directional composition of E-glass reinforcement and vinyl-ester based 

thermoset resin system. The composite wrapping thickness is 12𝑚𝑚, while the total wrapping 

length is 480mm. A 25mm PTFE insert is applied at butt end of each tube forming 2 separate 

initial crack tips, such that the uncertainties related  to crack initiation are reduced. A matt white 

paint was applied on the wrap, followed by a black speckle pattern to facilitate displacement 

and strain measurements using 3D DIC system. A total of 2 specimens were tested.  

 

Figure 1. Geometry of specimen 

Test set-up is shown in Figure 2. During the fatigue tests, all the specimens were loaded with the 

force range of 15-150kN (R=0.1), while the maximum force is approximately half of the static 

resistance obtained in separate tests. The loading frequency is 4Hz. Fatigue tests were stopped 

when stiffness degradation of the joint fully stabilized, then static tests were carried out on the 

same specimen to determine the remaining static resistance. The static tests were conducted 

through displacement control with the loading rate as 1mm/min. All the tests were carried out 

at room temperature. 

GOM Aramis 3D DIC system with 12MPx cameras was positioned to acquire the local 

displacements and strains as shown in Figure 2. DIC measurement intervals during cyclic loading 

were controlled by the testing machine. At an interval of 1000 cycles, the cyclic loading is 

stopped, then photos are taken at the minimum and maximum forces, respectively.  
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Figure 2. Test set-up and 3D DIC system 

3. Test results and discussion 

3.1 Stiffness degradation 

To exclude any possible slip between the steel tube and grips of the testing machine at the load 

introduction point, the relative displacement, exclusively within the length of the specimen, 

measured by DIC technique was used to derive the stiffness degradation curves by Eq. (1). 𝑘(𝑁) = 𝐹𝑚𝑎𝑥(𝑁)−𝐹𝑚𝑖𝑛(𝑁)∆𝐿𝑚𝑎𝑥(𝑁)−∆𝐿𝑚𝑖𝑛(𝑁)                              (1) 

where Fmax(N) and Fmin(N) are the maximum and minimum applied forces at the Nth cycle, 

∆Lmax(N) and ∆Lmin(N) are the elongations of the specimen between top and bottom facet points 

(see Figure 2 (b)) at the maximum and minimum loads respectively. Relative stiffness (k(N)/k(1)) 

against the number of cycles for both specimens are summarized in Figure 3. It can be seen from 

the figure that stiffness of the specimens degraded continuously during the cyclic loading due 

to crack propagation. It should be noted that the crack propagation can occur either as a 

debonding at the composite-to-steel interface or as an delamination within the composite wrap 

layers, which will be further discussed in section 3.2. Stiffness degradation shown in Figure 3 

exhibits a stabilization trend for both tested specimens, namely a major (about 45%) stiffness 

degradation is found within the first 100,000 cycles, after which only 10% stiffness was lost until 

stop of the test at around 400,000 cycles. The stabilization phenomenon mainly results from 

stabilization of crack propagation, which will be discussed in section 3.3.  
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Figure 3. Stiffness degradation of specimens under fatigue load 
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3.2 Failure modes 

During and after fatigue tests, no significant surface cracks were observed for both specimens. 

Further inspection was conducted through DIC system. Figure 4 (a) shows DIC contour plots of 

major principal strains on the surface of composite wrap corresponding to maximum loads at 

different cycles. It can be seen that the strain increased at the insert part at the first cycle. With 

increasing number of cycles, the strain-increased zone (in red colour) propagated steadily 

towards the wrapping ends. The increase of surface strains may be caused by multiple damage 

mechanisms, such as crack at the interface (debonding or delamination) and damage of the 

composite material. Considering the fact that the strain at the insert (middle) part, where force 

was only transferred by composite wrap, didn’t increase so much during the cyclic loading shown 

in Figure 5, damage of the composite material can be neglected. Accordingly, the strain increase 

mainly reflected bonded interface crack propagation, which will be analysed quantitatively in 

the next section.  

During the static test after cyclic loading, steel tubes were pulled out of the composite wrap for 

further inspection. It can be seen from Figure 4 (b) that there is still laminates remaining on the 

surface of steel tubes, indicating delamination occurring within the composite wrap layers.  

 

Figure 4. Failure modes of specimens (a) debonding crack propagation under cyclic loading; (b) 

steel tubes pulled out after static load 

3.3 Debonding crack propagation 

Strain distribution was extracted along the surface curves defined on the surface of composite 

wrap as shown in Figure 4 (a) for further analysis. The difference of strains at the maximum load 

and the minimum load was adopted here. The extracted strains at different number of cycles 

are plotted against distance to the middle of the joint in Figure 5. To average out some noise in 

the DIC strain measurements, the major strain was obtained along 3 surface curves and 

averaged. It shows that the strain is maximum in the middle, where there is the insert, and 

decreases gradually towards the wrapping ends. At the strain decreasing part, strain curves from 

different cycles are generally parallel to each other. Different from literature [9] which shows 

that there should be a strain plateau at the cracked part, the plateau is not obvious even at the 

insert part in the analysed case. This may be attributed to the shear deformation gradient of 
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such thick composite laminates, which is caused by restraining from the bonded part and friction 

effect at the cracked interface. To avoid scatter of strain distribution at this area with complex 

stress state, a relatively low strain threshold was taken around the ‘steady strain slope’ region 

(between 0.1%-0.2%) to calculate the crack increments. The crack length is calculated separately 

for each brace and equals to the summation of crack increments each cycle plus the initial crack 

length of 25mm. A sensitivity analysis of the strain threshold was carried out as shown in Figure 

5 (b). The results show that within the ‘steady strain slope’ region, the influence of adopting 

different thresholds is insignificant, while a higher or lower threshold may result in scattering of 

calculated results due to scattering of strain distribution curves outside the ‘steady strain slope’ 
region. In the following analysis, strain threshold of 0.15% is adopted for the analysed case.  
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Figure 5. Crack length determination method (a) strain distribution along specimen (Specimen 

2); (b) sensitivity analysis of thresholds for determining crack length (on bottom brace of 

Specimen 2) 

The monitoring results for all the braces are summarized in Figure 6. It can be seen that for each 

specimen, crack propagations of top and bottom braces are identical, indicating symmetric 

fatigue performance of the specimens. Similarly to stiffness degradation, crack propagation rate 

also shows a stabilization trend. During the first 10,000 cycles, crack length increased steadily 

from 25mm to 115mm, while after that additional 15mm was achieved during the following 

30,000 cycles leading to total crack length of 130mm. Considering that fatigue crack propagation 

is driven by strain energy release rate (SERR) at the crack tip according to Paris’ law [10], this 

stabilization phenomenon is contradictory to the theory since the SERRs are constant at 

different crack lengths according to finite element analysis.   
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Figure 6. Crack growth on separate braces of (a) Specimen 1; (b) Specimen 2 
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An explanation can be made by looking at the failure mode given in Figure 4 (b), which is 

delamination within the first layer of composite wrap. The friction or fiber bridging effect at the 

cracked interface may dissipate part of the input energy, causing the SERR at the crack tip to 

reduce and leading to a smaller crack growth rate. Considering that fiber bridging effect is not 

predominate under mode II fatigue loading [11], the friction effect may dominate. This 

stabilization phenomenon is further studied out of the scope of this paper.  

3.4 Static test after fatigue loading 

After fatigue tests, the specimens were tested in monotonically increasing regime to check the 

influence of cyclic load on residual static resistance. The load-displacement curves are 

summarized in Figure 7. Results of specimens without being tested cyclically from previous study 

are also included for comparison. It can be seen  that the initial stiffness of Specimen 1 and 

Specimen 2 is around 95kN/mm, which is 55% lower than that of previous specimens, namely 

214kN/mm. This stiffness difference just equals to stiffness loss during cyclic load. After the 

elastic stage, a plateau due to steel yielding followed by hardening of steel materials was 

observed for Specimen 2 (The nominal yield strength of the steel tube is 252kN). The ultimate 

resistance of the specimen as well as the previous statically tested joint is around 300kN, after 

which a sudden failure occurred due to delamination as shown in Figure 4 (b). Considering that 

the remaining bond length for each braces is 240-130=110mm, the test results indicate that 

specimens with remaining bonding length of 1.5-2 diameters of the steel tube after cyclic loading 

can still sustain its original resistance. There is no sudden failure for Specimen 1, with the 

ultimate resistance being 260kN. After failure or ultimate resistance of the specimens, steel 

tubes were pulled out for further inspection which revealed that the failure plane is within the 

first layer of the composite laminate of the wrapped and not directly on the interface. This can 

be one explanation for steadily decreasing segment of the load-displacement curves. 
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Figure 7. Load-displacement curve of specimens under static load after fatigue tests 

4. Conclusions 

Tensile fatigue tests were conducted on axial wrapped composite joints for 60mm diameter CHS 

steel tubes in this paper. 3D DIC system was employed to quantify the crack propagation within 

the specimen during cyclic load by monitoring surface strains on the composite wrap. A strain 

threshold was chosen after sensitivity analysis to determine the crack length. After fatigue tests, 

static tests were carried out to check the influence of cyclic load on residual static resistance of 

the joints. From studies mentioned above, main conclusions can be drawn as follows: 
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 Stiffness degradation of wrapped composite joints under cyclic loading is mainly due to 

delamination at the first composite wrap layer. The stiffness degradation exhibited a 

stabilization trend. A major stiffness degradation of 45% was found within the first 

10,000 cycles, after which only 10% stiffness was lost in the remaining 390,000 cycles. 

 Sensitivity analysis of strain threshold for determining crack length showed that the 

choice of threshold within the ‘steady strain slope’ region has insignificant influence on 

calculated crack length. A strain threshold of 0.15% was adopted in this study. 

 After fatigue tests, the static resistance is the same with that of specimens without being 

tested cyclically.  
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Abstract: In this work we employed a highly scalable and solvent-free method to create 

electrically conductive composites capable of being stretched over several times their own 

length. The resulting flexible conductor has low elastic modulus in the order of 300 kPa and 

stretchability suitable for applications in wearable electronics. The electromechanical 

characterization of the nanocomposite system demonstrates strain sensing capabilities with 

sensitivities many times higher than traditional metal strain gauges.  

A three-roll mill was used to disperse reduced graphene oxide throughout a silicone rubber (SR) 

thermoset resin using mechanical forces only. The procedure offers a green alternative to many 

synthesis methods presented in current polymer nanocomposites research, whilst still achieving 

a highly effective dispersion of the nanofiller throughout the polymer matrix. Only small 

quantities of nanofiller are required to achieve the desired electrical properties (as percolation 

was achieved at ultra-low graphene contents), making synthesis of the high-performing 

multifunctional nanocomposite materials both sustainable and cost effective.   

Keywords: nanocomposites; graphene; silicone rubber; strain sensing; wearable devices 

1. Introduction 

Conductive elastomer nanocomposites offer new opportunities for wearable electronics in 

applications such as health monitoring, detection of mechanical functions, temperature sensing, 

heating, power generation, energy storage, etc. [1]. Devices made using this relatively new class 

of materials offer improved compliance, robustness and sensitivities when compared with 

conventional silicon/metal-based devices [2]. Moreover, the effect of the elastic polymer matrix 

supporting a conductive filler network allows for repeatable strain sensing applications at 

unprecedented working ranges (10-1000% strain) [3, 4].  

In this work we employed a highly scalable and solvent-free method to create electrically 

conductive composites capable of being stretched over several times their own length. Three-

roll milling was used to disperse reduced graphene oxide throughout a silicone rubber (SR) 

thermoset resin using mechanical forces only. Within the three-roll mill (TRM), a combination of 

different roller speeds and microscale gap sizes generates large shearing forces which can 

facilitate high levels of dispersion and deagglomeration of the filler [5]. The process offers an 

eco-friendly alternative to many synthesis methods presented in current polymer 

nanocomposites research that commonly involve large quantities of solvents, whilst still 

achieving a highly effective dispersion of the nanofiller throughout the polymer matrix [6]. 

The resulting flexible conductor displays a low elastic modulus in the order of 300 kPa and 

stretchability suitable for applications in wearable electronics. Electromechanical properties 
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have been investigated revealing strain sensing capabilities with favorable sensitivities over 

large working ranges. Only small quantities of nanofiller are required to achieve the desired 

functionalities (as electrical percolation was achieved at ultra-low graphene contents), making 

synthesis of the high-performing multifunctional nanocomposite materials both sustainable and 

cost effective. 

2. Materials and methods 

2.1 Materials 

Ecoflex 00-20 (platinum-catalyzed silicone rubber from Smooth-On) was used as the polymer 

matrix for all nanocomposites in this study. The filler used was reduced graphene oxide (rGO) 

supplied by Avanzare in powder form with an average thickness <3 nm and lateral size ∼40 μm 

according to the supplier.  

2.2 Sample preparation and characterization 

To prepare the silicone rubber/rGO (SR/rGO) nanocomposites, rGO powder was first dried at 

60⁰C for 2 hours to remove humidity. Powder was subsequently mixed manually with silicone 

resin precursor and crosslinker separately. Three-roll mill (80E EXAKT GmbH) was then used to 

disperse the filler throughout both parts of the silicone resin separately (precursor and 

crosslinker) for a total of 4 cycles before combining to cure. Parameters used for the three-roll 

mill were based upon the medium shear force method in Kernin et al. [7]. Samples were then 

compression molded into films using 25kN force (Rondol 10T Press) for 12 hours at room 

temperature to ensure proper cure. 

Scanning electron microscopy (SEM) (ThermoFisher FEI Inspect F) was utilized in secondary 

electron imaging mode to observe thin films of rGO prepared via tip sonication followed by drop 

casting. Raman spectra were acquired using a Renishaw InVia Raman spectrometer with a laser 

wavelength of 442 nm and an objective of 50×, which produces a spot size of 1–2 μm. The level 
of reduction of the rGO nanofiller powder was measured via X-ray photoelectron spectroscopy 

(XPS) using a ThermoFisher Nexsa Surface Analysis System.  

Electrical conductivity measurements were performed using the 4-probe method. Mechanical 

characterization was carried out using an Instron 5566. Tensile testing was completed according 

to ASTM D412 at a tensile rate of 500 mm/min. The electromechanical behavior was 

characterized by measuring the instantaneous two-point resistance of samples with a digital 

multimeter (Agilent, 34410A) while dynamic strain was applied via the Instron 5566. The 

measured trend of resistance against strain was then fit to an exponential function to an R2 value 

of 99% in order to determine the sensitivity, Gexp, of samples over a range of filler loadings. 

3. Results and discussion 

3.1 Filler characterization 

The rGO platelets seen in the SEM micrograph in Fig. 1a display a number of folds and wrinkles 

which are known to greatly reduce the mechanical reinforcing efficiency of 2D materials in 

polymers [8]. Raman spectroscopy (Fig. 1b) gave peak ratios of ID/IG = 1.56 which indicates a high 

defect density within graphene layers resulting in part from oxygen functional groups (primarily 

carboxyl, hydroxyl and epoxy) which remain after reduction of the graphene oxide [9]. These are 
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expected to facilitate good dispersion of the rGO, enable stronger bonding between the filler 

and the matrix through formation of chemical bonds and promote interfacial stress transfer in 

the nanocomposites [10]. Using XPS, the ratio of carbon to oxygen (see Fig. 1c) was measured 

to be 10.5 indicating high level of reduction for the rGO filler (C:O ratio typically ~2 for graphene 

oxide [11]). The wrinkled structure seen in the SEM and the high defect density indicated from 

the D and G Raman peaks can thus also be largely attributed to sp3 hybridized carbon atoms left 

behind in sites of the basal plane where functional groups have been removed during reduction.  

Figure 1. Characterization of rGO filler. (a) SEM image of rGO filler. (b) Raman showing D, G, 

and 2D peaks, respectively. (c) XPS showing C/O ratio = 10.5. 

3.2 Composite properties 

Mechanical testing of the silicone rubber matrix revealed that the pure polymer displays a very 

low Young’s modulus of 0.04 MPa (Fig. 2a) and high failure strain of 740% (Fig. 2b). Incorporation 

of the rGO nanoplatelets led to a linear increase of the 100% modulus of the nanocomposite 

with filler loading, indicating good dispersion of rGO throughout the polymer matrix. A fit to the 

classic rule of mixtures gives a filler modulus of 44 MPa which is 3-4 orders of magnitude below 

values measured (~25 GPa) for few-layer reduced graphene oxide [12]. While the rule of 

mixtures model assumes perfect stress transfer between phases in a composite, the low filler 

modulus of the reinforcement (Ef ≈ 44 MPa) suggests a particularly ineffective stress transfer at 

the polymer/platelet interface. This is not surprising, given the ultra-low shear modulus of the 

matrix and the fact that reinforcement takes place through shear at the filler-matrix interface. 

This is in accordance with a number of literature works on similar elastomer/graphene 

nanocomposites [13-15].  

Notably the range of 100% modulus values for SR/rGO composites of the given loadings (0.09 – 

0.38MPa) corresponds roughly to the range of stiffness associated with human skin (0.08 – 

0.60MPa) [16]. This feature allows for wearable devices made of the nanocomposite material as 

it is expected to adhere favorably to the body and easily comply with body movements without 

causing any discomfort. As expected, higher loadings of graphene lead to fracture at lower 

strains, due to aggregates at higher filler loadings acting as internal defects. However, all 

conductive composites remained highly flexible, stretching 2-5 times their own length before 

breaking.  

Although the reinforcing mechanism affecting the strength of the composite system is relatively 

unclear due to the statistical nature of tensile strength, the strength of the nanocomposites (Fig. 

2c) does not degrade significantly with the addition of rGO to the polymer. The combination of 
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decreased failure strain and tensile strength at the highest loadings does mean that composites 

with >0.3wt.% content have considerably lower toughness (Fig. 2d) than the pure silicone 

rubber; however, the toughness of all specimens is still well suited for the intended applications. 

Additionally, due to the highly elastic nature of the silicone rubber matrix, the composite 

material exhibits relatively low mechanical hysteresis when undergoing cyclic loading at high 

strains (Fig. 2e). This feature is particularly desirable for dynamic strain sensing applications in 

fields such as wearable electronics and soft robotics. 

Figure 2. Electromechanical characterization of SR/rGO composites. (a) 100% modulus fit to 

rule of mixtures giving 44.0 MPa for filler modulus. (b) Strain at break versus rGO filler content. 

(c) Tensile strength versus rGO filler content. (d) Toughness versus rGO filler content. (e) 

Mechanical hysteresis of composite film (1.23wt.%). (f) Electrical conductivity versus rGO filler 

content exhibiting percolation at 0.33vol.% (0.59wt.%). 

Electrical conductivity of the SR/rGO composite (seen in Fig. 2f) sets in at very low filler loadings 

and reaches values of 0.1-1 S/m near 1 wt.%. Electrical percolation occurs at 0.33 vol % 

(0.59wt.%) meaning conductive composites can be manufactured using ultra-low quantities of 

rGO filler. Combined with the relatively simple, solvent-free processing method, this renders 

high-performing devices made using the described nanocomposite system exceptionally cheap 

and sustainable to produce. 

3.2 Strain sensing and sensitivity 

The conductivity of stretchable elastomers reinforced with conductive fillers is altered when 

strain is applied across the material [17]. In most cases the conductivity will decrease due to the 

breakdown of the 3D network of conductive fillers up to the point where the network becomes 

too sparse to facilitate electrical conduction. Electromechanical measurements in this study 

show the resistance measured across the SR/rGO composites to increase exponentially with 

respect to the strain applied, up to a point which we will refer to as the critical strain, εmax. This 
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can be seen in Fig. 3a which shows the relative change in resistance across a composite film with 

1.10wt.% rGO content under a tensile strain rate of 2 mm/min. The critical strain was found to 

be 74% since the exponential trend in resistance with respect to strain is followed up to there. 

Past the critical strain, the rate of increase in resistance rises even more sharply as the strained 

material becomes electrically insulating.  

For traditional strain gauges, sensitivity is measured using the gauge factor G, which corresponds 

to the rate at which resistance changes with respect to the strain applied. Typically these strain 

sensors are metallic foil based and have gauge factor values of G = 2 – 5 and stretchability limited 

to ~5% strain. Semiconductor based strain gauges possess a higher gauge factor G = 100-1000 

however, much like with metals, their brittle and rigid nature and low fracture strains also limit 

their use for applications in wearable electronics [18, 19]. 𝐺 = ∆𝑅𝑅0∆𝜀                   (1) 

Although not always followed in the literature when reporting on new polymer nanocomposite 

based strain sensors, this measure of sensitivity would conventionally be applicable only to a 

relatively small range of low strain values over which resistance increases linearly with respect 

to strain [4]. In the case of soft elastomer nanocomposites with conductive fillers such as the 

ones in this study, however, it is possible to calibrate the relationship between resistance and 

strain over much larger ranges using the following relationship [20]. 𝑅 = 𝑅0𝑒𝐺𝑒𝑥𝑝𝜀            (𝜀 < 𝜀𝑚𝑎𝑥)                 (2) 

Fitting experimental data to this relationship for SR nanocomposite samples with various rGO 

loadings gives values for the sensitivity Gexp shown in Fig. 3b. Also shown in this graph is the 

critical strain εmax, corresponding to the working range that the resistance response to strain can 

be calibrated over using Eq. (2). As the conductive filler network is randomly distributed 

throughout the silicone matrix, the sensitivity of strain sensing measurements depends heavily 

on the filler content. We see that for the lowest filler contents, sensitivity is highest however the 

critical strain is lowest and vice versa. This is somewhat expected since while electrical 

conductivity does not vary significantly for loadings past electrical percolation, smaller 

quantities of randomly distributed conductive filler will require less strain to reach separations 

above that of the tunnelling distance of electrons to adjacent filler sites.  

This trade off means that this nanocomposite material can be tailored to strain sensing 

applications. For applications where ultra-high sensitivity is required, lower loadings (0.6 - 

1.1wt.%) can be used to measure strain over smaller strains, and where large strains are 

required, higher loadings (1.2 - 1.4wt.%) can be used with sensitivities still far superior to those 

of conventional metallic strain sensors. Furthermore, for applications of human body motion 

sensing and health monitoring, thanks to the ultra-soft silicone matrix, the highest filler loading 

samples are still compliant enough so as not be restrictive or cause discomfort when mounted 

to the skin. 
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Figure 3. Strain sensing properties of SR/rGO composites.(a) Resistance variation of composite 

film (1.10wt.%) under tensile strain. (b) Resistance response (red line) of composite film 

(1.10wt.%) to cyclic strain (black dashed line) at 50mm/min. (c) Electromechanical hysteresis of 

composite film (1.23wt.%). (d) Sensitivity Gexp (black) and critical strain (red) versus rGO filler 

content. (e) & (f) Wearable strain sensing demonstration measuring repeated finger bending 

and associated frequency of motion from Fourier transform of signal (0.93wt.%). 

Most importantly, unlike traditional metal strain gauges, the SR/rGO composite strain sensors 

are able to measure strain over of many strain cycles, allowing for monitoring of dynamic or 

cyclic motion. This makes them ideal for applications such as the detection of human motion, 

health monitoring and soft robotics. Fig. 3c shows the resistance measured when the samples 

were subjected to cyclic loading. The composite system exhibits some minor electromechanical 

hysteresis when undergoing repeated strain (see Fig. 3d) and there is some small variation in 

peak resistance values between cycles of the same strain amplitude which correspond to a 

standard deviation on strain measured at the peak of 1.2%.  

It should be noted that despite the benefits of elastomeric nanocomposite strain sensors such 

as the ones in this study, uncertainty and drift in strain interpretation is somewhat inevitable 

due to viscoelastic behaviors of the polymeric matrix such as stress relaxation and creep [4]. This 

can affect the consistency of strain measurements in dynamic applications depending on the 

elastic properties of the polymer matrix. Notably, we would expect time data to be less affected 

by this limitation meaning that frequency measurements can also be obtained from the strain 

sensing output with considerable accuracy.  

In Fig. 3e a demonstration of a wearable strain sensing device made with SR/rGO nanocomposite 

is presented where measurements have been taken on the bending of joints in the finger 

(roughly 30% strain). The finger is bent repeatedly roughly every 4 seconds with peaks in 

resistance corresponding to the position where the finger is most bent, and resistance minima 

where the finger is straight. Fig. 3f shows the frequency spectrum resulting from a Fourier 
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transform of the resistance data. A peak is seen representing the average frequency of motion 

measured during the joint bending motion. 

4. Conclusions 

Synthesis of highly flexible and stretchy conductive nanocomposites has been demonstrated via 

a scalable and solvent-free method. The low Young’s modulus (0.1 – 0.4 MPa) and high 

stretchability (200-500%) of the conductive nanocomposites make them ideal for applications 

in wearable electronics as they are able to stretch and conform comfortably with the full range 

of bodily motions. Ultra-low electrical percolation threshold (0.33 vol %) renders synthesis of 

the high-performing conductive nanocomposite materials both sustainable and cost effective.  

The highly flexible and stretchy conductive nanocomposites exhibit strain sensing capabilities 

with sensitivities many times higher than traditional metal strain gauges. The robust exponential 

resistance response to strain allows for dynamic strain monitoring with sensitivities of Gexp = 4-

20 over ranges of 25-230% strain. This in combination with skin-compatibility means the 

nanocomposite system is a good candidate for use as wearable strain sensors in fields such as 

health monitoring, biomedical devices, human–machine interfaces, sports performance 

monitoring and soft robotics.  
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Abstract: The use of Micro Fibrillated Cellulose (MFC) as filler for polymeric matrices attempts 

an increasing interest both in academia and industry. In this framework, encouraging results 

have been obtained using plasticizers, as dispersing aids, during twin-screw extrusion that 

optimizes the process parameters and avoid MFC agglomeration. In this work, two commercial 

typologies of waterborne solution of MFC (Exilva and Celish) were melt-compounded in a PLA 

matrix through semi-industrial twin-screw extruder and calendered, producing films of 150 μm 
thickness. These films were mechanically and thermally characterized, moreover the migration 

of the plasticizer along the time was evaluated through analytical model and the diffusion 

coefficient was calculated. 

Keywords: Cellulose; PLA; biocomposites; Extrusion; Migration  

 

1. Introduction 

The need of finding new substitute materials, to minimize environmental footprint, is ever more 

pressing due to many ecological issues [1]. Polylactic acid (PLA) has gained interest because it 

can be synthesized from natural resources [2]. A common sustainable technique to improve the 

PLA performances is related to different strategies, such as the development of natural-filler-

reinforced biocomposites [3]. Cellulose is known to improve barrier and mechanical properties 

of thermoplastic biopolymer films and currently special interest has been paid to 

PLA/microfibrillated cellulose (MFC) biocomposites [4] also for films applications.  

As regards the production of PLA based films which can be carried out by flat die or blowing 

extrusion, the major drawback is represented from their excessive brittleness making them not 

commercially useful. To overcome this issue the mechanical flexibility of the PLA films can be 

improved through the addition of low-to-medium molecular weight plasticizers [5]. The choice 

of the most suitable plasticizer, especially in biobased applications, depends from the 

achievement of a good miscibility degree in order to avoid remixing, films opacity and, in 
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addition,  its migration out of the film [6]. Moreover, the plasticizer migration also affects the 

final mechanical properties leading to a loss of flexibility and toughness [7]. 

Different approaches can be adopted to limit this phenomenon, filler addition is particularly 

interesting and, between the various nano‐ and micro‐scale fillers available in commerce, 
cellulose is very attractive due to its well-known contribution in improving both the barrier and 

the mechanical properties of bio-plastics matrices [8,9]. This material is usually called micro-

fibrillated cellulose (MFC), nano-fibrillated cellulose (NFC) or cellulose nanofibrils (CNF) and it is 

obtained as an aqueous suspension [10]. Nevertheless, by considering an exploitable industrial 

production of MFC based bio-composites, the critical drawback of cellulose agglomeration must 

be overcome to minimize its vulnerability to environmental attacks such as bio-damage, thermal 

deterioration and mechanical failure at the interface [11]. 

The aim of this study was to investigate mechanical and thermal properties, besides the 

plasticizer migration, of flat die extruded PLA based films reinforced with MFC as a filler using 

two different biobased plasticizers as dispersing agents (polyethylene glycol (PEG) and lactic acid 

oligomer (OLA)). Finally, the results have been compared after 50 days from the biocomposites 

manufacturing, evaluating the crystallinity and mechanical properties variations. 

 

2. Materials and Methods 

2.1 Materials 

• Poly(Lactic Acid) (PLA), trade name PLA 2003D, purchased from Natureworks. 

ìdensity:1.24 g/cm3; molecular weight (MW): 200,000 g/mol; melt flow index (MFI): 6 

g/10 min at 190 ◦C: 2.16 kg). 
• Poly(ethylene glycol) (PEG 400) purchased from Sigma-Aldrich (CAS number: 25322-68-

3; MW: 400 g/mol, density: 1.12 g/cm3; water solubility: 100 mg/mL). 

• Lactic acid oligomer (OLA), trade name Glyplast OLA 2, provided by Condensia Quimica, 

(Barcelona,Spain) (ester content: >99%; density: 1.10 g/cm3, water content (ASTM E 

203): maximum 0.1%; molecular weight: 500 g/mol. 

• MFC Exilva F 01-L 10% kindly provided by Borregaard (Sarpsborg, Norway) with a solid 

content of 1.5–2.4% (viscosity - in H2O 2% - ≥ 14,000 mPa·s).  

• MFC Celish KY100S 25% purchased from Daicel Miraizu Ltd. (Osaka, Japan) (CAS number: 

9004-34-6). 

 

Both MFC, morphologically analyzed in a previous work [10] are characterized by long and thin 

fibers arranged in a three-dimensional net- work interconnected to each other. 

 

2.2 Methods 

2.2.1 PLA/MFC compounding and flat die extrusion   

The accurate MFC feeding into the extruder through the addition of bio-based plasticizers, has 

proved to be very effective in avoiding agglomeration issues. Furthermore, the procedure, 

successfully adopted and illustrated in [10] was used. The extrusion compounding was carried 

out on a semi-industrial COMAC EBC 25HT (L/D = 44) twin-screw extruder (COMAC, Cerro 
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Maggiore, Italy). The formulations obtained and their relative compositions are reported in 

Table 1. 

Table 1: Formulation names and compositions 

Name 
PLA 

(wt.%) 

PEG 

(wt.%) 

OLA 

(wt.%) 

Exilva 

(wt.%) 

Celish 

(wt.%) 

P_O 85 - 15 - - 

P_P 85 15 - - - 

P_O_E 83.3 - 14.7 2 - 

P_O_C 83.3 - 14.7 - 2 

P_P_E 83.3 14.7 - 2 - 

P_P_C 83.3 14.7 - - 2 

 

For the extrusion, PLA was added in the main extruder feeder while the plasticizer/MFC 

emulsions were fed through a peristaltic pump at 2/3 of the screws length. A vacuum pump 

(degassing system) positioned in proximity of the end of the screw ensured an efficient water 

stripping . The strands coming out of the extruder were cooled in a water bath and then 

pelletized by an automatic cutter. The granules were then dried in a DP604–615 PIOVAN dryer 

(Venezia, Italy) at 50 ◦C for 12 h before their flat die extrusion. The flat die extrusion has been 

carried out in a second extrusion step adding a flat die head, while the water bath was 

substituted by a AMUT calendering system. The temperature profile adopted in the extruder 

was the same used during the extrusion compounding with the flat die temperature set at 180°C 

°C. The correct homogeneity was obtained through a calendar apparatus regulated by setting 

the rollers cooling at 20 °C and the wind-up roll speed at 4 m/min. The obtained films were 20 

mm width with a thickness of 150 μm. 

 

2.2.2 Biocomposites characterization 

Melt flow rate (MFR) measurements were carried out according to UNI EN ISO 1133 by a CEAST 

Melt Flow Tester MF20 (INSTRON, Canton, MA, USA). Five grams of pellets obtained by upscale 

extrusion were heated at 190 ◦C in a barrel and pushed through a normalized die (2.095 mm) 

under a constant load of 2.16 kg. 

Tensile tests were carried out on an INSTRON universal testing machine model 5500R (Canton, 

MA, USA). The machine was equipped with a 100 N load cell interfaced with Merlin software. 

The specimens for tensile testing were shaped into ISO 527-2/5A dumbbell specimens with a 

manual Elastocon EP 08 cutting press (Elastocon, Brahmult, Sweden). The initial grip separation 

was equal to 25 mm and the deformation rate was set at 50 mm/min. Samples were cut in the 

machine direction (MD) and cross direction (CD) to evaluate the differences in the mechanical 

properties along the flow direction collected respectively by the wind-up roll (MD) and 

transverse (CD) direction. At least five specimens were tested for each formulation reporting the 

average values. The crystallinity degree was determined by calorimetric analysis using a Q200 

TA-Instruments DSC equipped with an RSC cooling system. About 10-15 mg of material was cut 
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from the calendered film and it was sealed inside aluminum hermetic pan.  In order to take into 

account the crystallinity of the system after the calendering process while monitoring its 

variation during the storage time, only the first heating run was considered. In particular, the 

following thermal program was adopted: heating from room temperature at 10 °C/min up to 

190 °C.  The melting temperature (Tm) and the cold crystallization temperature (Tcc) were 

registered at the maximum of the melting peak and at the minimum of the cold crystallization 

peak respectively. The enthalpies of melting (ΔHm) and cold crystallization (ΔHcc) were calculated 

integrating the areas under the corresponding peaks. The crystallinity percentages (Xcc) reached 

by the PLA were calculated as follows [12]: 𝑋𝑐𝑐 = ∆𝐻𝑚,𝑃𝐿𝐴 − ∆𝐻𝑐𝑐,𝑃𝐿𝐴∆𝐻°𝑚,𝑃𝐿𝐴 ∙ 𝑤𝑡. %𝑃𝐿𝐴    (1) 

Where ΔH°m,PLA is the melting enthalpy of 100 % crystalline PLA and is equal to 93 J/g [13] while 

wt.%PLA is the total mass fraction of PLA in the formulation. 

To evaluate the weight loss of films due to the plasticizers migration, three pieces of film for 

each formulation (40 x 40 x 0.2 mm) were put between two paper sheets. To accelerate the 

migration process making it more severe, the manufactured samples were kept in a ventilated 

oven at 60 °C (above the material Tg). Day by day the films were weighed to estimate the 

plasticizer weight loss over time. The film weight loss as a function of time was determined 

according to the following relationship [5]: % 𝑤𝑡 𝑙𝑜𝑠𝑠 = 𝑤𝑡,𝑓𝑖𝑙𝑚 − 𝑤𝑡0,𝑓𝑖𝑙𝑚𝑤𝑡0,𝑓𝑖𝑙𝑚 ∙ 100   (2)  
where wt,film is the film weight at the time t and wt0, film is the film weight at the beginning of 

the test (t = 0).  

The MFC addition effect on the plasticizer migration was quantified according to the equations 

and procedure explained by Aliotta et al. in [5]. 

 

3. Results 

3.1 Melt flow rate 

A useful test to evaluate the processability of the studied formulations is the mass flow rate 

analysis. Form Figure 1 it is possible to observe that, as expected, the fluidity of the plasticized 

matrices was much higher than those of all biocomposite formulations. More specifically, the 

PLA matrix plasticized with OLA showed a tremendous fluidity at 190 °C with a rather low melt 

strength and was hardly used for filming applications at such temperatures. 

The melt strength was considerably improved with the inclusion of MFCs. The melt flow rate of 

the Celish–MFC composite was even 5 times lower than that of the Exilva–MFC. This result 

demonstrates that MFC can impart strengthening to the melt, but is necessary to verify if this 

viscosity increment can be associated with a better distribution of the cellulosic particles in the 

matrix and a better shielding action against plasticizer migration, going also to observe how this 

behaviour affects the mechanical properties 
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Figure 1. Mass flow rates (in g/10 min) of the PLA/MFC formulations achieved at 190 °C and 

with a weight of 2.16 kg 

 

3.2 Control of the migration and associated with thermal and mechanical properties 

 

The trends of the mass loss percentage as function of the square root time are reported for all 

formulations in Figure 2. It is interesting to observe how the formulations containing only the 

plasticizers showed a greater plasticizer loss over time than their counterparties containing MFC, 

confirming their ability in limiting the plasticizer migration. Specifically, OLA showed a greater 

tendency to migrate than PEG confirming the trends encountered during melt flow tests. The 

presence of the MFCs makes more impervious the plasticizer migration as also confirmed by the 

values of the calculated diffusion coefficients (using the second Fick’s law [7]) that are reported 

in Table 2. The D values reported considered any eventual crystallization process which could 

have influenced the plasticizer migration, for this reason at day 1 and at day 50 crystallinity 

degree has been evaluated (also reported in Figure 2). Thermal results showed a general 

increment of crystallinity, but when the MFCs were added to the plasticized matrices, their 

effect resulted more marked thus significantly contributing to the plasticizer mass loss 

reduction. Also in this case, Exilva-MFCs showed a higher reduction of mass loss connected with 

a higher increase in crystallinity. 

This concept is also evident from the variation of mechanical properties (tensile strength and 

elongation at break in MD to CD). The stress at break of the biocomposites grows over time in 

correlation to the loss of mass of the plasticizer; in parallel the elongation at break undergoes 

with an abrupt reduction for the plasticized matrices. The reduction in elongation at break over 

50 days is less evident in biocomposites due to the ability of MFCs to retain the plasticiser in the 

mixture, thus preventing it from migrating to the surface and the film from losing its flexibility. 
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Figure 2. Trend of mass loss over time, showing how crystallinity and mechanical properties vary 

from day 0 to day 50 on calendered films 

 

 

Table 2: Diffusion coefficients of biocomposites studied 
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Abstract: This work deals with the structure optimisation of a walking rehabilitation 

exoskeleton that acts on the lower limbs of the human body. We are focusing on the femur of 

the exoskeleton, which is an important part and whose mechanical performance influences the 

efficiency of the whole structure. To achieve this, we are developing a manufacturing process 

that allows the production of complex parts. This process combines filament winding and 

thermo-compression. The process was developed in our laboratory and then by controlling the 

angle of the fibres deposited after shaping by thermo-compression. For this, we work via 

microscopic image analysis and numerical simulation. 

 

Keywords: Exoskeleton; Optimization; Filament winding; Carbon fiber; Thermoplastic  

1. Introduction 

Several exoskeletons exist for the medical field [1]. We are working on the creation of an 

exoskeleton specifically adapted to walking rehabilitation, intended for hemiplegic patients. In 

order to optimise its structure in terms of mechanical performance, we have chosen to focus 

initially on the connecting rod (so called: the femur of the exoskeleton) which allows the transfer 

of the torque developed by the motor to the patient's leg to create movement. 

This large part plays an important role in the functioning of the exoskeleton. On the one hand 

its geometry will contribute to the comfort of the patient, the shape must therefore be adapted 

to the morphology of the patient while trying to limit the mass of the complete system. On the 

other hand, the stiffness of the femur will impact the movement of the exoskeleton and 

therefore the efficiency of the exercises proposed by the specialist in charge of the patient. In 

order to optimise these parameters, we have chosen to make this part in carbon fibre reinforced 

plastic composite (CFRP). 

For the creation of this femur and because the shape is quite complex in 3D (not straight), we 

chose to develop a manufacturing process in two steps: first one is based on filament winding 

which will allow us to obtain a straight tube with a controlled angle of deposition [2]. The second 

step consist in doing a thermo-compression to manufacture the complex shape putting the tube 

in a mould. Filament winding lends itself well to mould shaping because the fibres can slide into 

a stable position without forming folds in the bent portions of the part. 

The main difficulty is to control the fibres angle after shaping the wound tube in the mould. This 

angle will influence the mechanical performances of our part and in particular its stiffness. This 

study therefore consists of monitoring the final fibres angle in the femur by knowing the angle 

of the fibres deposited during the filament winding process which evolves during compression 

forming. 
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Working under a confidentiality agreement, we cannot reveal our data. 

2. Presentation of Exoskeleton 

The exoskeleton is specially designed for the medical field and is used exclusively in 

rehabilitation centers, so it cannot be used at home. Its field of application is focused on the 

rehabilitation of hemiplegic patients. The exoskeleton (Figure 1) replaces the physiotherapist in 

applying movement to the patient's leg(s). However, the specialist remains present during the 

session to look after the patient and adapts exercises from a control center. The exoskeleton 

offers progressive assistance during the therapy and is different for both legs. The aim of this 

exoskeleton is to get patients walking again as quickly as possible and to make them walk as 

naturally as possible. We therefore carried out a large study on the exoskeleton's joints, the 

positioning of their center of rotation and their level of functioning, i.e. free, passive with 

stiffness or controlled. 

 

 

Figure 1: First exoskeleton prototype  

 

 

3. Presentation of manufacturing process 

To carry out the filament winding, as we did not have a machine designed for that, we 

adapted a numerically controlled lathe (Figure 2), by winding onto a rotating mandrel and 

depositing the wire via the movement of the machine's tool holder. By adjusting the correct 

ratio of chuck speed to tool transverse speed, the wire is deposited at a precise angle. In order 

to be able to modify the shape of the tube after winding to obtain the complex shape, we cannot 

consolidate our tube by heating our thermoplastic fibers mixed with carbon fibers, during 

winding. Nor can we cure the thermoset resin if we use one. With the tension of the wire, it may 
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be very difficult to remove the formed tube from the mandrel without changing the orientation 

of the fibers. We do this in two steps, the first being the use of a deformable mandrel. We 

designed a mandrel with an adjustable diameter. We wind on a desired mandrel diameter and 

then reduce the mandrel diameter to remove the tube without changing the winding sequence. 

The second step is to apply a thin layer of glue to the surface to stabilise fibers during handling 

before shaping. 

 

Figure 2: CNC modified for filament winding 

For the shaping, we first chose to make a simple mould (Figure 3) which compresses the tube 

completely via the use of a heating press, so as to obtain a solid part. 

 

Figure 3: Mold for thermo-compression 

4. Fibre angle microscopic analysis 

The main objective concerning the measure of these angles is to relate the angle fibres in the 

part to those after winding and compression forming. Finally, we want to kwon which angle we 

have to consider for the winding to have a given value in the part. We have as samples 3mm 

thick specimens with bends of ±45°. The fibre angle will be obtained by geometric 

measurements on the ellipses formed by the section of the fibres. 
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4.1 Yurgartis method 

The cutting of the specimens must be thought out in such a way as to highlight what we want to 

observe. In our case, it is the ellipses formed by the angular cutting of the fibres that interest us. 

The Yurgartis method [3] allows us to measure the angles of the fibres via a ratio between the 

largest diameter of the ellipse and the real diameter of the fibre. We will then try to maximise 

this large diameter in order to increase the accuracy of the subsequent measurement. The 

method therefore consists of cutting the fibre at an angle as close as possible to the initial angle 

of deposition. This must be done in two different planes (Figure 4) in order to obtain the overall 

deflection of the fibre.  

 

 

Figure 4: In plane and out plane cutting [4] 

 

 

4.2 Microscopic pictures 

The photographing using an optical microscope follows the cutting and mounting of the 

samples. The objective is to obtain the clearest possible photos, to locate them geographically 

on the sample in order to map the different areas of the sample at an given angle. To enable 

simplified location of future measurements, in first time, we take images of the entire section 

of the specimen (Figure 5). This can only be done if the detail of the photo can be zoomed in on 

a specific area to see precisely the contours of the different fibres, which is the case here (Figure 

6). As the sample is large, we cannot study all areas. We therefore focus on the areas of interest 

(1; 2; 3; 4) that show significant variations or are typical of what will be found elsewhere. 
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Figure 5: Sample section Zoom X5 

 

 

Figure 6: Sample section  Zoom X50 

 

2.3 Image analysis 

Image analysis will enable us to obtain precise measurements of the diameters of the ellipses 

observed. To do this, we use the ImageJ software, which allows us to rework photos in order to 

bring out the colours and contours (Figure 7). This is done in several stages, the first being the 

segmentation of the image in order to separate the fibres in contact. Without this, we would be 

able to process fewer fibres and we could have erroneous data. The second step is to detect the 

contours of each fibre. Finally, an ellipse-type fit is applied to these contours, which will make 

an ellipse pass through the contours as best as possible. With this method, we process a 

maximum number of fibres as close as possible to the real section of the fibre. 

3 

4 

1 

2 
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Figure 7: Detection of ellipse edges with ImageJ 

Following the detection of the contours, the software gives us the values of the largest diameters 

of each ellipse located. The size of the ellipse will give its angle in relation to the cutting plane. 

The ratio between the large diameter L of the ellipse and the actual diameter l of the fibre (Eq.1) 

gives the angle α of the fibre to the cutting plane. Adding α to the cutting angle αc (Eq.2) gives 

the misalignment angle αf of the fibre with respect to the specimen axis. 𝛼 = cos−1 (𝑙𝐿) × 180𝜋                                                                                                                                  (1) 𝛼𝑓 =  𝛼 + 𝛼𝑐                                                                                                                                              (2) 

By doing this analysis in two planes, one with a cut in the height of the section, the other in the 

width, we obtain the global misalignment of the fibres per studied zone. 

 

 

2.4 Results 

For reasons of confidentiality, we cannot reveal the results of misalignment of the fibres by zone. 

In order to understand the misalignment obtained, it is necessary to see whether the average of 

the angles found per zone is representative of the fibres panel studied, i.e. whether the 

measured angles are very scattered or whether they are relatively close to this average value. 

For this purpose, we carried out a short statistical study per zone (Figure 8). From these 

distributions, it can be seen that the mean values are representative of the populations observed 

in the vast majority of the areas observed. This means that the image analysis is working 

correctly, that globally the detected contours are close to the real contours. The discrepancy 

between some of the values may be due to misalignment of fibres due to winding of fibres within 

a yarn, removal or different slippage during compression. It may also be due to a poorer reading 

of the contour during the analysis.  
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Figure 8: Example of distribution obtained for the width L of the ellipse on the left and the height l on the right 

5. Conclusion 

 

We are developing an innovative process combining filament winding of a composite tube made 

of carbon fibres and thermoplastic fibres with compression in a mould. This last step gives the 

tube a non-linear shape. We are working on the development of this process for the 

manufacture of a femur with a complex geometry. This involves controlling the angle of the 

fibres at the end of the shaping process. The mechanical performance of a composite part is 

extremely dependent on the angle of the fibres in relation to the stress. We therefore seek to 

know what angle is obtained following the compression of the tube in order to know what angle 

to apply during the winding of the tube to obtain the desired angle at the end. To do this we 

measure the angle of the fibres after compression using the Yurgartis method to obtain the 

overall misalignment of the fibres with respect to the initial angle. By modifying the initial lay-

up angle to the extent of the observed misalignment we hope to obtain the desired final angle. 

The current method of measuring angles gives consistent and representative results on simple 

specimens. We now need to perform these measurements on complex geometries close to the 

final femur of the exoskeleton. 
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Abstract: Banana fibres which are extracted from banana cultivation waste, contain high 

amount of cellulose which makes them a high strength renewable raw material to be used as 

composite reinforcement. The aim of the current work is to investigate the effect of using banana 

fibres as reinforcement for polylactic acid. Moreover, hybrid composites are also produced to 

investigate the effect of mixing banana fibers with flax and hemp fibres on the mechanical 

properties of the final product. First, nonwovens are made of PLA fibres, banana fibres, flax and 

hemp fibres in different compositions using airlay, carding and needle punching machines. Then 

they are hot-pressed to form the composite plates. Finally, tensile and three-point bending tests 

are carried out on the specimens according to DIN EN ISO 527-4 and DIN EN ISO 14125, 

respectively. The test results revealed that employing 60 wt.-% of pure banana fibres can 

increase the tensile strength and strain, as well as the flexural strength of the composites 

significantly, compared to hybrid composites made of banana, flax, and hemp fibres. 

Keywords: polylactic acid reinforced composite, natural fibre reinforced composite, banana 

fibres, nonwoven composite, hybrid fibre reinforced composite 

1. Introduction 

Recently due to ecological and environmental awareness, and price elevation of limited fossil 

resources, the demand for using alternative renewable biomaterials has increased in the 

composite industry. Due to their low cost, environmentally friendly characteristics, relatively 

good mechanical and properties, biodegradability, low density and recyclability, cellulose fibres 

have replaced various synthetic fibres for reinforced composites in many applications such as 

marine, automotive, aerospace, construction industries, etc [1–5]. 

The banana plant which is among the most cultivated plant in the world, can yield fruits only 

once in its lifetime. Once bananas are harvested the plant is cut and stems and leaves are 

considered as lignocellulose waste. The waste will either be landfilled or incinerated which 

produces greenhouse and noxious gases such as ammonia, hydrogen sulphide and methane [6, 

7]. According to statistics, around 280 million tons of banana stem are wasted worldwide 

annually [8–10]. However, in a simple eco-friendly, low-cost mechanical process, banana fibres 

can be extracted from banana stem waste [11]. Banana fibre has a low density of 1.35 
𝑔𝑐𝑚3 [12] 

and is a high strength fibre as it contains 62.5 % cellulose [13]. These properties make it a 

suitable material to produce high strength lightweight composites. 

As well as natural fibres, biodegradable polymers have also been developed from natural green 

resources, such as polylactic acid (PLA), which can be used as a matrix in the composites industry. 

According to market data compiled by European Bioplastics in cooperation with nova-Institute, 
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global biodegradable plastics production capacity may increase from around 1.05 million tonnes 

in 2019 to approximately 1.8 million tonnes in 2025 [14]. Due to its eco-friendliness, 

biocompatibility, processability and energy savings production process, recyclability and 

biodegradability, PLA has advantages compared to other biopolymers [15]. PLAs are very 

durable, UV-resistant, transparent and solid. [16]. Its tensile strength and Young’s modulus are 

comparable to poly(ethylene terephthalate). However, higher cost, poor toughness and 

brittleness of PLA limits its use in certain applications [17, 18].  

Incorporating natural fibres into polylactic acid can not only enhance the mechanical properties 

of PLA, but also reduce the final cost of the composite. 

2. Materials and methods 

2.1 Materials and samples compositions 

In the current work banana fibre is sourced from Eco Green Unit, Tamil Nādu, India. The fibres 

are cut to 60 mm length to facilitate blending with the PLA fibres. Flax and hemp fibres are 

provided by Polyvlies Franz Beyer GmbH, Hörstel-Bevergern, Germany. The PLA fibre with a 

length of 60 mm and a fineness of 6.7 dtex has been received as a sample from Trevira GmbH, 

Bobingen, Germany. 

In order to find the optimum fibre mass which leads to the highest tensile and flexural strength, 

3 different banana fibre/PLA fibre compositions of 40/50, 50/50, and 60/40 wt.-% have been 

produced and tested. 

The composition with the best mechanical properties has been selected for the investigation of 

the effect of using flax and hemp on the mechanical properties of the composites. To do so, the 

composites with the compositions of 40 wt.-% banana fibres/20 wt.-% hemp fibres/40 wt.-% PLA 

fibre, 40 wt.-% banana fibres/20 wt.-% flax fibres/40 wt.-% PLA fibre, and 40 wt.-% banana 

fibres/10 wt.-% hemp fibres/10 wt.-% flax fibre/40 wt.-% PLA fibre have been manufactured (see 

Table 1). 

Table 1 : Compositions and labelling of the samples. 

Sample PLA fibre/Banana fibre/Hemp fibre/Flax fibre [wt.-%] 

P4B6 40/60/0/0 

P5B5 50/50/0/0 

P6B4 60/40/0/0 

P4B4H2 40/40/20/0 

P4B4F2 40/40/0/20 

P4B4H1F1 40/40/10/10 

 

2.2 Manufacturing process 

The fibres are first opened and blended using a Truetzschler CVT 3 fine opener, which is uses as 

an airlay machine. The blended fibres are then fed to Anton Guillot lab scale carding machine to 
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produce parallelised, oriented, and even distributed webs. The carded webs are afterwards 

needle punched, overlapped and again needle punched upside down to form the final 

nonwoven.  

The needle punched hybrid nonwovens are cut to 200 × 300 mm dimensions and dried for 24 h 

at 60 ˚C before entering the hot press to reduce the moisture content, increase the fibre matrix 

adhesion and decrease the void contents in the final composite. Then the nonwoven mats are 

hot pressed at a temperature of 160 ˚C and a pressure of 10 bar for 13 minutes (see Figure 1). 

 

Figure 1 : Composite manufacturing process, a) Opening and blending; b) Carding; c) Needle 

punching; d) Cutting the nonwovens; e) Drying process of nonwovens, f) Hot press 

To determine the tensile properties of anisotropic fibre reinforced polymers, tensile tests are 

carried out on the specimens in a standard climate of EN ISO 139 according to DIN EN ISO 572-

4. Therefore 5 specimens with the dimensions of 250 mm×25 mm are cut from each sample. 

The tensile test in this experiment is conducted using a Z100 machine with the force transducer 

of 20 kN and testing speed of 2 mm/min. 

In order to determine the flexural properties of thermoplastic fibre reinforced polymers, three-

point bending tests are carried out on NFRCs in a standard climate of EN ISO 139 and according 

to DIN EN ISO 14125 procedure A class II. In this work the thicknesses of specimens are 

inconsistent and differ from the required thickness in the standard. Therefore, the lengths of 

each test specimens and the testing speed of each series are calculated using the ratio and 

equation given in DIN EN ISO 14125. According to the standard, the ratio 𝐿 ℎ⁄  and 𝑙 ℎ⁄  should be 

16 and 20, respectively; and the testing speed of each series should also be calculated using 

equation 1.  𝑣 = 𝜀′𝐿26ℎ                                                                                                (1) 

3. Results and discussion 

Figure 2 and Figure 3 show the summary of the tensile and bending tests results. As it can be 

seen, the composite sample with 60 wt.-% banana fibre content has the highest tensile strength, 

Young’s modulus, flexural strength and bending E-modulus of 23.62, 5.306, 46.8 and 5.33, 

1393/1602 ©2022 Sodagar et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

respectively. However, its Young’s modulus is almost the same as the sample with 50 wt.-% of 

banana fibre. 

The tensile test results of the samples P4B6, P4B4H2, P4B4F2 and P4B4F1H1, in which the matrix 

contents are consistent, show that substituting only 20% of banana fibre with hemp or flax fibres 

leads to a decrease of 20% and 30% in tensile strength, 5% and 17% in Young’s modulus, 

respectively. In addition, replacing 20% of banana fibres with flax and hemp fibres decreases the 

tensile strength and strain of the composite by 44% and 33%, respectively. 

Figure 2 : Comparison of the tensile strength and Young’s modulus of the composites 

As it can be seen in the Figure 3, replacing 20% of banana fibre with flax and the combination of 

hemp and flax, decrease the flexural strength of the composite by around 5% and 10% 

respectively. Replacing 20% of banana fibre with hemp fibre does not change the flexural 

strength of the composite. 

Moreover, mixing flax and hemp fibres with banana fibres decreases the bending E-modulus of 

the composites by 64% and 52%, respectively. The combination of flax and hemp fibres when 

they substitute 20% of banana fibres can lead to a decrease of 42% in bending E-modulus 

However, its Bending E-modulus is higher than that of banana/flax and banana/hemp reinforced 

composites.  

The reasons to this phenomenon could be the type of the opening rollers in the airlay machine 

which may not be suitable for processing both coarse banana fibres and fine flax and hemp 

fibres. Therefore, it may cause damage and breakage of finer fibres during the opening process. 

This problem can be solved by using another opening cylinder which is specifically suitable for 

processing both fine and coarse natural fibres. Another reason could be the length of flax and 

hemp fibres. Despite banana fibres, that are cut to 60 mm fibres before the process of blending 

them with PLA fibres, flax and hemp fibres have variable staple length from 40 to 100 mm. This 

variation in length may lead to uneven inadequate blending during the airlay process and less 

mechanical properties accordingly. In addition, adding flax and hemp fibres, which are covered 

by small amount of wax in nature, may cause insufficient interfacial bonding between the 

reinforcing fibres and the PLA matrix. Poor adhesion between the polymer matrix and the fibres 

lead to poor force transfer from the matrix to the fibres and poor mechanical properties 
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accordingly. Surface treatment of flax and hemp fibres with NaOH can eliminate waxes from the 

surface of the fibres and therefore increase the fibre matrix bonding. 

 
Figure 3 : Comparison of the flexural strength and bending E-modulus the composites 

Although the manufacturing process of all the composites are identical, the PLA fibres in the 

sample P4B4F1H1 are not melted properly. The improper blending of PLA fibres may lead to 

uneven heat transfer from the outer PLA fibres to the inner PLA fibres. When the inner PLA fibres 

are not melted evenly, the loads cannot be transferred between the inner fibres. Therefore, the 

sample P4B4F1H1 shows the least mechanical properties with significantly high standard 

deviation. Using a different opening roller during blending process may solve this problem. 

4. Summary and conclusion 

The aim of current work is to investigate the effect of using banana fibre and its combination 

with flax and hemp fibres on the mechanical properties of PLA reinforced with said fibres. First, 

hybrid nonwovens are manufactured and then pressed under high pressure and temperature to 

form the consolidated composite plates. Three different composite samples with different 

banana fibre contents have been produced to find the optimum fibre content which leads to the 

highest tensile and flexural strength. It has been concluded that incorporating 60 wt.-% of 

banana fibre shows the highest tensile and flexural properties compared to the composites with 

40 wt.-% and 50 wt.-% of banana fibre content. In order to investigate the effect of substituting 

20 wt.-% of banana fibre with flax, hemp and its blends, 3 different hybrid composites of 

P4B4H2, P4B4F2 and P4B4F1H1 are manufactured. It has been concluded that replacing banana 

fibres with flax or hemp fibre leads to a decrease in the mechanical properties of the composites.  

In the overall consideration, it can be concluded that banana fibre has a great potential to be 

used as reinforcement of polylactic acid. Replacing small amounts of banana fibre with flax or 

hemp fibre weaken the mechanical properties of the composite. However, using another 

method to produce the hybrid nonwovens may lead to better mechanical properties of those 

made of flax, hemp, and banana hybrid composites.  
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HYBRID RATIO EFFECT ON FLEXURAL PROPERTIES 

FOR CFRP-NATURAL FIBER COMPOSITE HYBRID MATERIALS 
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Abstract: As the generalization of electric vehicles is strongly desired, we have to achieve the 

weight saving to make it be able to run more distance. The center pillar is important to protect 

people in the vehicle so it requires high bending stiffness. It was proposed that both of these 

requirements are achieved by using and combining CFRP and natural fiber composites(NFC). 

Then, the purpose of this study is to develop a beam which has CFRP skin and NFC core to apply 

car frames. First, the various conditions of molding were researched because a kind of matrix 

epoxy resin was different between CFRP and NFC prepregs. Next, a tensile and bending tests 

were conducted. In addition, it was conducted the test to reveal the relationship of water 

absorption. It was revealed that the material and mechanical properties of the hybrid material 

and the relationship between hybrid ratio and the bending fracture. 

Keywords: NFC; CFRP; Hybrid materials; Water absorption 

1. Introduction 

Unidirectional CFRP shows a strong anisotropy in modulus and strength. These days, the 

interest in Carbon neutral is increasing all over the world. As the generalization of 

electric vehicles is strongly desired, we have to achieve the weight saving to make it be 

able to run more distance. The center pillar is so important to protect people in the 

vehicle that it requires high bending stiffness. Center pillar also needs tensile modulus 

not to break when a car turns over, so it must have high modulus due to long fibers for 

core material. It was proposed that both of these requirements are achieved by using 

and combining CFRP and natural fiber composites(NFC). Then, the purpose of this study 

is to develop a beam which has CFRP skin and NFC core to apply car frames. 

First, the various conditions of molding were researched because a kind of matrix epoxy 

resin was different between CFRP and NFC prepregs. Next, a tensile and bending tests 

were conducted. It was investigated that the material and mechanical properties of the 

hybrid material. It was investigated that the relationship between the components of 

laminates and the bending fracture strength, and the relationship between hybrid ratio 

and the bending fracture. 

Furthermore, the 4-point bending test was conducted to prove the relationship between 

water absorption rate and bending properties. 
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2. Materials and test method 

2.1 Material and method 

In this study, CFRP prepreg (TR350G250S, Mitsubishi Chemical Co., Ltd.), and NFC prepreg 

(FLAXPLEG T-UD-110, Ecotechnilin Ltd.), were used. The thickness of each layer is 0.24 mm and 

0.16 mm, respectively. The specimen was molded by the hotpress method. Before molding, NFC 

prepregs had dried at 40°C by drying oven for an hour to make it absolutely dried. Then, those 

were laminated and cured at 150 °C for 60 min while applying a pressure of 1 MPa. The stacking 

sequences for CFRP-NFC hybrid laminates was [0CFRP
2/0NFC

2]s, [0CFRP
2/0NFC

4]s which has the same 

CFRP layer thickness as [0CFRP
2/0NFC

2]s, [0CFRP/0NFC
4]s which has the same NFC layer thickness as 

[0CFRP/0NFC
2]s. Specimen were prepared to 100 mm×15 mm. The thickness ware determined by 

the stacking sequences. 

After molding, specimens were absolutely dried in dried oven again. Next, it was conducted the 

4-point bending test. The conditions of the test were as follows: 

 The length of the support span is 81 mm. 

 The length of the indenter is 27 mm 

 The velocity of testing is 1.0 mm/min 

 

3. 4-point bending test of CFRP-NFC hybrid materials 

3.1 Result and discussion 

The results of 4-point bending tests were presented in Figure 1 and Figure 2. Because the 

deflection greatly exceeded the measurement range of the cantilever displacement 

measurement, the strain value was calculated by using the stroke mm. The resulting bending 

strength of [0CFRP/0NFC
2]s was 1123 MPa. The in-situ observation showed that the initial failure 

was buckling of the CFRP skin layer on the compression side, and that the thickness ratio of CFRP 

to NFC was about 2:5:2 in this stacking sequence, where the ratio of NFC was 57% by thickness. 

To compare with the bending strength of UD-CFRP with Poly-acrylonitrile-based carbon fiber is 

about 1600 MPa described in [1], in hybrid materials using CFRP as a skin layer, a method to 

increase the geometrical moment of inertia by using foam in the core layer, is considered to be 

a large value. These reduce the in-plane stiffness of the hybrid material. The center pillar, the 

subject of this study, requires high in-plane stiffness in compression to protect the occupants in 

the event of vehicle rollover, and the results show the superiority of a hybrid material with a 

NFC layer core that is less expensive than CFRP, exhibits specific stiffness equivalent to GFRP, 

and has high environmental friendliness. 

1399/1602 ©2022 Nakamura et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

Figure 1 Stress-strain diagram (comparison between [0CFRP/0NFC
2]s and [0CFRP/0NFC

4]s) 

 

Figure 2 Stress-strain diagram (comparison between [0CFRP/0NFC
2]s and [0CFRP

2/0NFC
2]s) 
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4.  Water absorption behavior of CFRP-NFC hybrid materials 

4.1 Deformational behavior during water absorption  

In order to consider the difference in linear expansion coefficients between CFRP prepreg and 

NFC prepreg, specimens with asymmetric stacking sequence [0CFRP
4/0NFC

4] were fabricated.  

The molded CFRP-NFC hybrid material is shown in Figure 3(a). The curved shape was appeared. 

The maximum displacement of it was 12.0 mm. When the specimens were then held in an indoor 

environment, the curvature gradually decreased, and after 3 days the shape changed completely 

to a flat plate. To confirm the effect of humidity, the specimens had kept in a thermostatic 

chamber at 40 °C for 3 days and then removed. Figure 3 shows the appearance immediately 

after removal. 

The laminate slightly regained its curvature, with a maximum displacement of 4.0 mm for the 

curved-formed plate. 

 

(a)After molding    (b) 3 days later 

Figure 3 Thermal deformation for [0CFRP
4/0NFC

4] 

 

Figure 4  [0CFRP
4/0NFC

4] After drying for 3 days 

 

4.2 4-point bending test in wet condition 

Based on these results, we conducted 4-point bending test on CFRP-NFC hybrid material with 

the stacking sequence [0CFRP/0NFC
2]s to reveal the relationship between water absorption and 

bending strength of NFC. The test was conducted by using the same specimen dimensions, the 
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length of support span, the length of indenter as in the test conducted in Chapter 2. Both 

specimen Dry-condition and Wet-condition were made by the same lot. 

The specimen were absolutely dried in drying oven before mass measurement, and then we 

made it absorb water in the pool at 40 °C for 12 hours and conducted 4-point bending test after 

measuring mass after absorption. Table 1 shows the water absorption rate of the specimen and 

Figure 5 shows the comparison between dry and wet condition. It was abbreviated that dry-

condition specimen has the initial D and wet-condition specimen has the initial W in Table 1 and 

Figure 5. 

In the result, it is proved that water absorption greatly affects the bending strength of CFRP-

NFC hybrid materials so it says we must be attention to environmental humidity or protect 

water absorption to apply this material to structures. 

 

Table 1: Water absorption rate of Wet specimen 

ID number 
Weight [g] Water absorption rate 

[wt％] Dry condition Wet condition 

W-1 2.45 2.53 3.27 

W-2 2.34 2.46 5.13 

W-3 2.40 2.49 3.75 

 

Figure 5 Stress-strain diagram (comparison between Wet and Dry condition of [0CFRP/0NFC
2]s) 
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5. Conclusions 

In this study, it was revealed that the relationship between NFC ratio and bending 

properties, and between water absorption rate and bending properties.  

 It was conducted the bending test of CFRP-NFC hybrid materials. As a result, it was 

revealed that The NFC layer can increase the bending strength by increasing the 

thickness at a low cost. The superiority of this materials was demonstrated. 

 The strength of the NFC layer is significantly affected by humidity, and the shape of 

the laminate changes due to the effect of humidity. Therefore, the humidity at the 

time of use should be taken into account. 

We will consider the deformation and strength of CFRP-NFC hybrid materials when 

molded into three-dimensional structures, taking into account its water absorption 

characteristics. 
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Abstract: This study has developed a novel glass-fiber-reinforced bio-inspired cellular structure 

with improved energy absorption capability. Extensive experimental analyses have been 

conducted to investigate their properties. The bio-inspired cellular structures of continuous glass 

fiber-reinforced PLA were manufactured using a Fused Deposition Modeling (FDM) printer. 

Quasi-static compression tests were conducted to analyze the energy absorption properties of 

the cellular structures. Results show that for the glass-fiber-reinforced PLA cellular structures, 

the energy absorption is ~250% higher than the unfiled PLA cellular structures. A topology 

optimization strategy was employed to tailor the energy absorption properties of the cellular 

structures by varying the stiffness of the unite cells. The key geometric parameters of the unite 

cells were identified and the cellular structures with different stiffnesses were designed and 3D 

printed. The energy absorption properties were measured and linked to the stiffnesses of the 

cells.       

Keywords: Fiber reinforced cellular structures; Optimization; Bio-inspired cellular structure; 

Energy absorption. 

1.Introduction 

Cellular structures are commonly used in lightweight applications due to their remarkable 

mechanical properties. They are used in various fields such as aerospace, biomedical 

engineering, transportation, and civil engineering[1]. Today the use of 3D printing technology to 

make complex cellular structures is associated with relatively low costs[2]. in recent years, 

different cellular structures have been studied for energy absorption applications. Xu et al. [3] 

studied the compressive response and energy absorption capacity of AuxHex structure, which 

consisted of auxetic and hexagonal honeycomb unit cells through theoretical, finite element 

simulation and experimental method. AuxHex structures exhibited superior young’s modulus, 
collapse strength, and energy absorption than traditional honeycomb structures. Alomarah et 

al. [4] presented a re-entrant chiral auxetic structure (RCA) that combined topology features of 

re-entrant, tetrachiral, and anti-tetrachiral. Then the structure subjected to uni-axial 

compression test experimentally and numerically. RCA structure showed better performance 

than the other types of honeycombs in terms of strength and specific energy absorption under 

loading in the y-direction. Rahman et al.[5] investigated different graded structures by changing 

the unit cell size and relative densities made of soft and hard materials numerically. Their results 

revealed that graded changes in unit cell size and combination of soft and hard materials make 

cellular structures with maximum energy absorption and stiffness in comparison to those 

structure with a single material, interesting for multi-functional applications. Yin et al.[6] 
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evaluated hierarchial honeycomb based on three different structures: hexagonal, Kagome, and 

triangular. The presented structure was subjected to in-plane impact finite element simulation. 

Results showed that the triangular hierarchial honeycomb provides twice energy absorption 

than a regular honeycomb under the same loading condition. Ghazlan et al. [7] introduced a 

novel cellular structure inspired by cancellous bone and compared its performance with re-

entrant and conventional honeycomb. Their results represented that bone-inspired cellular 

structure has more energy absorption than conventional honeycomb and re-entrant structures. 

In recent years the use of 3D printing technology to fabricate cellular structures with continuous 

fiber has expanded. The orthotropic cellular structures with complex geometry, low weight, and 

excellent mechanical properties can be achieved using this method. For example, Veisi and 

farrokhabadi [8] presented an analytical model using classical laminated theory ( CTL) to obtain 

equivalent mechanical properties in a re-entrant unit cell with continuous fiber. They compared 

their results with previous experimental tests. Their results showed that the proposed model 

has good agreement with experimental tests. Farrokhabadi et al.[9] presented a novel analytical 

model based on the energy method to evaluate equivalent mechanical properties in cruciform 

honeycomb with continuous fiber for the first time. Experimental results demonstrated a 60% 

increase in the in‐plane elastic stiffness of the cruciform honeycomb with glass fiber 
reinforcement. Farrokhabadi et al. [10] Proposed mechanical properties of a new orthotropic 

accordion honeycomb structure reinforced with glass fibers as a one-dimensional morphing 

structure. Quan et al. [11] investigated the stiffness and energy absorption in the re-entrant 

cellular structure using pure PLA and glass fiber reinforced PLA. They found that the compressive 

strength increased to 86% by adding fiber, and energy absorption increased to 100 %.In this 

study, the use of glass fiber-reinforced PLA and topology optimization have been evaluated for 

a bone-inspired cellular structure to improve the energy absorption properties. At first, fiber-

reinforced PLA cellular structure and pure PLA structure are 3D printed and their properties are 

investigated. Then for improving energy absorption capabilities in bone-inspired cellular 

structure, an optimization algorithm is used to design unit cell with different stiffness to tailor 

energy absorption properties.  

2. Experimental procedure 

2.1 material and 3D printing method 

Polylactic acid (PLA) filament was used to fabricate bio-inspired cellular structures. The cellular 

structures were reinforced with continuous glass fiber and fabricated using an FDM 3D printer 

machine shown in Figure 1(a). The mechanism for 3D printing of the composite cellular 

structures is shown in Figure 1(b). A nozzle was designed for the simultaneous impregnation 

system. The glass fiber enters the melting chamber through its inlet, and the impregnated fibers 

are guided out of the nozzle and placed on the building plate. The printing speed of the 

reinforced samples was 10 mm/s, and the nozzle temperature and the printing bed are set to 

200° C and 60° C, respectively. 

1405/1602 ©2022 Bolouri et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

 

 
(a) 

 

 
(b) 

Figure 1. Printing process of cellular structure (a), Mechanism of FDM 3D printing with 

continuous fibers [12] (b) 

 

2.2. Tensile test for raw material 

ASTM-D638 was utilized to obtain the mechanical properties of raw PLA as the base material 

[13]. A minimum of three dog bone specimens were printed and subjected to a tensile test at a 

5 mm/min cross-head speed using instroon5500R machine. Table1 shows the mechanical 

properties of PLA material under the tensile test. 

Table 1: Mechanical properties of Polylactic acid (PLA) material. 

Fracture Strain Ultimate Tensile 

Strength (MPa) 
Yield stress 

(MPa) 
Poisson 

ratio 
Young modulus 

(GPa) 

Type 

0.01025 58.29 22.76 0.35 3.3 PLA 

 

2.3. Compression test for cellular structures 

To study the energy absorption capability for the cellular structures, uniaxial compression tests 

were conducted. A minimum of three specimens were fabricated using a FDM 3D printing 

machine and were subjected to a compression test. The crosshead speed was 5 mm/min for 

compression testing. A high-resolution and high-speed camera was used to investigate the 

deformation and failure in the specimens (Figure 2). 

 

 
Figure 2. Experimental test of cellular structures under compression test. 
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2.3. Baseline cellular structure 

For this study, a cellular structure is adopted and reproduced based on Ref [7]. Important 

geometric parameters are shown in Figure 3 and summarized in Table 2.  The design is inspired 

by the cancellous bone to improve energy absorption properties of the structures.  

 

 

Figure 3. Representative unite cell with main parameters (a), Compression test sample (b) 

               Table 2: Geometric parameters of bone-inspired unit cell. 

Variable Value Variable  Value Variable Value Variable Value 

CA 5mm FE 2.76mm BH 3.8mm 𝜑𝐹𝐺 90⸰ 

CK 5mm FG 7.07mm HN 5.61mm 𝛼 63.43⸰ 

KI 5mm GJ 2.24mm t 1mm 𝛽 25⸰ 

KF 5mm GB 5.92mm 𝜑𝐶𝐾 45⸰ 𝛾 41.14⸰ 

  

3. Results and discussion 

3.1 Effect of glass fiber reinforcement on energy absorption 

The cellular structures with glass fiber reinforcement were 3D printed. The structures were 

subjected to compression testing to measure the energy absorption. Total energy absorption is 

obtained by integrating the force-displacement curve, and it is equal to the area under the force-

displacement diagram. Figure 4 compares the properties of pure and glass fiber-reinforced PLA 

cellular structures. It is demonstrated that the energy absorption considerably increases by 

~250% for fiber-reinforced cellular structures.   

 

 
Figure 4. Comparison of energy absorption in fiber-reinforced-PLA and pure PLA structures. 
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3.2. Effect of unit cell designs on energy absorption  

A particle swarm optimization (PSO) algorithm was developed to obtain optimized designs of 

the cellular structures to increase energy absorption capabilities. Raw materials properties were 

used for the calculations. The objective function was to design unit cells that maximize and 

double the stiffness in the cellular structures compared to the baseline cellular structure in 

Figure 3. This was to achieve only based on the design of unit cells. The analytical equations to 

get young's modulus in the y-direction were used as an objective function. The decision variables 

for optimization are 𝛼, 𝛽 and 𝛾. The unit cells proposed by the optimization algorithm are 

shown in Figures 5a and b, and geometric parameters are presented in Table 3. 

 

 
      (a) 

 

 
      (b) 

Figure 5. Unite cells with (a) maximum and (b) doubled stiffnesses compared to baseline unit cell. 

 

       Table 3: Geometric parameters of optimized unit cells. 

(a) Unite cell with maximum stiffness 

Variable Value Variable Value Variable Value Variable Value 

CA 3.42mm FE 2.55mm BH 1.01mm 𝜑𝐹𝐺 90.63⸰ 

CK 5.03mm FG 4.78mm t1 1mm 𝛼 73.59⸰ 

KI 5.97mm GJ 7.49mm t2 2mm 𝛽 80⸰ 

KF 5.12mm GB 4.28mm 𝜑𝐶𝐾 96.9⸰ 𝛾 80⸰ 

(b) Unite cell with doubled stiffness 

Variable Value Variable Value Variable Value Variable Value 

CA 3.66mm FE 3.69mm GB 5.64mm 𝜑𝐸𝐺 122.91⸰ 

CK 4.53mm EH 5.1mm t1 1mm 𝛼 53.79⸰ 

KI 5mm FG 3.48mm t2 2mm 𝛽 68.62⸰ 

KF 5.55mm GJ 3mm 𝜑𝐶𝐾 107.4⸰ 𝛾 54.76⸰ 
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The optimized structures were 3D printed using glass fiber-reinforced PLA and subjected to 

compression testing. Figure 6 shows energy absorption and specific energy absorption 

properties for designs with maximum and doubled stiffnesses compared to the baseline cellular 

structure. Specific energy absorption is one of the main parameters in comparing structures 

obtained from Eq. (1).  

𝑆𝐸𝐴 = 𝑇𝑜𝑡𝑎𝑙 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦𝑇𝑜𝑡𝑎𝑙 𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑀𝑎𝑠𝑠 = ∫ 𝐹𝑑𝑥𝑚  
(1) 

 

As illustrated, the amount of energy absorption and specific energy absorption in the optimized 

structures are increased. In the optimized cellular structures, the amount of stiffness has 

increased compared to the bone-inspired structure, which has increased the amount of energy 

absorption. The increase in the energy absorption properties for the structure with doubled 

stiffness is 30% while it is 90% for the structure with the maximum stiffness.  

 
(a) 

 
(b) 

Figure 6. (a) Energy absorption and (b) specific energy absorption in bio-inspired and 

optimized cellular structures 

 

4. Conclusion  

This study investigated energy absorption in the bone-inspired cellular structure experimentally 

through material development and unit cell design optimization. The structures were 3D printed 
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using unfilled and glass fiber-reinforced PLA. Compared to unfilled cellular structures, the energy 

absorption for glass fiber-reinforced cellular structures increased by 250%. An optimization 

algorithm was employed with objective functions to obtain maximum and doubled stiffness 

(elastic modulus) in unit cells to increase energy absorption further. The energy absorption 

properties increase by 90% when the maximum stiffness in the structure was obtained.  
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Abstract: The thermographic approach is used to rapidly determine the fatigue properties of 

composite materials. In this work, a modified fatigue life prediction model based on self-

heating data and stiffness degradation applied to unidirectional and ±45° CFRP (Carbon Fiber 

Reinforced Polymer) composites under traction loading (R=0.1) has been developed in order to 

avoid the conservativeness on the fatigue life of a quasi-isotropic CFRP laminate. A new 

parameter r is introduced to take more complex damage mechanisms in MultiDirectional (MD) 

laminates into account. It is demonstrated that predicted S-N curves using modified model has 

a better agreement with the experimental results. 

Keywords: fatigue life prediction; stiffness degradation; infrared thermography; damage 

accumulation; composite laminates 

1. Introduction 

Fatigue of Carbon Fiber Reinforced Polymer (CFRP) composite is one of the topics that receive 

more and more attention since these materials are frequently used for the manufacturing of 

loading-bearing components in the aeronautical, automotive and marine industries [1]. 

Investigating the fatigue properties of CFRP composite by the traditional fatigue tests is an 

expensive and time-consuming process [2]. Besides, the fatigue behavior of a composite 

laminate depends not only on loading parameters, but also on various material factors 

including constituent materials: fiber and matrix, architecture of reinforcement, stacking 

sequence, porosity, etc. Therefore, great efforts have been made to develop techniques and 

methods which allows for the rapid evaluation of fatigue behavior of composite laminates. 

With the development of high resolution infrared camera and the improvement in relevant 

theories, InfraRed Thermography (IRT), as a non-contact, real-time, full-field technology, was 

extensively used for the rapid prediction of fatigue properties [3-14]. By monitoring the 

temperature increase of the specimen during an incremental stepwise loading procedure, 

Risitano et al. [3-4] firstly developed an empirical method to determine the fatigue limit of 

metallic materials and construct the S-N curves. Luong et al. [6-7] proposed a Two-Curve 

Methodology (TCM) to rapidly evaluate the fatigue limit of a mild steel Fe 510. Later, Colombo 

et al. [13] and Gornet et al. [14] extended the utilization of the method to Glass Fiber 

Reinforced Polymer (GFRP) and CFRP. Gornet et al. [5] adopted Risitano’s method to rapidly 

determine the fatigue limit of CFRP and good agreement was achieved between predicted 

values and traditional experimental results. 
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Throughout the fatigue loading, three distinctive stages of damage evolution can be generally 

identified for the composite materials [15-16]. In the stage I, the damage developed rapidly, 

this is caused mainly by micro-cracks in the matrix. The development of damage results in a 

more gradual stiffness degradation of the material in the stage II, where the damage mode is 

considered to be delamination propagation [17]. The last stage of fatigue life (III) is involved 

with the fracture of fibers, which leads to a catastrophe decrease of mechanical properties and 

the failure of specimen [18-19]. With the accumulation of damages, the global stiffness 

degrades accordingly. Therefore, this correlation between stiffness and accumulated damages 

makes it possible to predict the fatigue life based on the stiffness degradation [20-21]. 

In a previous work, a fatigue life prediction model was proposed by Huang et al. [22] by 

combining the stiffness degradation with IRT data. The model succeeds to predict the S-N 

curves of braided, UD [22] and ±45° [23] CFRP in a short time (10-12 hours). In this study, firstly 

Huang’s model is applied to a MD Quasi-Isotropic (QI) CFRP laminate; then it is modified by 

introducing a new parameter r so as to take the influence of more complex damage 

mechanisms into account. Finally, the results obtained by two models are compared with 

experimental data. 

2. Materials and experimental setup 

2.1 Materials and specimens 

The material used is the unidirectional carbon prepreg composed of HexPly®M79 matrix 

reinforced with unidirectional high strength carbon fiber (38%/UD150/CHS). The stacking 

sequence of the laminates is [0/45/90/-45]s, with thickness of 1.01 (± 0.025) mm. Curing was 

carried out in an autoclave at 2.0 bar and 80°C for 6 h with a heating rate of 1°C/min. 

According to the standard ISO 527-4: 2021 [24], the dimensions of the specimens were 250*25 

mm². Glass fiber reinforced epoxy tabs were used at either end of the specimens to prevent 

gripping induced failure (Figure 1). 

2.2 Experimental setup 

The specimens were first statically tested to access the Ultimate Tensile Strength (UTS). Static 

tensile tests were carried out using INSTRON universal testing machine (INSTRON 5500R) with 

a 100 KN load cell. According to ISO 527-4: 2021 [24], the displacement rate is set as 2.0 

mm/min. Two 8-bits Complementary Metal Oxide Semiconductor (CMOS) cameras with an 

Aramis 2M Digital Image Correlation (DIC) system (GOM Company, Germany) were used to 

measure the tensile strain fields on the specimens throughout the tests. Random black and 

white speckles were sprayed onto the surface of the specimen prior to the testing. The data 

was acquired with a rate of one image per second. 

The tension-tension fatigue tests were performed in the servo-hydraulic Instron loading 

machine under load control mode, in accordance with the test standard ASTM D3479 [25]. All 

the tests were conducted at room temperature with a frequency of 5 Hz and a R value (𝑅 =𝜎𝑚𝑖𝑛𝜎𝑚𝑎𝑥) of 0.1 was adopted. Traditional fatigue tests with constant load amplitude were 

conducted to produce a reliable S-N curve. Each test was conducted to failure or up to 106 

cycles. The experimental stiffness K(N) was recorded at fixed time intervals of the fatigue life. 
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Besides traditional fatigue tests, step-loading fatigue tests at increasing loads were also 

performed. The maximum stress amplitude started from 30% UTS with steps of 5% UTS until 

the occurrence of final failure. For each stress level, the specimen is tested for a duration of 

6000 cycles, which is sufficient to achieve temperature stabilization. During the fatigue tests, a 

FLIR X6800sc Series IR camera with a spatial resolution of 640×512 pixels and thermal 

sensitivity of 18 mK at 30°C was employed to measure the temperature field evolution of the 

specimen. The camera was placed in front of the specimen at a distance of 68 cm to achieve 

the optical field-of-view conditions. The acquisition frequency was set as 150 Hz. Before 

fatigue testing, the surface of the specimen was painted in black matt spray to increase surface 

emissivity properties. The detailed experimental set-up is depicted in Figure 1. A reference 

specimen is placed next to the test specimen. The surface temperature will be used to 

calculate the temperature increase ∆𝑇. 

 

Figure 1. Experimental setup of fatigue tests with infrared thermography 

3. Fatigue life prediction models  

3.1 Huang’s model 

In the study of Huang et al. [22], the residual stiffness is adopted to describe the levels of 

accumulated damage in the laminates during fatigue loading. The damage index is defined as 

follows: 𝐷(𝑁) = 1−𝑘(𝑁)1−𝑘𝑓                                   (1) 

Where N is the number of loading cycles, 𝑘(𝑁) and 𝑘𝑓, defined as 
𝐾(𝑁)𝐾0  and 

𝐾𝑓𝐾0, are normalized 

residual stiffness at Nth cycle and the end of second stage (𝑁𝑓), respectively, 𝐾0 is the initial 

stiffness.  

The normalized stiffness k(N) can be calculated as a function of stabilized temperature rise 

according to the model proposed by Huang et al. [22]: 𝑘(𝑁) = 1 − 𝑝∆𝑇𝑠𝑡𝑎𝑏𝑁1𝑞 (𝑞 ≥ 1)                (2) 

Where p and q are two constants, independent of temperature and loading cycles. 
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Taking Eq. (2) into Eq. (1) and considering the boundary condition that D=1 when 𝑁 = 𝑁𝑓, the 

expression for the fatigue life 𝑁𝑓  can be obtained:  𝑁𝑓 = ( 1−𝑘𝑓𝑝∆𝑇𝑠𝑡𝑎𝑏(𝜎))𝑞  (𝑞 ≥ 1)                              (3) 

From Eq. (3), it can be seen that the application of Huang’s model only requires the value of 

parameter p, q and the relationship between stabilized temperature rise ∆𝑇𝑠𝑡𝑎𝑏 and applied 

stress.  

3.2 Modified model 

In the Eq. (2) of Huang’s model, the role of parameter p and q is to regulate the influence of ∆𝑇𝑠𝑡𝑎𝑏 and to control the shape of the function, respectively. However, throughout the fatigue 

loading, the damage modes inside the MD laminates are much more complex than UD and ±45° 
laminates since each ply of different orientation was subjected to different stresses. To 

account for this, Eq. (2) is modified by introducing a new parameter r into the original 

expression: 𝑘(𝑁) = 1 − 𝑝∆𝑇𝑠𝑡𝑎𝑏𝑟 𝑁1𝑞 (𝑞 ≥ 1)                (4) 

And the expression of fatigue life is modified accordingly: 𝑁𝑓 = ( 1−𝑘𝑓𝑝∆𝑇𝑠𝑡𝑎𝑏𝑟 (𝜎))𝑞  (𝑞 ≥ 1)                 (5) 

In Eq. (5), the values of p, q and r can be determined empirically by fitting experimental data 

with MATLAB software. It should be noted that if the value of parameter r becomes close to 1, 

the model will return to Huang’s model.  

4. Results and discussions 

In this section, the two fatigue life prediction models are compared using the experimental 

data of QI CFRP laminates. The procedure and calibration details are listed below: 

Step 1: determine fatigue limit and corresponding stabilized temperature rise based on 

thermographic data 

The evolution of surface temperature rising with the number of cycles for one test specimen is 

depicted in Figure 2. It is observed that for all the stress levels indicated in the plot, the 

temperature profile reached a stabilized plateau after certain loading cycles. Figure 3 

represents the stabilized temperature rising plotted as a function of the maximum applied 

stress. The improved graphic method in article [26] was employed. The point with maximum 

stress amplitude of 65% is chosen to divide the data points into two group. Since there is only 

one data point left above fatigue limit, which cannot form a line, the dividing point (65% UTS) 

is adopted for fitting. The fatigue limit is determined as 66.25% UTS and the corresponding 

stabilized temperature rise (∆𝑇𝑠𝑡𝑎𝑏𝑓𝑙) is 4.31°C. 
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Figure 2. Evolution of temperature rising with the number of cycles 

 

Figure 3. Fatigue limit determination by improved graphic method in [26] 

Step 2: calibration of p, q and r 

Figure 4 is a plot of the normalized stiffness degradation against the number of loading cycles 

and stabilized temperature rise for the specimens cycled at five stress levels: 45%, 50%,55%, 

60% and 65% UTS. For each curve, 20 points were sampled, therefore, a total of 100 points 

were used for fitting. Herein, both Eq. (2) and Eq. (4) are employed to fit the experimental data 

(3D surface fitting in MATLAB). For Huang’s model, the best fit values of p and q are 2.269e-2 (°𝐶𝑟 × 𝑐𝑦𝑐𝑙𝑒1 𝑞⁄ )−1 and 12.155, respectively. As for the proposed model, the values of p, q 

and r are determined as 3.391e-2(°𝐶𝑟 × 𝑐𝑦𝑐𝑙𝑒1 𝑞⁄ )−1, 12.217 and 0.716, respectively.  

 

Figure 4. Surface fitting of Eq. (2) and Eq.(4) by MATLAB 
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Step 3: calculate failure threshold stiffness 𝑘𝑓 

The number of loading cycles corresponding to the fatigue limit is usually taken between 106 

and 107cycles [27]. Hereby, both 𝑘(𝑁𝑓𝑙 = 106) and 𝑘(𝑁𝑓𝑙 = 107) were considered in the 

calculation. The values of failure threshold stiffness calculated by Eq. (2) and Eq. (4) were listed 

in Table 1. 

Table 1: Failure threshold stiffnesses 

Model p [(°C r ×Cycle1/q)-1] q r 𝑘(𝑁𝑓𝑙 = 106) 𝑘(𝑁𝑓𝑙 = 107) 

Huang 2.269e-2 12.155 1 0.6977 0.6347 

Modified 3.391e-2 12.217 0.716 0.7010 0.6389 

 

Step 4: prediction of S-N curve 

Having the values of p, q, r and 𝑘𝑓, the whole S-N curve can be predicted. Figure 5 displays the 

S-N curves predicted by two models. Traditional fatigue test results with 95% confidence 

interval are also included in the same figure for comparison. 

As can be seen from the figure, the two predicted S-N curves using Huang’s model are far 

below the 95% confidence interval. The predicted fatigue life is much lower than the 

traditional fatigue test results overall. When the loading amplitude is 85% UTS, the predicted 

fatigue life corresponding to 𝑁𝑓𝑙 = 106 and 𝑁𝑓𝑙 = 107 cycles using Huang’s model is 815 and 

8155 cycles, which is around 50 times and 4 times less than the value determined by the lower 

boundary line of 95% confidence interval. While both the predicted S-N curves corresponding 

to 𝑁𝑓𝑙 = 106 cycles and 𝑁𝑓𝑙 = 107 cycles using proposed model in this study are closer to the 

95% confidence interval. In particular, the predicted S-N curve corresponding to 𝑁𝑓𝑙 = 107 

cycles lays totally in the confidence interval. This indicates that compared to Huang’s model, 
owing to the introduction of parameter r, the modified model is more accurate in fatigue life 

prediction for QI CFRP laminates. 

 

Figure 5. Comparison of predicted results by two models with traditional fatigue test results 

5. Conclusions 
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The fatigue life prediction model proposed by Huang et al. [22] has been modified to take 

more complex damage modes in MD CFRP composites into account. A new parameter r is 

introduced into the original expression of normalized stiffness. When the value of parameter r 

becomes close to 1, the model will return back to Huang’s model, therefore the modified 

model proposed in this study is more general in the fatigue life predictions of composite 

laminates. It is demonstrated that predicted S-N curves using Huang’s model is too 
conservative and those obtained by modified model proposed in this study has a better 

agreement with the experimental results.  
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Abstract: Damage detection systems of structures are considered one of the most important 

technologies for ensuring the safety of structures in various types of research. Among them, 

carbon nanotube polymer composite, which is easy to apply to structures and has no size 

limitations, has been reported as one of the most suitable methods for SHM systems. We 

developed E-Skin (Electronic Skin), a carbon nanotube polymer composite. Then, we confirmed 

the electrical change of E-Skin due to mechanical deformation. Mechanical deformation led to 

electrical changes in the E-Skin. Based on this phenomenon, we applied E-skin to the structure 

and checked the electrical changes of E-skin due to cracks and loads. We aim to develop a system 

that can monitor cracks and various loads of structures in real-time using E-Skin.  

Keywords: SHM; Structural deformation detection; Carbon nanotube polymer composite; E-

Skin; Self-sensing system 

1. Introduction 

Concrete structures are aging over time, and they can be exposed to various loads and cause 

unexpected damage. In addition, hazardous environmental conditions and poor maintenance 

can accelerate structural performance, significantly reducing structural service life and leading 

to catastrophic losses.[1] The solution to this problem is to apply a Structural Health Monitoring 

(SHM) system that allows continuous monitoring of structures. We discussed the deformation 

sensor of the SHM system, which has no size limit and directly detects deformation to the 

structure.[2] 

Deformation sensors that rely on direct contact exhibit electrical changes in response to 

structural damage.[3] The most widely used metal foil deformation sensors are often used for 

reliable performance and low cost but have low gauge coefficients, very low flexibility, and can 

only be fitted to surfaces of composite structures.[4, 5] As an alternative to this, we considered 

a stretchable deformation sensor using carbon nanotube polymer composites, a nanomaterial 

with no limitations in application.[6] Carbon nanotube polymer composites have excellent 

mechanical and electrical properties that can be used as deformation sensors and investigated 

through various studies.[7, 8] 

This study developed a carbon nanotube polyurethane composite that detects various structural 

loads. We named it E-Skin and calculated the electrical conductivity of E-Skin according to the 

carbon nanotube content. Then, we considered the content of carbon nanotubes suitable for 

the sensor. We selected an applicable carbon nanotube content for the sensor. We confirmed 
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the electrical change of E-Skin according to the static and impact load by thickness. We applied 

E-Skin to the wall using this result. Finally, we have obtained useful conclusions regarding load 

detection performance through experiments. 

2. Experimental 

2.1 Materials 

CNT was purchased from Nanolab, Inc. (MA, USA). CNT has a diameter of 15 nm, a length of 5-

20 µm, and a purity of higher than 85 wt%. PU was obtained from Easy Composites Ltd. 

(Staffordshire, UK) with a density of 1.01-1.06 g/cm3 and hardness of 60. Acetone was used as 

a dispersant, and acetone with 99.7 % purity was purchased from Samchun chemicals Co., Ltd. 

(Gyeonggi, KOR). 

2.2 Preparation of E-Skin 

Figure 1 (a) shows the manufacturing process of E-Skin, a carbon nanotube polyurethane 

composite.[9] About 50 ml of acetone was used as a solvent for dispersion of CNT present as 

large agglomerates due to van der Waals intermolecular force between CNT. Acetone dissolved 

highly viscous polyurethane part A(resin) and enabled high-quality dispersion of CNT. An 

Q700CA ultrasonicator of Qsonica LLC. (CT, USA) was applied to break the van der Waals 

intermolecular force between CNT aggregates in the solution. The ultrasonicator was operated 

with a 90 % amplitude pulse model, and a total of 100,000 J energy was applied. The solution 

was placed on a hot plate at 60 °C for 24 hours to evaporate acetone in the solution. Then, PU 

part B(hardener) was added to the solution and mixed evenly by a TR50M three-roll mill of Trilos 

(CA, USA). 

The electrode installation of the E-Skin is shown in Figures 1(b) and (c). Figure 1(b) shows the 

electrode design of the E-Skin for crack detection. After attaching the copper tape to both ends 

of the E-Skin for crack detection, the copper tape and the E-Skin were connected using silver 

paint to eliminate contact errors. Moreover, Figure (c) shows the electrode design of E-Skin for 

load detection. The electrodes are installed in the order of copper tape-E-Skin-Copper tape, with 

alternating bottom and top copper tapes.[10] The top and bottom lines meet to form a cell. 

 

(a) 

 

(b) 

Figure 1. (a)Fabrication process of E-Skin, (b)Electrode installation process of E-Skin 
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2.3 Characterization of E-Skin 

To select the carbon nanotube content of E-Skin suitable for the sensor, we investigated the 

electrical conductivity of E-Skin manufactured by carbon nanotube content before the 

experiment. The electrical conductivity was calculated using Eq. (1). 

𝜎 = 	
!

"#
                                                                                                                                                        (1) 

Where σ (S/m) is the electrical conductivity of the sample, L (m) is the distance between the 

electrodes, A (𝑚$) is the area of the electrode, and R (W) is the electrical resistance of the sample. 

The electrical resistance of E-Skin was measured using Keithley's 2450 SourceMeter (OH, USA), 

and we used a two-point probe measurement method. 

Before applying E-Skin to the structure, the electrical behavior of E-Skin due to mechanical 

deformation was verified using UTM and an impact test machine. Also, as shown in Fig. 2(a), 

cracks occurred in the concrete coated with E-Skin using a 3-point bending tester. To find the 

exact location of the crack, the E-Skin was divided into 5 sections, and electrodes were installed. 

Furthermore, the real-time electrical change of E-Skin was measured using a multimeter. Figure 

2(b) shows an E-Skin applied wall sensor. The E-Skin applied to the wall is installed across 48 

horizontal and 48 vertical copper tapes. In addition, electrodes were installed at the ends and 

systems of the copper tape using copper wire. We applied static and impact loads to the E-Skin 

applied to the wall. 

       

(a)                                                                                (b) 

Figure 2. (a)3-point bending test machine and multimeter with DAQ for crack detection test, 

(b)E-Skin coated wall load detection sensor 

3. Results and Discussion 

The electrical conductivity of the E-Skin we measured is shown in Figure 3. E-Skin showed an 

electrical percolation threshold at a carbon nanotube content of 1 wt%. The electrical 

percolation threshold allows the E-Skin to be used as a sensor. The electrical conductivity of the 

carbon nanotubes is governed by the contact resistance between the individual carbon 

nanotubes in the electrical percolation threshold. Therefore, as the carbon nanotube content 

increases, the tunneling effect gradually disappears, and the convergence of electrical 

conductivity appears. We confirmed that the electrical conductivity converges at the carbon 

nanotube content of 5 wt%. 
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Figure 3. Electrical conductivity of E-Skin 

Figure 4 shows the electrical changes in the E-Skin due to mechanical deformation. Figure 4(a) 

shows the electrical changes of the E-Skin according to strain. When strain is applied to the E-

Skin, the electric tunneling gap between the carbon nanotubes in the carbon nanotube network 

increases. this change in the tunneling gap increases the contact resistance between the carbon 

nanotubes, increasing electrical resistance.[11] 

Figure 4(b) shows the electrical changes of the E-Skin under static loads. E-Skin always has 

constant electrical conductivity. Therefore, the distance between E-Skin electrodes is greatly 

reduced by the static load, leading to a decrease in the electrical resistance of E-Skin.[12] 

Figure 4(c) shows the electrical changes in the E-Skin due to the impact load. Impact load has 

the same principle as the result of static load. If the impact load of the E-Skin is applied, the area 

where the electrode is installed will be small. The same principle was applied to the impact load 

test as the result of the static load test. The electrode area of the E-Skin becomes very small 

during impact loading. The reduction in the distance between electrodes by the impact is 

negligible compared to a decrease in the area of the electrodes. Therefore, the change in 

electrical resistance is affected by the electrode area. Thus, the electrical resistance of the E-

Skin tends to increase when the impact load is applied. 

 

     (a)                                                   (b)                                                    (c) 

Figure 4. E-Skin Electrical Change (a)by strain, (b)by static load, (c)by impact load 

The crack detection performance of the E-Skin applied to the structure is shown in Figure 5(a). 

Cracks in the structure appeared in the middle section C. The larger the crack, the greater the 

electrical resistance of the E-Skin. This is the same phenomenon as the tensile test, resulting in 

an increase in electrical resistance only in section C due to the rise in the electrical tunneling gap 

between the carbon nanotubes. Cracks occurred up to 5% on the concrete-coated E-Skin. 
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Considering that the strain at the breaking point of concrete is 0.3%, E-Skin is deemed suitable 

as a crack detection sensor. 

The electrical changes in the E-Skin according to the load are shown in Figures 5(b) and (c). We 

manufactured a system that measures changes in electrical voltage in the same way as pressure 

sensors that are currently being commercialized.[13] We showed the output value of the system 

so that the voltage of 5V has a resolution of 2%&. Moreover, as evidenced by Ohm's law, it has 

an inverse property of electrical resistance and electrical voltage. This demonstrates the reverse 

sign of the electrical resistance change behavior of the E-Skin due to previous static and impact 

loads and the output value behavior of the multi-sensing system. As a result, it has been found 

that the tendency of electrical resistance changes under static and impact loads, and the 

direction of output values in the system are reversed. Furthermore, the voltage changes exactly 

where the load was applied. Therefore, we determined that E-Skin can detect static and impact. 

   

     (a)                                                 (b)                                                (c) 

Figure 5. (a)Electrical Change of E-Skin by Crack in Concrete, Multi-sensing system screen 

according to (b)static load, (c)impact load 

4. Conclusion 

In this study, E-Skin, a carbon nanotube polymer complex for detecting the deformation of 

structures, was developed. We believe that the proposed approach is likely to revolutionize the 

current field of SHM because it enables high flexibility and accurate deformation detection of E-

Skin. The results of conductive network formation and deformation detection of carbon 

nanotubes have the potential to be utilized in various engineering fields. We found E-Skin that 

can detect tensile and different loads. The E-Skin's crack detection and static and compressive 

load detection performance have been verified by application to concrete structures. Overall, 

the experimental results confirmed E-Skin's structural crack detection and load detection 

capabilities. Our future research will focus on electrical changes in the various loads of E-Skin 

applied to the floor of large structures. 
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Abstract: In the machinery and construction industry, heat is a major factor causing damage 

and destruction. The safety and efficiency of most machines and structures are greatly affected 

by temperature, and temperature management and control are essential. In this study, a carbon 

nanotube (CNT) based temperature sensing coating that can be applied to machines and 

structures having various structural types were fabricated, and characteristics analysis and 

temperature sensing performance were evaluated. The temperature sensing coatings is 

composed of carbon nanotubes (CNT) and epoxy. Structural and electrical properties of 

CNT/epoxy coatings were analyzed through electron microscopy, and temperature sensing 

performance was evaluated according to the temperature change. As a result of the experiment, 

the CNT/epoxy coatings showed higher electrical conductivity as the CNT concentration 

increased. In addition, CNT/epoxy coatings exhibit high sensitivity in high and freezing 

temperature ranges. Therefore, the proposed CNT/epoxy coatings are promising for use as a 

material for high and freezing temperature sensing. 

Keywords: carbon nanotube; surface coating; temperature sensing; epoxy 

1. Introduction 

Temperature is the main parameter of most machines and structures, and temperature sensors 

account for a large part of the overall sensor market[1]. There are two main types of 

temperature sensors: contact and non-contact type. The contact type includes a thermocouple 

thermistor, silicon diode, platinum, etc., to measure the temperature in direct contact with the 

sensing point. Compared to the non-contact type, the contact type is simpler and more accurate 

temperature measurement. However, for accurate temperature measurement, sufficient 

contact surface must be secured. Also, when thermal energy is not enough, heat loss occurs and 

slow response. Silicon diode-based sensors are insensitive and require reliable interface 

electronics. Also, platinum sensors are expensive. To compensate for the shortcomings of these 

existing temperature sensors, research on various temperature sensors is being actively 

conducted. 

Carbon nanotube (CNT) is one of the widely used functional fillers, and the composite with CNT 

is applied and utilized in various industrial fields. The structural morphology of CNTs can be used 

as a composite mixed with other materials to impart electrical and thermal conductivity and/or 

mechanical properties [2-4]. In particular, dispersing these kinds of nanoparticles in a polymer 
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system provides a means to improve thermal stability, light oxidation resistance and mechanical 

properties while expressing the functional properties of nanocomposites [5, 6]. 

The effect of temperature on CNT reinforced composites has been studied for different filler-

resin composites. Gojny and Schulte [7] investigated the effect of multi-walled CNTs on the 

thermo-mechanical properties of multi-wall carbon nanotubes (MWCNTs)/epoxy composites 

and found that increasing concentrations of MWCNTs as well as functionalizing MWCNTs leads 

to an increase of the glass transition temperature with higher interfacial interaction between 

the CNT and the polymer matrix. For example, Jang and Yin [8, 9] fabricated highly sensitive 

strain and fracture sensors by dispersing carbon nanotubes as well as ferromagnetic particles in 

polydimethylsiloxane (PDMS). In addition to sensing applications, other capabilities have been 

reported for a decade. Jang and Park [10] proposed carbon nanotube-reinforced composite 

materials for dual functions such as temperature sensing and de-icing. Yum and Jang [11] 

proposed multi-functional road coating materials with self-sensing consisting of CNTs and a 

polyurethane (PU) matrix, widely used materials for road marking, for future transportation 

systems. Epoxy resins are one of the structurally suitable polymer systems among various 

polymer systems [12-14]. Due to their high stiffness, strength, dimensional stability, chemical 

resistance and durability, these resins are useful for a variety of industrial applications, 

particularly in the electronics, automotive and aerospace industries [15, 16]. 

In this study, a novel temperature-sensing coating composed of carbon nanotube and epoxy 

matrices applicable to various industrial fields was proposed. The CNT/epoxy coating is 

manufactured by solution casting for high electrical conductivity. The electrical conductivity of 

CNT/epoxy coatings was analyzed as a function of CNT concentration. The temperature sensing 

performance was analyzed through the resistance of CNT/epoxy composites to temperature 

change. 

2. Materials and Methods 

2.1 Materials 

Industrial grade multi-walled carbon nanotubes were purchased from Nanolab, Inc. (MA, USA). 

The CNTs have a diameter of 15 nm, a length of 5-20 µm, and purity of higher than 85 wt %. 

Epoxy was obtained from Easy Composites Ltd. (Staffordshire, UK) with a density of 1.12-1.18 

g/cm3 and viscosity of 200-450 mPa.s. The dispersant used acetone from Samchun pure chemical 

Co., Ltd. (Gyeonggi-do, South Korea) with a purity of 99.7 %. 

2.2 Fabrication Procedure 

The fabrication procedure of CNT/epoxy coating was shown in Figure 1. Epoxy resin (20 g) and 

acetone (50 g) were added to a 200 ml beaker and hand-mixed using a spatula. Then, various 

concentrations of CNTs(from 0 to 5 wt %) were put into a beaker and mixed in the same way. 

An ultrasonicator (Q700CA, Qsonica LLC., USA) was applied to disperse CNTs in the solution. In 

this study, the ultrasonicator was operated in a pulse model with 90 % amplitude, and ice was 

placed around the beaker to prevent the evaporation of acetone due to the heat from the 

ultrasonicator. After dispersion, the sample was placed on a hot plate (60 °C) for 24 hours to 

fully evaporate acetone. Then, a curing agent (6 g) added into the sample and mixed it evenly in 

a 3-roll mill (TR 50M, Trilos, USA). After molding to the test, the CNT/epoxy coating was placed 

into the vacuum chamber and operated for 30 minutes to remove air bubbles inside the sample. 
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Figure 1. Fabrication of CNT/epoxy coating 

 

2.3 Characterization 

The resistance of the CNT/epoxy coatings were measured using a Keithley 2450 (Tektronix, 

Beaverton, USA) for a high resistance above 109Ω and Keithley 2700 (Tektronix, Beaverton, USA) 

for normal resistance. The specimens prepared with a size of 50 mm x 30 mm x 1 mm. High-

purity silver paint was applied to both ends of the specimens to minimize the contact resistance 

between the coating and the tip probe. The electrical conductivity (σ) of the specimens were 
calculated by 𝜎 = 𝐿𝑅𝐴                    (1) 

where R is the resistance of the coating (Ω), A is the area of the coating (m2) and L is the length 

of the coating (m).  

 For the microstructure of the CNT/epoxy coatings, the cross-section of the specimen was 

observed through a scanning electron microscope (MIRA3 FE-SEMs, TESCAN, Brno, Czech) at 15 

kV. For a high magnification measurement of more 10,000 times, the CNT/epoxy coating cross-

section was coated with platinum using sputter coating (QUORUM-Q150T S, Laughton, UK) for 

10 minutes.  

For resistance-temperature dependence in CNT/epoxy coatings, the change in resistance of 

CNT/EP coatings as a function of temperature was measured in an environmental chamber using 

a digital multimeter (Keithley 2700, Tektronix, Beaverton, USA) with an externally connected 

data acquisition system, as shown in Figure 2(a). The resistance of CNT/epoxy coatings was 

measured from -20 °C to 60 °C in 10-degree increments. Note that the samples remain constant 

at each temperature for 1 h for the steady-state temperature of the CNT/epoxy coatings. For 

cyclic piezoresistive response of CNT/epoxy coatings, the test exposed the samples to high and 

low temperature of -20 °C and +20 °C. The temperature change will cycle 50 times as shown in 

Figure 2(b).  
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Figure 2. Temperature sensing performance equipment and details: (a) static and cycle sensing 

test; (b) temperature cycle in thermal chamber 

3. Results 

Figure 3 showed the electrical characteristics of the CNT/epoxy coatings. Figure 3(a) shows the 

electrical conductivity for the CNT/epoxy coating as a function of CNT concentrations. Pure 

epoxy is non-conductive material with 1×10−16 S/m. A dramatic increase in electrical conductivity 

was observed when the concentration of CNTs increased from 0.5 wt % to 1.25 wt %. This 

behavior has been attributed to the occurrence of a percolation threshold [17, 18]. The 

percolation threshold, i.e., the minimum CNT concentration in the matrix after which no 

significant change in the electrical conductivity is observed, occurred at around 0.63 wt % CNTs. 

The observed increased in electrical conductivity of the CNT/epoxy coating is due to a well-

developed CNT network structure (conducting pathways) created within the matrix material as 

shown in Figure 3(b). The electrical conductivity showed a slight increase even with an increase 

in the CNT concentrations. 

 

Figure 3. Electrical characteristics of CNT/epoxy coatings; (a) electrical conductivity; (b) 

scanning electron microscope (SEM) images of magnifications showing the morphology of the 

fracture surface 

Figure 4 shows the effect of temperature on the resistance of the CNT/epoxy coatings. As shown 

in Figure 4(a), the resistance of all CNT/epoxy coatings significantly decreased with the 

increasing temperature, demonstrating that CNT/epoxy coatings have a negative temperature 

coefficient of resistance (TCR). This behavior can be attributed to the thermal activation of 

charge carriers that overcome the potential barrier between MWCNTs and result in a decrease 

of resistance of the nano-composite [19-21]. In this study, the resistance of all CNT/epoxy 
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coatings varied linearly with temperature except for 0.63 wt % CNT/epoxy coating due to high 

sensitivity. By fitting the normalized resistance relative to room temperature (20 °C) in Figure 

4(b).  TCR was lower as the CNT concentration increased, and the difference was smaller at high 

concentrations [22].  

 

Figure 4. The effect of temperature on the change at rest resistance results of the CNT/epoxy 

coatings; (a) resistance by temperature; (b) normalized resistance by temperature 

Figure 5 shows the cyclic piezoresistive response of CNT/epoxy coating (5.0 wt.%) for 50 

temperature cycles. The repetition of the response was constant. This consistent resistance 

change demonstrates the long-term and repeatable use of CNT/epoxy coatings. The proposed 

sample can monitor the temperature with high stability. 

 

Figure 5. Temperature sensing performance of the CNT/epoxy coating according to cyclic 

temperature change  

4. Conclusion 

This study demonstrates the potential of CNT/epoxy temperature sensor coating applicable to 

the machinery and construction industries. Highly electrically conductive coatings have been 

successfully prepared by dispersing CNTs in an epoxy matrix. The addition of CNTs showed 

improved electrical conductivity. The proposed CNT/epoxy coatings also provided temperature 

sensing due to its negative temperature coefficient. As a result, CNT/epoxy coatings with higher 

CNT concentrations are more suitable for temperature monitoring. CNT/epoxy coatings are 

capable of general temperature sensing as well as freezing temperature sensing. It has also 

applicability as a temperature-sensing coating for winter maintenance and mechanical and 

industrial equipment in extreme environments.  
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Abstract: Dispersion is one of the most important factors in the manufacture of composite 

materials. In the manufacture of composite materials, solvents are used to better disperse the 

reinforcement, nano-filler in the matrix. Since dispersion is affected with solvents, it is necessary 

to study which solvent is adopted to get good dispersion. In this study, the dispersion behavior 

and solubility of graphene oxide (GO) were examined under various solvents (DMF, NMP, 

ethylene glycol, Acetone, DI water) to identify dispersion. As a result of UV-Vis spectroscopy 

absorbance measurement, it was found that DMF and ethylene glycol had the best dispersibility, 

whereas DI water showed the lowest dispersibility. In addition, as a result of visually observing 

the dispersion according to the surface tension and time, it was found that the dispersibility was 

excellent in the order of DI water, ethylene glycol, NMP, DMF, and acetone, which was consistent 

with the Hansen solubility parameter value.  

Keywords: Composite materials; Graphene oxide; Solvent; Solubility parameter; 

1. Introduction 

Composite materials are materials in which two or more different forms and compositions exist 

[1]. Due to its lightweight characteristics and excellent mechanical performance, it is used in 

various fields such as automobiles, sports, leisure, aerospace, and biotechnology [2]. Composite 

materials consist of a base material and a reinforcing material, and the total surface area of the 

reinforcing material for the same amount of reinforcing material increases significantly with how 

well the reinforcing material is dispersed in the base material. In addition, it has a great influence 

on the mechanical and thermal properties of the final composite material, such as physical, 

electrical, and thermal properties [3, 4]. In addition, it greatly affects the quality of 

manufactured products and can cause problems directly related to safety. Therefore, it can be 

seen that dispersion plays a very important role in composite materials. 

For the thermosetting epoxy and graphene oxide (GO), their mixture of matrix and GO are 

soluble in a solvent with a similar chemical structure. Therefore, solubility and dispersion can be 

one of the crucial criteria as a solvent because it becomes soluble under similar conditions [5]. 

In the present study, the dispersion behavior and solubility of GO/solvents was examined to 

identify suitable solvents for dispersion. Various solvents, DMF, NMP, Ethylene glycol, Acetone, 

and DI were selected to determine the degree of dispersion of GO. The degree of solubility was 

obtained through UV-Vis spectroscopy absorbance measurement. The degree of dispersion for 

each solvent was investigated with comparison of solubility measurements. 

2. Experimental 

2.1 Materials 
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Graphene GO (Grapheneall, Korea) were prepared to dispersion material. Various solvents of 

DMF, NMP, Ethylene glycol, Acetone, DI water were prepared, and its material properties are 

listed in Table. 1.  

Table 1: Properties of Solvents 

Solvent Chemical formula Viscosity (Pa·s) Density (kg/m3) 

DMF C3H7NO 151.6 0.95 

NMP C5H9NO 114.7 1.03 

Ethylene glycol C2H6O2 52.7 1.12 

Acetone CH3COCH3 106.1 0.79 

DI water H2O 50.8 1.00 

 

2.2 Experimental method 

Go was mixed with 0.125 mg/mL of solvents listed in table 1. Go mixed with solvents were 

treated with ultrasonicate homonizer (SONIC&MATERIALS, Inc., VC505) during 1 hours and 

magnetic stirrer during 30 mins. Dispersion of GO with different kinds of solvents was observed: 

visual inspection and UV-vis spectroscopy. Visual inspection was conducted to observe the 

degree of dispersion with time. Also, dispersion was observed quantitatively using UV-Vis 

spectroscopy (human corporation, X-ma1200 V). 

 

3. Results 

3.1 UV-Vis spectroscopy 

Dispersion of GO with different solvents was carried out to obtain solubility coefficients through 

UV-Vis spectroscopy absorbance measurement. From the data measured by UV-Vis 

spectroscopy, the absorbance gradient can be obtained by extracting the concentration values 

of each solvent at the specific wavelength.  

Fig. 1 shows a representative UV-Vis spectroscopy for the GO with DI water at the stabilized 

wavelength of 660 nm. The change rate of the absorbance value can be observed according to 

the difference of the GO concentration. The absorbance value and Extinction coefficient were 

obtained using in Eq. (1).   

� = ���                   (1) 

where A, �, b, and c represents absorbance, extinction coefficient, the distance through which 

light passes, and the molar concentration of the sample, respectively. Becasue the dispersion of 

GO/solvents with different concentrations have different absorbances, GO/solvents have 

different molar extinction coefficients. From the Eq. (1), extinction coefficient and absorbance 

have a proportional relationship and the degree of dispersion can be identified with extinction 

coefficient.  
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The UV-Vis spectroscopy concentration of GO/ solvents was measured with absorbance and the 

results are shown in Table. 2. It can be seen that DMF and ethylene glycol showed high degree 

of dispersion and DI water has low degree of dispersion.  

 

Figure 1. Absorbance slope graph by concentration of 660 nm wavelength of DI water using 

UV-Vis spectroscopy 

 

Table 2: UV-Vis spectroscopy concentration 

Solvent Absorbance 

DMF 118.6 

NMP 114.7 

Ethylene glycol 120.3 

Acetone 106.1 

DI water 59.39 

 

3.2 Visual inspection 

After dispersing the same amount of GO for each solvent, the degree of dispersion was 

examined after dispersion of GO/solvents with 1, 7, and 14 days, and the results are shown in 

Fig. 2. With visual observation, the degree of dispersion of GO/solvents was observed in the 

order of DI water, ethylene glycol, DMF, NMP, and acetone, which was consistent with the 

Hansen solubility parameter values [11,12]. 
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Figure 2. Results of GO dispersion experiments for each solvent conducted to observe long-

term dispersion stability; (1) 0 s, (2) after 2 weeks later 
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Abstract: Bio-composites are commonly obtained by combining biodegradable polymers with 

fillers collected from natural resources. In this context, biochar (BC) is attracting high interest as 

filler for polymer-based composites due to its challenging properties, including eco-

sustainability. This study aimed to prepare and characterize bio-composites with antimicrobial 

properties evaluating the role of the filler in the release kinetics. In particular, BC as filler and 

carvacrol (CRV) as antimicrobial agent, were incorporated via melt-compounding in 

poly(butylene adipate-co-terephthalate) (PBAT) samples. The rheological, tensile, and 

antimicrobial properties of the obtained bio-composites were evaluated paying particular 

attention to the influence of BC concentration, i.e., 5, 10, and 20 wt%, on the investigated 

properties. Moreover, the influence of BC content on the release kinetics of carvacrol was 

studied and mathematically modeled to evaluate the release mechanism. The results showed 

that the presence of biochar modified the carvacrol release in comparison with the unfilled 

system thus allowing to tune the release kinetics. 

Keywords: PBAT; carvacrol; bio-composites; biochar  

1. Introduction 

In recent years, polymers and polymer-based systems have been widely investigated as 

materials for thin-film preparation. Usually, thermoplastic polymers offer low raw material costs 

and a well-established manufacturing process that can be easily scaled to large-scale production. 

However, major concerns for traditional thermoplastics used for film preparation, commonly 

derived from fossil fuels, refer to the non-renewability and non-biodegradability of the raw 

materials chosen for their production, thus causing environmental issues [1–3]. Due to the rising 

attention towards eco-sustainable products, it is unsurprising that more and more research 

groups and industries are exploring the possibility of using new biodegradable and compostable 

polymers suitable for different applications [4–6] . 

A wide plethora of biodegradable polymers, such as polysaccharides, proteins, and lipids, were 

proposed as suitable materials for thin-film preparation [4,7,8]. In this context, poly(butylene 

adipate-co-terephthalate) (PBAT) is an aliphatic/aromatic copolyester that is biodegradable and 

compostable and, due to its interesting properties, is considered among the most promising 

biopolymers for packaging film, agricultural film, and compost bag fabrication [9–11]. 

Over recent years, several additives, including natural compounds, peptides, enzymes, metals, 

chelating agents, and antibiotics, were incorporated into bio-polymeric matrices to 

provide antimicrobial activity [12–14]. Among them, plant essential oils (EOs) are interesting 

natural antimicrobial agents to be incorporated into the biopolymeric films or membranes due 
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to their high inhibitory potential against a wide spectrum of microorganisms [15,16]. Among the 

great variety of EOs, carvacrol (CRV), commonly present as the main compound in thyme and 

oregano EOs, has gained greater acceptance among food technologists due to its ability to inhibit 

undesired pathogenic and spoilage microorganisms [17,18]. Furthermore, CRV is a “generally 
recognized as safe” food additive and is approved by the U.S. Food and Drug Administration 
(FDA) for use in foods and drinks.  

However, CRV release from thin biopolymeric films can lead to rapid (burst) release of the 

bioactive compound thus hindering a long-term release. 

In order to mitigate the burst effect, it is usually preferable adding a third component, such as a 

filler. In fact, from a physical point of view, the presence of a filler may force the molecules to 

follow a tortuous path throughout the matrix before reaching the surface [12]. Moreover, from 

a chemical point of view the eventual strong interaction between filler and drug may decrease 

the amount released and the kinetics delivery. 

In this context, biochar (BC) is attracting high interest as filler for polymer-based composites  

due to its challenging properties, such as high thermal and chemical stability combined with its 

cost-effectiveness and eco-sustainability [19,20]. BC is usually produced by the pyrolysis of 

wastes from the forestry and agricultural industries, and its structure can be modified by tuning 

the pyrolysis conditions [21]. 

Recently, several remarkable articles about the efficacy of BC as filler for the fabrication of green 

composites were published but its effect on the release kinetic of a natural antimicrobial 

compound was never reported so far [22,23].  

Therefore, in this work, biocomposite films based on PBAT, biochar, and CRV were produced via 

melt mixing and filmed in hot press. The PBAT-based films were loaded with 20 wt% of CRV and 

filled with 5, 10, or 20 wt% of BC. The rheology of the melts was evaluated via frequency sweep 

analysis. The mechanical properties of the PBAT-based films were evaluated through tensile 

tests. The release profile of CRV from was evaluated via UV–Vis measurements and it was fitted 

with a power-law model.  

2. Experimental part 

2.1 Materials 

PBAT (ecoflex® F Blend C1200, Basf, SE, Ludwigshafen, Germany) is a film grade with a melt flow 

rate (MFR) of 2.7–4.9 g/10 min (190 °C, 2.16 kg), a density in the range of 1.25–1.27 g/cm3, and 

a melting temperature in the range of 110–120 °C. 

Commercial biochar powder (hereafter coded as BC) used in the food industry (Special 

Ingredients) was chosen as filler. In particular, as reported in the technical data sheet of the 

supplier, this biochar was obtained from the pyrolysis of coconut shells. 

Carvacrol (purity ≥98%) was purchased by Sigma Aldrich. 

2.2 Film preparation 

PBAT-based films were prepared by combining melt mixing and compression molding. More in 

detail, PBAT was fed to a batch mixer (Brabender PLE-330 T = 170 °C, n = 60 rpm) and processed 
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for 4 min, then the additives (BC and CRV) were added and mixed with PBAT for 1 min in order 

to minimize the evaporation of CRV. The PBAT-based mixtures were then fed out and rapidly 

quenched in liquid nitrogen in order to stop the CRV evaporation due to the high temperature. 

BC concentration was 5, 10, and 20 PHR while a single CRV concentration (equal to 20 PHR) was 

added to each composite. Therefore, five materials were produced and coded as PBAT (pure 

PBAT), PBAT/CRV (without BC) or PBAT/CRV/BC_N where N is equal to the PHR of BC in the 

sample. PBAT-based systems were then filmed in a Carver laboratory press at 170 °C and 140 bar 

in 15 cm × 15 cm × 0.2 mm height square molds for 3 min. In order to avoid the loss of CRV due 

to evaporation during the storage stages, all the PBAT/CRV and PBAT/CRV/BC films were stored 

at 2 °C and characterized within 24 h of preparation. 

2.3 Rheological characterization 

Rheological investigations of the melts were carried out through a plate–plate rotational 

rheometer ARES-G2 (TA Instruments, New Castle, DE, USA) equipped with a parallel-plate 

geometry (25-mm diameter). Frequency sweep tests, from 0.1 to 100 rad/s, were performed at 

170 °C. The PBAT-based samples for rheological tests were prepared via compression molding 

of the melt mixed systems in a 25-mm diameter and 1.5-mm thick stainless-steel mold at the 

same conditions above described. Before testing, all the samples were let to dry under vacuum 

overnight at 70 °C. 

2.4 Tensile tests 

All PBAT-based films were mechanically tested in uniaxial tensile mode by using an Instron 3365 

(Instron, Norwood, MA, USA) universal testing machine equipped with a 1 kN load cell. The tests 

were performed on rectangular film specimens (10 × 90 mm) until fracture with a uniform 

crosshead speed of 1 mm/min. At least 7 specimens were tested for each sample. 

2.4 Carvacrol release kinetics 

It is well known that the maximum absorbance peak of CRV in water detectable by UV–Vis 

measurements can be detected at 272 nm [1]. A series of CRV/water solutions containing from 

1 to 50 mg/L of CRV were prepared and analyzed via UV–Vis (model UVPC 2401, Shimadzu Italia 

s.r.L., Milan, Italy) in order to obtain a calibration curve correlating the absorbance peak 

intensity and the CRV concentration (mg/L). In this range of concentration, the calibration curve 

was found to be linear (ABS272nm = 0.0142 [CRV]; R2 = 0.99998). The release of the essential oils 
from the films was investigated by immersing a pre-weighed sample (a section of 3 × 20 × 3 mm, 
approximately 120 mg) in 10 mL of distilled water at 37 °C. The absorbance of the medium at 
272 nm was measured at specific time intervals and converted CRV concentration by using the 
calibration line. After each measurement, the samples were immersed in 10 mL of fresh distilled 
water at 37 °C, and the cumulative release of CRV here reported was calculated by sequentially 
adding the CRV released after each step. 

2.4 Antibacterial activity determination 

PBAT-based films containing CRV and BC at different concentrations were tested for 

antibacterial activity applying the paper disc diffusion method [24] with a few modifications. 

Briefly, a water agar (2% w/v) base support [25] was overlaid with 7 mL of the optimal soft agar 
(0.7% w/v) medium for each indicator strain inoculated at approximately 107 CFU/mL. MB foams 

discs (6-mm diameter) containing CRV were placed onto the surface of the double agar layer. 
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Sterile filter paper discs (Whatman no. 1) of the same diameter were soaked with streptomycin 

(10% w/v) and used as positive controls, while discs of MB foams without CRV represented the 

negative controls. 

The inhibitory activity was evaluated after incubation at the optimal temperature (reported 

above) for each strain. The inhibitory activity was scored positive when a definite clear area was 

detected around the discs. The diameters of the inhibitory halos around the paper discs were 

measured. The experiments were performed in triplicate. 

3. Results and discussion 

3.1 Rheological properties 

The effect of the filler and the essential oil on the rheological properties of the biocomposites 

was analyzed by measuring the storage modulus (G '), the loss modulus (G' ') and the complex 

viscosity (η *) as a function of frequency.  In pure PBAT, a decrease of the complex viscosity with 

frequency was observed. More in detail,  a pseudo-Newtonian behavior of the matrix at low 

frequencies was followed by a shear thinning behavior at high frequencies, as also reported by 

the studies of Adrar et al. [26]. Both the moduli and the viscosity decrease with the introduction 

of CRV, thus indicating the plasticizer action of this essential oil to PBAT, as already observed for 

other biopolymeric matrices. The addition of BC to the PBAT/CRV systems caused an increase of 

the complex viscosity at the lower frequencies. On the other hand, the complex viscosity of the 

melts containing or not BC were overlapped at the higher frequencies. Upon increasing the BC 

concentration, the shear thinning behavior of the melt became more evident reflecting a solid-

like behavior. Similarly and coherently, the values of G 'and G'' increased at the lower 

frequencies upon increasing the content of BC while remained almost independent from the BC 

concentration at the higher frequencies. These results let us reasonably conclude that CRV has 

an evident plasticizer action on PBAT and that the further addition of BC slightly modified this 

behavior, in particular at the higher frequencies.  

3.2 Mechanical properties 

Tensile tests were performed to investigate the influence of BC and CRV addition on the 

mechanical behavior of PBAT-based films.  

Table 1 displays the tensile properties investigated, and specifically the elastic modulus (E), the 

tensile strength (TS) and the elongation at break (EB). 

Table 1. Tensile properties of the PBAT-based films 

Sample E [Mpa] TS [Mpa] EB [%] 

PBAT 63 ± 4.0 26.0 ± 3.3 1245 ± 79 

PBAT/CRV 18.6  ± 2.2 10.3 ± 1.3 759 ± 72 

PBAT/CRV/BC_5 18.9 ± 2.2 7.1 ± 0.5 493 ± 52 

PBAT/CRV/BC_10 22.3 ± 1.4 6.2 ± 0.4 288 ± 41 

PBAT/CRV/BC_20 23.4 ± 2.2 5.4 ± 0.3 212 ± 33 
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Pure PBAT is a polymer with a relatively low elastic modulus (∼63 MPa), with a relatively high 

tensile strength (∼26 MPa) and high deformation at break (∼1245%), values consistent with 

those found in the literature [27,28]. The high tensile strength values are due to the fact that, 

when they are subjected to high elongations, the polymer chains of the PBAT reorganize to 

undergo a stress-induced crystallization, thus increasing the force required to break.  

The addition of CRV leads to a worsening of the mechanical properties with respect to the neat 

matrix. Upon increasing the BC concentration a slight increase of the elastic modulus was 

observed. The addition of biochar gives greater rigidity and a reduction in the mobility of the 

polymer chains which results in an increase in the elastic modulus. At the same time, the tensile 

strength, and the elongation at break of the PBAT-based films decreased upon increasing the BC 

content. This phenomenon can be ascribed to the formation of clusters that acted as stress-

concentrators thus reducing the elongation at break and the tensile strength of the samples 

containing BC.  

3.3 Carvacrol release kinetics 

In order to investigate the release mechanism of CRV in water from the PBAT-based films, the 

experimental data of the release kinetic were fitted using the power law model: 𝑀𝑡𝑀∞ = 𝑘𝑡𝑛                                                                                                                                                      (1) 

where t is the release time, k is a kinetics constant and n is the diffusion exponent related with 

the release mechanism. In particular, the release is diffusion-controlled when n is lower than 0.5 

(Fickian) and it is swelling-controlled when n is equal to 1.0. If n is in the range 0.5–1.0 it can be 

assumed a release due to the superposition of both phenomena that is defined as anomalous 

transport by Peppas et al. [29]. 

In Table 2 there are summarized n, k and the R2 values for each system here investigated. 

Table 2. Power law parameters obtained from the release kinetics of CRV. 

Sample 

I Stage  II Stage  III Stage 

k [h-1] n R2  k [h-1] n R2  k [h-1] n R2 

PBAT/CRV 0.172 0.922 0.993  0.254 0.491 0.989  0.588 0.139 0.970 

PBAT/CRV/BC_5 0.168 0.915 0.997  0.245 0.496 0.993  0.579 0.137 0.966 

PBAT/CRV/BC_10 0.200 0.883 0.997  0.299 0.448 0.990  0.691 0.096 0.953 

PBAT/CRV/BC_20 0.207 0.896 0.996  0.316 0.440 0.984  0.687 0.106 0.995 

 

For all the systems, the release of CRV was characterized by three phases: (i) a burst phase, (ii) 

a second phase characterized by slower release rate, and (iii) a release plateau. 

The release can be defined as diffusion-controlled when n is lower than 0.5 (Fickian) and it is 

swelling-controlled when n is equal to 1.0. The superposition of both phenomena occurs if n is 
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in the range 0.5–1.0. In this case, Peppas et al. defined this behavior as anomalous transport 

[29]. 

According to Peppas, the CRV release showed an anomalous mechanism of release during the 

first stage, and a Fickian release during the second and third release stages.  

As highlighted by k values in table 2, the kinetic release of CRV was slowened by lowest 

concentration of BC while it increased upon furtherly increasing the BC concentration to 10 wt% 

and 20 wt%. 

3.4 Antibacterial properties 

Results of the screening of the antibacterial activity in vitro revealed that among the active 

materials tested the only ones to be effective on high concentrations of indicator strains were 

those produced at 10% and 20% of BC which also showed the faster kinetics of carvacrol release. 

In particular, the inhibitory effect was detected against spoilage bacteria, i.e. Brochotrix 

thermosphacta (SP10) and pathogenic bacteria, i.e Stenotrophomonas maltophilia (ICE272), 

while no effect was detected against pro-technological bacteria. While requiring further studies, 

this result highlights the potential use of this active material in applications in the food packaging 

sector. In fact, in a possible in vivo application, the presence of microorganisms with potential 

pro-technological and probiotic aptitudes in the food matrix in contact with the active material 

would not be compromised while the presence of alterative microorganisms responsible for 

reducing the shelf-life of the product would be inhibited.  
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Abstract: A nanocomposite reinforced with a 3D, connected, stiff framework should offer better 

performance than a simple dispersion of nanoparticles. Monolithic porous silica can be used as 

this framework by providing a fully connected but open porous supporting skeleton for 

reinforcing organic polymers. Infusion of epoxy resin into silica aerogel pores may produce a 

bicontinuous material that more efficiently exploits the intrinsic properties of each solid phase: 

bicontinuous aerogel and polymer matrix component. Matrix infusion into an aerogel monolith 

in principle allows greater silica content than shear mixing (of particles) which is limited by 

aggregation and high shear viscosities. Silica content is maximised by producing aerogels of 

unusually high envelope density (0.2 g.cm-3 – 0.8 g.cm-3).  

Keywords: Silica; Aerogel; Bicontinuous; Hybrid; Nanoreinforcement  

1. Introduction 

Epoxies are widely used in structural composites due to their high toughness, ease of processing, 

and good interfacial compatibility with reinforcing materials. However, they lack stiffness when 

compared to inorganic materials and some high-end thermoplastics. Silica particles dispersed 

within epoxy resin can improve elastic modulus without loss of toughness [1]. However, this 

approach increases resin viscosity which hinders processing [2], and lacks any long-range 

connectivity between the particles. By pre-forming a porous silica monolith, and backfilling with 

epoxy, a structure consisting of a fully bicontinuous, silica-epoxy network may be achieved. In 

this architecture, the reinforcement is evenly distributed. forming an interlocked inorganic-

organic hybrid with characteristic lengthscales of less than 10 nm. The bicontinuous structure 

facilitates improved load transfer for greater stiffness and introduces additional failure modes 

for greater energy absorption [3]. 

Silica aerogel was chosen as the porous silica phase for this material for its simple, low-

temperature synthesis and controllable mesoporosity. Pure silica aerogel is intrinsically brittle 

due to the weakness of interparticle neck regions in its “pearl necklace” morphology. Improved 

mechanical performance has been reported when the fragile network is crosslinked with organic 

polymers to give an X-aerogel [4]. Aerogel-based hybrids are typically made with low loadings 

of secondary materials to preserve the characteristic low density and thermally insulating 

properties of the aerogel. In this work, we aim to use the aerogel as a 3D reinforcing element in 

which the pores are completely backfilled with a commercially available epoxy resin, encasing 

the silica network as a stiff skeletal reinforcement to the epoxy. A comparison of the 

microstructures of the various silica-epoxy nanocomposites so far described is shown in Figure 1. 
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Figure 1. Cartoons depicting the microstructures of epoxy-silica nanocomposites. Left: Epoxy 

resin (green) reinforced with powdered silica aerogel (blue). Centre: Epoxy-crosslinked silica X-

aerogel (light blue aerogel with dark green epoxy crosslinking. Right: Bicontinuous silica-epoxy 

hybrid monolith (blue aerogel and green epoxy). 

Silica aerogel has previously been used produce a composite polymer electrolyte by backfilling 

with poly(ethylene oxide) (PEO) under reduced pressures [5]. In this material, the stiff silica 

backbone reinforces the mechanically weak PEO enabling suppression of lithium dendrite 

formation. We propose that a similar vacuum technique can be applied to fill mesoporous silica 

monoliths with epoxy resin, combining tough epoxy with stiff silica to produce a bicontinuous 

composite with greater stiffness than unreinforced epoxy without loss of toughness. Silica 

content is maximised by producing aerogels of unusually high envelope density 

(0.2 g.cm-3 - 0.8 g.cm-3). Aerogel density is restricted by the limited miscibility of siloxane 

precursors with water; high densities are achieved by maximising miscibility to give high siloxane 

concentrations. In this work, gels are dried from supercritical CO2 to limit the influence of pore 

shrinkage on the final monolith density and, hence, envelope density is controlled directly from 

the precursor siloxane concentration. We describe the process to make such materials on a scale 

suitable for mechanical testing, and these tests will be conducted at a later stage. 

2. Experimental  

2.1 Materials  

For the synthesis of silica aerogel monoliths tetramethylorthosilicate (98%, TMOS) and 

chlorotrimethylsilane (≥ 98%, TMCS) were purchased from Sigma Aldrich, and acetone (technical 

grade), ethanol (absolute), water (HPLC grade), and n-hexane (dehydrated) were purchased 

from VWR. An epoxy resin with its associated hardener (Gurit Prime 27 epoxy resin and Prime 

Extra Slow hardener, Marineware Ltd.) were infused into the silica aerogel monoliths to produce 

silica-epoxy bicontinuous composites. The epoxy and hardener were mixed according to 

manufacturer’s instructions and degassed before use. All chemicals were used as received. 

2.2 Silica Aerogel Synthesis and Characterisation 

Silica aerogel monoliths were produced by combining water and TMOS in a molar ratio of 24:1. 

This mixture was stirred for 1 h at 25 °C to give a single transparent sol phase which was then 

poured into a mould. Cylindrical aerogel samples were cast in moulds made by machining 20 mm 

thick high-density polyethylene (HDPE) sheet (PE 300, Direct Plastics) on an AXYZ CNC router. 

Gelled samples were aged for 4 days at 25 °C to ensure complete reaction before exchanging 

from residual solvent to ethanol. Hydrophobisation of the silica surface was performed by 

immersion in a TMCS:n-hexane:ethanol mixture (1:1:8 ratio by volume). Samples were then 
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exchanged back to ethanol before a final exchange to acetone over 3 days. Finally, samples were 

dried from supercritical CO2 using a Leica EM CPD300 critical point dryer. Envelope densities 

were determined by Archimedes’ balance method in de-ionised water. Skeletal density was 

determined by helium pycnometry (Micrometrics AccuPyc II 1340). Specific surface area, pore 

volume, and pore radius distributions were determined from gas sorption isotherms (N2) using 

a Quantachrome NOVAtouch gas sorption analyser. 

2.4 Epoxy Infusion in Silica Aerogel Monoliths to Produce Composites 

Silica aerogel cylinders (diameter ≈ 5.5 mm, length ≈ 15 mm) were backfilled with epoxy by 

immersion in epoxy resin/hardener mixture under reduced pressure. The chosen commercially 

available resin system has low viscosity (170 cP to 180 cP at 25 °C) and long vacuum flow time 

(7 h 40 min at 25 °C). Owing to their fragility, aerogel monoliths were supported in heat-shrink 

tubing during infusion. Once immersed, the entire system was evacuated to 1 mbar in a vacuum 

oven for 6 h at 25 °C.  

2.5 Composite Characterisation  

The degree of infusion of epoxy into the porous silica structure was quantified as a backfill 

volume percentage (𝛽) using Equation (1), 

 𝛽 = 𝛥𝜌𝑏 𝜑.𝜌𝑒  (1) 

where 𝛥𝜌𝑏  
is the difference in envelope density between the unmodified silica aerogel monolith 

and the epoxy-infused silica aerogel monolith, 𝜑 is the porosity of the silica aerogel monolith, 

and 𝜌𝑒 is the cured epoxy density determined by Archimedes’ balance method. The change in 

morphology following epoxy backfilling is observed by scanning electron microscopy using a LEO 

Gemini 1525 FEG SEM set at 5 kV with In lens detector.  

3. Results and Discussion  

The silica aerogel synthesis employed here was designed for scalability and processability. TMOS 

was chosen for its ability to react with water and self-mix from an initially biphasic liquid by 

evolving methanol without the need for additional solvents or catalysts. This miscibility is higher 

than that for alternative orthosilicates facilitating the formation of aerogels with higher bulk 

density giving a higher loading of silica reinforcement in the silica-epoxy composite. Samples 

were dried from supercritical CO2 to eliminate capillary pressures resulting from solvent 

evaporation. This process minimises pore collapse which would otherwise result in increased 

envelope density and smaller pore radii which may inhibit infusion of epoxy. Samples were 

hydrophobised by reacting TMCS with surface silanol (OH) groups. This treatment was 

performed for the following reasons:  

• Hydrophilic (non TMCS-treated) samples formed in this work were found to fracture in 

the presence of ambient moisture.  

• Hydrogen bonded water molecules would be difficult to remove ahead of epoxy 

infusion. This residual water could affect the epoxy cure and produce voids in the 

composite structure.  

• Furthermore, functionalisation with trimethylsilyl groups prevents silanol groups from 

reacting chemically with epoxy resin or hardener. This reaction may alter the 
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stoichiometry of the epoxy resin/hardener mixture. Silica-epoxy bi-continuous materials 

with a designed covalent interface will nevertheless be explored in future work. 

Density and pore structure characteristics for the silica aerogel are summarised in Table 1. The 

BJH pore size distribution indicates that most of the porosity comprises mesopores with radii 

between 2 nm and 3.2 nm (Figure 2). The large specific surface area of silica aerogel (951 m2.g-1) 

results in an equally large silica-epoxy interface. This may increase the toughness of the material 

through crack pinning and deflection. Dry silica aerogel monoliths were translucent and bluish 

in colour due to Rayleigh scattering in the porous structure (Figure 3). Following epoxy infusion, 

the composite was uniform in appearance with greater transparency than uninfused aerogel 

(Figure 3) due to reduced scattering and closer matching of refractive indices [5]. Once cured, 

excess epoxy was removed, and the dimensions of the cylinder were measured to ensure that 

only the epoxy-silica composite remained. The mean backfill vol.%, β = 99.3% was calculated for 

six samples using Eq. (1) as summarised in Table 2. This value indicates that infusion of liquid 

epoxy into the porous epoxy structure was almost complete. Scanning electron microscopy 

images show the filling of pores by epoxy (Figure 4).  

Table 1: Silica aerogel monolith properties where ρb is envelope density, ρs is skeletal density, 

SSA is specific surface area, rpore is mean pore radius and Vpore is pore volume.  

ρb 

(g.cm-3) 

ρs 

(g.cm-3) 

SSA 

(m2.g-1) 

rpore 

(nm) 

Vpore 

(cm3.g-1) 

0.226 ± 0.009 1.50 ± 0.02 951 ± 25 2.60 ± 0.17 3.81 ± 0.25 

 

 

Figure 2: BJH plot calculated from silica aerogel gas sorption isotherm with the differential with 

respect to the pore radius included. 
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Figure 3: Photograph of silica aerogel monolith (left) and epoxy-infused silica aerogel monolith 

(right). 

Table 2: Summary of composition of bicontinuous silica-epoxy material. Uncertainty is given as 

one standard deviation. 

ρf 

(g.cm-3) 

Backfill 

vol.% 

Void 

vol.% 

 Silica 

wt.% 

Epoxy 

wt.% 

1.189 ± 0.016 99.3 ± 1.9   0.6 ± 1.6 18.5 ± 0.7 81.5 ± 0.7 

 

 

Figure 4: Scanning electron micrographs for silica aerogel before (left) and after (right) infusion 

with epoxy resin. 

4. Conclusions  

A silica-epoxy inorganic-organic bicontinuous hybrid composite material has been produced by 

backfilling mesoporous monolithic silica aerogel with liquid epoxy resin. Backfill vol.% was 

calculated from pre- and post-infusion envelope densities and indicated that 99.3 pore vol.% 

was filled resulting in a void content of 0.6 vol.%. This low void content shows that silica pores 

with radii of 2.0 nm - 3.2 nm uptake liquid epoxy resin. The resulting composite has a continuous 

3D silica reinforcement which will provide the epoxy resin with improved stiffness by facilitating 

long range load transfer. Pre-forming the silica network as a monolithic structure also enables 
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high weight loadings of reinforcement without incurring the high viscosities seen in dispersed 

particulate systems. A simple two component silica aerogel synthesis has been employed which 

could enable modification of precursor composition to produce higher silica aerogel envelope 

densities leading to a higher silica content in the bicontinuous composite. Future work will test 

monolithic samples in compression to determine the optimum silica content for improved 

mechanical performance. Higher silica volume fractions could also be achieved through 

application of a lower porosity aerogel with a larger mean pore radius. Such a material may be 

achieved through selection of appropriate alternative monomers and catalysts or application of 

templating techniques. This material is currently limited to small scale test samples due to the 

geometric limitations imposed by critical point drying. Large scale structural elements will 

require the use of mesoporous silica materials which are stable to ambient pressure drying.  
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Abstract: Growth of carbon nanotubes (CNTs) onto the fibre surface by direct chemical vapour 

deposition (CVD) offers a convenient means to integrate synthesis with assembly. This method 

delivers the nanostructures where they have the greatest influence on fibre-matrix interface or 

interphase. However, CVD is usually limited to small batches of short fibre lengths, and can 

damage the primary properties. Here, we describe a robust process to produce carbon nanotube-

grafted-fibres continuously at tow level with a uniform coverage of short (sub-500 nm length), 

10-20 nm diameter CNTs. Different CNT growth conditions, such as temperature [650-950 °C], 

duration [0.72-50 min], line speed [0.6-10 m/h], potential difference [0-1000 V], and reactive gas 

flow/compositions were investigated. Following optimisation, the fabrication of an entirely 

“fuzzy” fibre reinforced hierarchical composite was achieved.  

Keywords: Chemical vapor deposition; Carbon nanotubes; Carbon fibres; Hierarchical 

composites 

1. Introduction 

The structural response of fibre-reinforced composites is strongly influenced by the fibre-matrix 

interface or interphase. The inclusion of carbon nanotubes in conventional fibre composites 

promises to address many matrix- or interface-dominated failures. Research on these 

‘hierarchical composites’ has focused predominantly on the addition of nano-reinforcement 

either in the bulk matrix, or locally on the fibre surface [1]. Grafting carbon nanotubes (CNTs) 

onto the fibre surface offers a convenient means to integrate synthesis with assembly and to 

deliver the nanostructures where they have the greatest influence. However, the outcome of 

direct chemical vapour deposition (CVD) growth depends on the underlying substrate material. 

On inorganic fibres, such as silica and alumina, long CNTs grow, often producing an undesirable 

“Mohawk” motif, which decreases the local fibre volume fraction and generates local high stress 
states that ultimately lead to premature failures. On carbon fibres (CFs), CVD can damage the 

primary fibre surface, as a result of the high temperature treatment in the presence of catalyst. 

In addition, CVD is usually limited to small scale batches of short fibre lengths. To make the 

process more applicable for industrial adoption, the production of continuous carbon 

nanotubes-grafted-fibres (CNT-g-Fs) must also be robust, uniform, and maintain the primary 

fibre characteristics. 
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In this paper, we describe a process to produce upwards of 50 m of CNT-g-CFs continuously on 

12K tow level [2]. A continuous in-line deposition of an efficient bi-catalyst precursor system, 

both in terms of composition and concentration was followed by CNT synthesis in an open CVD 

reactor. This patented technology [3] produces a uniform coverage of short (sub-500 nm length), 

10-20 nm diameter CNTs, ideal for maintaining primary fibre loading fraction. The continuous 

process allows for various growth parameters to be studied systematically. Different CNT growth 

conditions, such as temperature, duration, line speed, potential difference, and reactive gas flow 

/ composition were investigated. Following optimisation and scale-up, the production of 50 m 

per day, allowed the fabrication of an entirely “fuzzy” fibre reinforced hierarchical composites. 
The promising potential for CNT-g-CFs suitability as reinforcement in thermoplastic matrices 

(e.g., polypropylene) is due to the mechanical interlocking [4], and work is ongoing to evaluate 

our material in such systems. In due course, this approach has the potential to produce higher 

performance yet recyclable and sustainable composites.  

2. Experimental 

2.1 Materials 

Commercially-availabe unsized polyacrylonitrile-based carbon fibres (AS4-12K) supplied by 

Hexcel Composites (Hexcel, GB) were used as a continous tow with a diameter of ~7 µm. Iron 

(III) nitrate nonahydrate (≥98% ACS reagent, Merch, DE), nickel (II) acetylacetonate (≥98%, VWR, 
GB ) and ethanol (>99.7% BDH Prolabo, VWR, GB) were used to prepare the catalyst precursor. 

Acetylene in nitrogen (N2 98.7 vol% and C2H2 1.3 vol%, C certificate, BOC gases, GB), hydrogen 

in nitrogen (N2 97.6 vol% and H2 2.4 vol%, C certificate, BOC gases, GB), nitrogen (99.998 vol% 

minimum, BOC gases, GB) were used for continuous CVD CNT synthesis. EPON 828 liquid epoxy 

(Netmro, US) and Jeffamine T-403 curing agent were used as matrix for the short beam shear 

test. Carbon fibers and all chemicals were used as-received. 

2.2 Continuous CVD set-up 

Production of CNT-g-CFs is conducted over two consecutive processes. First, the deposition of 

catalyst precursor particles on unsized and plasma treated AS4 CFs. Second, the growth of CNTs 

from the deposited catalyst precursor. The catalyst deposition is performed in-line by passing 

the CFs through a bath consisting of 1 wt.% iron (III) nitrate nonahydrate and nickel (II) 

acetylacetonate (1:0.64 mol.%) in ethanol for 1 minute. After, the coated CFs are dried in two 

infared furnaces. The bi-catalyst deposited CFs are then pulled continuously through a 

three-zone CVD reactive chamber (Figure 1) and exposed to different gas conditions through 

adjustable arrangement of internal quartz tubes at a speed of 2.4 m/h. As the CF tow enters the 

furnace, it is first exposed to nitrogen (10000 sccm) then in the hot-zone (770 °C) to hydrogen 

in nitrogen (2.4 vol.% hydrogen, 3400 sccm) for catalyst reduction. Following reduction, the tow 

then is subjected to acetylene in nitrogen (1.3 vol.% acetylene, 325 sccm) which acts as the 

carbon source for CNT synthesis for a duration of ~ 12 minutes. Finally, the CFs then are passed 

through another nitrogen region to exit the reactor. 
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Figure 1. Continuous open spool-to-spool CVD reactor schematic [6]. 

3. Parameter space of CNT-synthesis via in-line CVD 

CNT growth characteristics are strongly influenced by the temperature, active gas composition, 

reduction, and growth durations [5]. Varying these CNT growth parameters in a continuous 

process, allows the study of a wide range of conditions in-line and their effect on the produced 

CNT-g-CFs. A list of variables used to conduct a parametric study and the refinment of CVD 

conditions for CNT synthesis are listed in table 1. In this section, critical parameters for industrial 

adoption are discussed.  

Table 1: CVD line associated process variables and refined synthesis conditions. 

Variable Unit Range Refined 

Temperature °C [650 – 950] 770 

Line-speed m/h [0.6 – 10] 2.4 

Potential difference  V [0 – 1000] 300 

Reduction time min [0.72 – 10] 2 

Growth time min [3.1 – 50] 12.5 

C2H2:H2 - 1:[10-80] 1:19.3 

Gas-flow sccm 

[7500 – 12000] N2 

[3400 – 6800] H2 in N2 

[162 – 650] C2H2 in N2 

10000 N2 

3400 H2 in N2 

325 C2H2 in N2 

 

3.1 Effect of temperature 

It is often observed when CNTs are synthesised at higher temperatures (above 800 °C) that less 

defective CNTs are grown. However, reduced temperatures are preferred as it reduces energy 

consumption and limits the damage to the primary CFs. Growth of CNTs on CF surface at 

temperatures below 720 °C in the continuous CVD reactor was not possible (Figure 2.a). At 

770 °C, a dense and even coverage of CNTs were grown on CFs surface (Figure 2.b). 
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Temperatures above 870 °C altered the appearance of the catalyst and particle size (observed 

ex-situ) resulting in poor growth (Figure 2.c).  

 

Figure 2. SEM micrographs of CNT-g-CF growth temperatures (a) 670 °C, (b) 770 °C, (c) 970 °C. 

3.2 Effect of applied potential difference 

Applying a potential difference of 300 V to the CFs was previously shown to enhance CNT growth 

and prevent catalyst pitting effect to CFs [6]. In the absence of a potential difference, the growth 

of CNTs was irregular and the CF surface was damaged. Therefore, a small step changes in 

potential difference applied to the CFs were conducted between 0 and 200 V. Potential 

differences over 200 V resulted in homogeneous and dense coverage of CNTs (Figure 3.c) that 

was comparable to applying potential different of 300 V. Any further increase in the potential 

difference up to 1000 V did not provide any significant improvement in CNT synthesis.  

 

Figure 3. SEM micrographs of CNT-g-CF grown with an applied potential difference of (a) 0 V, 

(b) 100 V, (c) 200 V. 

3.3 Effect of line speed 

A conventional speed of carbon fibre production line is about 10 m/h. Therefore, matching this 

speed is important for future industrial adoption. A range of line speeds were investigated from 

0.6 to 6.7 m/h (current design limitations). While longer growth dwell times can yield longer 

CNTs, premature termination of the growth can result from catalyst poisoning. Consequently, 

an increase of speed to 2.4 m/h resulted in uniform CNT coating with a thickness of ~ 200 nm 

(Figure 4.b). Further increases in the line speed up to 4.8 m/h led to thicker and homegenized 

CNTs coating as shown in (Figure 4.c). However, beyond this speed the growth declined due to 

incomplete catalyst reduction step.  
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Figure 4. SEM micrographs of CNT-g-CF synthesized with line speeds (a) 0.6 m/h, (b) 2.4 m/h, 

(c) 4.8 m/h. 

4. Processing CNT-g-CF composite specimen 

Single-fibre measurement of apparent interfacial shear strength provide indications of the 

potential benefit of CNTs-g-CFs at the macroscale. However, a more complete mechanical 

evaluation accounting for macroscale deformation mechanism in a structural composite 

requires the fabrication of coupons. This step was unattainable until a scaled-up production of 

the CNT-g-CFs made it feasible to produce larger composite specimens. A process was 

developed for short beam shear (SBS) coupons fabrication within the specification of ASTM 

D2344 standard [7]. CFs were wrapped around stainless-steel pins (Ø 1.5 mm) to assemble four 

layers with an angle of 3.0° (±1.5°) between them. This method allowed for a fibre volume 

fraction of 50-69 vol.% in the final SBS hierarchical composite coupon.  

 

Figure 5. Images of (a) CNT-g-CFs 12K tow loomed around pins, (b) ASTM D2344 hierarchical 

composite sample (dimensions in mm), (c) SBS hierarchical composite coupon under load. 

 

5. Conclusion 

A continuous in-line deposition of bi-catalyst on fibres and continuous CVD system were 

successfully developed. In combination, these processes enabled comprehensive investigation 

of the effect of different parameters of CNT growth on CFs, such as temperature, duration, line 

speed, potential difference, and reactive gas flow/compositions. The refined conditions allowed 

for a robust route to producing CNT-g-CFs with dense and homogeneous growth of CNTs. After 

achieving a production of over 50 meters per day of CNT-g-CFs, a process for fabricating SBS 

CNT-g-CF specimen was developed to study the system’s mechanical properties at macroscale. 
In due course, the CNT-g-CFs will be embedded in thermoplastic-based composite system to 

produce higher performance yet recyclable and sustainable composites. 
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Abstract: Using cellulose nanofibrils (CNF) and bacterial cellulose (BC), rigid substrates were 

prepared with a special dewatering tool and drying step. These substrates exhibit exceptional 

mechanical properties with very high Young's moduli and strengths. Printed circuit boards (PCBs) 

are important components of many industrial and consumer electronic devices. The materials of 

today's PCBs are derived from petroleum-based sources and are based on epoxy resins, 

polyesters or polyimides, often in combination with paper, glass fibers, ceramic powders and 

additives. Our concept for a replacement of PCB substrates consists in the use of the rigid 

substrates made of sustainable, bio-based and bio-degradable CNF and BC. An electronic circuit 

was realized by conventional wet chemical etching and soldering with tin solder on the cellulose 

substrates. To demonstrate the PCB material biodegradability, the assembled circuit boards were 

composted for five months. Afterwards, the PCBs were fully decomposed and copper tracks and 

electronic components were recovered from the soil. 

Keywords: cellulose nanofibrils; bacterial cellulose; printed circuit board; home composting 

 

1. Introduction 

Printed Circuit Boards (PCB) are important components of many devices in industrial or 

consumer electronics. The materials of today's PCBs are derived from petroleum-based sources 

and based on epoxy resins, polyesters, or polyimides often in combination with paper, glass 

fibers, ceramic powders and additives (flame retardants). Many of these materials cause serious 

health and environmental issues when being manufactured, incinerated or recycled. Increasing 

environmental awareness among consumers, rising raw material prices worldwide, problems 

with the disposal and recycling of e-waste, and stricter environmental legislation are all driving 

forces for the research for alternatives to conventional PCB materials. 

The excellent material properties of glass fiber-reinforced epoxy resins for conventional PCBs 

motivated many research groups to develop more environmentally friendly and sustainable 

composites by combining epoxy resins derived from bio-based monomers with natural fibers. 

Bio-polyester based on polylactic acid (PLA) [1] and polyhydroxybutyrate (PHB) [2] are other 

potential biopolymer classes which have been investigated for use as PCB materials. However, 

these polymers need to be produced chemically or biotechnologically from bio-based or petrol-

based monomers. In contrast, plant (wheat gluten) and animal (chicken feathers) proteins can 

be isolated directly from renewable feedstock sources and have been tested as matrix [3] or 

fiber reinforcing [4] materials in PCBs. 
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Our concept for a PCB substrate replacement is the use of sustainable cellulose fibrils produced 

from cellulose pulp or directly by bacteria [5]. Cellulose nanofibrils (CNF) and bacterial cellulose 

(BC) were processed into rigid boards via thermal compression. The boards were mechanically 

characterized by tensile and flexural tests. An electronic circuit was realized on these rigid 

substrates using conventional wet chemical etching of an applied copper foil. The electronic 

components required for the circuit were connected to the conductor paths by simple soldering 

with tin solder. The assembled PCBs were then stored in an outdoor home compost for five 

months. 

 

2. Experimental section 

2.1 Materials 

CNF suspensions at a solid content of 2 wt. % were obtained from elemental chlorine-free pulp 

(ECF from Mercer Stendal, Zellstoff Stendal GmbH, Arneburg, Germany). The pulp was 

disintegrated by using an ultra-fine friction grinder (supermass-colloider MKZA10-20 J CE, 

Masuko Sangyo Co., Ltd., Kawaguchi/Saitama, Japan) with an energy input of 9 kWh/kg pulp. 

Subsequently, the aqueous suspensions were dewatered under pressure to around 10 wt. %. 

Bacterial cellulose was obtained as a solid aqueous gel (around 1 wt. %) in the form of 5 mm 

thick sheets from fzmb GmbH (Bad Langensalza, Germany). All electrical components needed 

for the PCB (self-adhesive copper foil, capacitors, resistors, LEDs, transistors, solder 

(Sn99.3/Cu0.3)) were purchased from a local electronics store. Anhydrous iron(III)chloride 

(98 %) from Alfa Aesar (Thermo Scientific Chemicals) was used for the etching process. 

2.3 PCB substrate 

For the production of the PCB substrate, (100 x 100 x 0.8–2) mm3, corresponding amounts of 

aqueous CNF suspension and BC sheets were dewatered. For this, the CNF and BC was pressed 

in a specially designed compression mold (Figure 1) in a laboratory hot press (Carver Inc., 

Wabash, IN, USA). The mold allows drainage of the escaping water due to the use of several 

layers of metal mesh inside the mold and holes in the base plate as well as the plunger body of 

the mold. Dewatering was carried out manually controlled under continuous pressure increase 

(0 – 11 t) for 1 h and at constant 11 t to for another hour. Subsequently, the dewatered CNF and 

BC plates were dried in a convection oven under a weight of 10 kg and at 100 °C for 12 h. 

 

1458/1602 ©2022 Geiger et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

Figure 1. Specially designed compression mold with drainage channels. 

2.4. Three-point flexural and tensile testing 

Three-point flexural and tensile tests were carried out with a universal testing machine 1120 

(ZwickRoell GmbH & Co. KG, Ulm, Germany) at 23 °C and 50 % RH following the standards DIN 

ISO 178 and DIN EN ISO 527-2, respectively. Five specimens each for the flexural and tensile tests 

were fabricated by laser cutting from the previously dewatered and dried CNF and BC substrates 

and stored under controlled climate conditions (23 °C and 50 % RH) for 72 h. 

2.4 Etching 

Rectangular pieces with a size of (60 x 33) mm2 were sawn out of the previously dewatered CNF 

and BC boards to be used as PCB substrates. The substrates were covered with a self-adhesive 

copper foil. The track layout of a regenerative circuit (astable multivibrator) was used as 

example, which was printed mirror-inverted on a thin glossy catalog page with a laser printer. It 

is important that the melted toner is not absorbed from the glossy paper during the xerographic 

printing process. In the next step, an ethanol-acetone mixture (1:1) is spread dropwise onto the 

copper surface of the substrate and the glossy paper with the toner tracks was carefully placed 

with the toner side down on the solvent film. After a swelling time of 40 s and a light contact 

pressure of 30 s, the solvent was allowed to evaporate completely after another two minutes. 

Removal of the glossy paper and thus toner transfer to copper surface is achieved by rinsing in 

cold water. The toner remains on the copper surface as a mask. For the etching, the substrate 

was immersed in an aqueous ferric-(III)-chloride solution (40 wt. %) at 50 °C for 15 min until the 

unmasked copper was completely dissolved. Finally, the toner and all other residues were 

dissolved with acetone and removed from the remaining copper tracks. 

2.5 Assembling 

All electronic through-hole components required for the astable multivibrator are mounted with 

their wire leads passing through the board and being soldered to the copper tracks on the other 

side. The holes required for the leads were previously drilled into the substrate. Soldering was 

carried out with a soldering iron using lead-free Sn99.3/Cu0.3 solder at 270 °C. The contact time 

of soldering iron, solder, electronic component and PCB substrate was kept as short as possible 

in order to obtain a homogenous connection between leads and tracks and avoiding heat 

damage of the components. An astable multivibrator assembled on a copper laminated and 

etched glass fiber-reinforced epoxy resin substrate was used as reference. 

2.4. Composting 

A 200 liter plastic compost bin was completely filled with organic material (grass, leaves, forest 

soil, potting soil and compost activator) and kept moist for two weeks. Afterwards, half of the 

material was removed again and complete PCBs with CNF, BC and epoxy substrates (five each) 

were placed within the compost. The bin was then refilled and sealed again. The location of the 

compost was chosen so that it was exposed to alternating weather conditions. After 154 days 

(5 months), the bin was opened again. During this period, no organic material was added or 

removed and complete drying was prevented by moderate addition of water. The resulting soil 

was removed in layers down to the original location of the PBCs and then any material that had 

not decayed was collected, cleaned, and identified. 
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3. Results and Discussion 

Fibrillary cellulose structures, formed by the supramolecular arrangement of cellulose 

macromolecules, originate either from the cell wall of wood generated during the growth of a 

tree, or from pellicles built up during the fermentation of glucose by bacteria. While the isolation 

of these cellulose fibrils requires delignified wood pulp to be broken down chemically and 

mechanically, the cellulose fibrils in the gel-like pellicles are already present in an isolated state. 

Both suspensions, CNF and BC, have in common that water stabilizes the cellulose fibrils and 

prevents renewed build-up of the hydrogen bonds among the fibrils and thus aggregation 

(hornification). For the production of mechanically stable and rigid PCB substrates, it is necessary 

to compress and dewater the cellulose fibrils (CNF or BC) back to their maximum material 

density of 1.5 g/cm3. A number of publications described combinations of (thermo)-compression 

and drying steps with intensively homogenized CNF to form sheets of millimeter thickness [6-8]. 

BC gel sheets were usually only dried and pressed to thin paper-like layers [9-11]. Using a 

specially developed dewatering mold (Figure 1), we were able to show that CNF and BC can also 

be compressed easily by compression using a slow pressure build-up to 11 t and post-drying at 

100 °C under a weight pressure of 10 kg. Figure 2 shows the CNF and BC substrates cut to size 

for PCB fabrication and the reference, a substrate of glass fiber-reinforced epoxy. 

 

Figure 2. PCB substrates – a) glass-fiber reinforced epoxy with copper layer, b) CNF, c) BC 

Substrates acting as a starting product for the manufacture of PCBs must have specific 

properties, such as high temperature resistance, good mechanical and chemical properties, as 

well as a low coefficient of thermal expansion, in order to withstand various loads during 

operation. These requirements are very well met by filled resins. In addition to the epoxy resins 

already mentioned, phenolic resins, cyanate esters, polyimides or Teflon are reinforced with 

various fillers, such as glass fiber or Kevlar fibers. In addition, the substrates must be flame 

retardant and pass the UL94 test. To achieve this, flame retardants are added to the resins. 

Minimum requirements and test methods are divided into classes FR-1 to FR-6 in the NEMA 

standards that govern PCB substrates [12]. 

The chemical and physical properties of cellulose are well known [13], and the authors are aware 

that not all properties of commercial PCB substrates based on, for example, glass fiber-

reinforced epoxy resin can be achieved. This work aims to show a sustainable and 

environmentally friendly alternative. One property of cellulose fibrils is their mechanical 

stability, which can be transferred to the millimeter-thick substrates. In the framework of 

mechanical analyses, bending properties, with a flexural modulus of about 11 GPa and a flexural 

a) b) c) 
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strength of about 200 MPa, and tensile properties, with a tensile modulus of about 11 GPa and 

a tensile strength of about 120 MPa, were determined for samples made of CNF. In the case of 

the BC substrates, a flexural modulus of about 19 GPa and a flexural strength of about 197 MPa, 

and tensile properties, with a tensile modulus of about 21 GPa and a tensile strength of about 

115 MPa have been determined (Table 1). It is important to note that all measurements were 

performed under the climate conditions of 23 °C and 50 % RH. Much higher moduli and strength 

values are obtained when the specimens are fully dried and stored and measured under 

exclusion of humidity (details are described elsewhere). At a density of 1.5 g/cm3, the flexural 

and tensile moduli of compacted cellulose samples are almost in the range of fiber-reinforced 

composites. 

Table 1: Results of the mechanical analyses of CNF and BC substrates at 23 °C and 50 % RH. 

 
flexural modulus 

[GPa] 

flexural strength 

[MPa] 

tensile modulus 

[GPa] 

tensile strength 

[MPa] 

CNF 11 200 11 120 

BC 19 197 21 115 

 

For the fabrication of the complete PCBs with all electronic components (Figure 3), a wet 

chemical process was deliberately applied for etching the copper traces and low temperature 

solder wire was used for not stressing the substrates in consequence of harsh process 

conditions. Neither the solvent-induced toner transfer from the carrier paper to the copper foil 

nor the etching in aqueous ferric chloride solution had any apparent substantial effect on the 

dimensional stability of the CNF and BC substrates. Likewise, no delamination of the entire 

copper foil or copper traces was observed after the solvent exposure, complete cleaning and 

soldering of the electrical components. It is also noteworthy that a short-term high temperature 

exposure to 270 °C through the soldering iron and solder tin, apparently did not lead to 

degradation of the CNF or BC.  

 

Figure 3. Process steps in PCB fabrication - a) CNF substrate, b) masked copper foil on CNF 

substrate, c) etched copper tracks on CNF substrate, d) soldered electronic compounds on CNF 

substrate, e) back of CNF substrate with tracks and soldered wire leads. 

The astable multivibrator was operated by connecting a 9 V block battery, with the LEDs flashing 

alternately. After several months of in-house storage under non-controlled climate-conditions 

a) b) c) d) e) 
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of around 20–24 °C and 40–60 % RH, the CNF and BC substrates showed no change in their 

dimensions, no delamination of the tracks was detected and the electrical circuit with its 

components was still fully functional. 

After the end of life of the PCBs, separation and recycling of all components is essential for 

environmental protection. In the case of the CNF and BC substrates, incineration of the cellulose 

can be considered, but this may be disadvantageous in terms of air pollution due to the 

electronic components. Alternatively, the authors suggest biodegradation of the cellulose in a 

compost. It is assumed that all other components of the PCBs are almost inert to the compost 

environment and can be easily separated from the newly formed soil after degradation of the 

cellulose. Figure 4 shows the compost bin with organic filling and the PCBs placed inside the 

compost. Figure 5 shows close-ups of a degraded CNF-PCB and an epoxy-PCB after five months 

of composting in the soil. A selection (Figure 6) of almost separated electronic components and 

copper traces as well as preserved epoxy-PCBs are presented. 

 

Figure 4. a) Compost bin with organic filling, 

b) CNF, BC and epoxy PCBs placed inside the compost. 

 

Figure 5. a) Fully degraded CNF substrate (an LED can be seen in the center of the image), 

b) well preserved PCB made of glass fiber reinforced epoxy. 

In summary, it can be stated that the cellulose was completely biodegraded under the conditions 

prevailing in the compost. Remarkably, the copper, tin, wire, and plastic of the components did 

not appear to have a direct effect on the degradation of the cellulose. The references (fiber-

reinforced epoxy PCBs) were removed from the soil almost undamaged, and only partial 

corrosion of the wire leads of the electronic components was observed. The metals and 

a) b) 

a) b) 
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electronic components separated from the degraded CNF and BC could now be transferred to 

further recycling processes. 

 

Figure 6. Selection of PCB copper tracks and electrical components where the cellulose has 

been completely degraded and intact boards made of glass fiber reinforced epoxy substrate. 

4. Conclusion 

We were able to present a novel concept for replacing printed circuit board substrates using 

sustainable cellulose fibrils produced from wood pulp or directly by bacteria. The cellulose 

nanofibrils and bacterial cellulose can be processed into mechanically stable, rigid boards by 

dewatering under compression using a special mold and subsequent drying step. The substrates 

possess exceptional tensile and flexural stiffness and strength, approaching these of fiber 

reinforced plastic materials. An electronic circuit (astable multivibrator) was realized on these 

substrates by conventional wet chemical etching of an applied copper foil. The electronic 

components required for the circuit were connected to the traces by simple soldering with tin 

solder. The assembled circuit boards were then stored in an outdoor compost for five months. 

The complete degradation of the cellulose allowed the circuit traces and electronic components 

to be easily separated from the resulting soil. The authors are aware that essential properties 

for industrial use, such as hydrophobicity, flammability, arc resistance, permittivity and 

resistance, still need to be specifically evaluated and studied in detail. 
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SANDWICH TYPE SHAPE MEMORY POLYMER COMPOSITE ACTUATORS 
TO INCREASE THE RECOVERY MOMENT AND DEFORMABILITY 
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Abstract: As the space technologies continue to accelerate, large space structures such as 
satellite panels and reflectors are needed. Therefore, to enable the efficient storage of such large 
space structures into limited spacecraft space, deployable structures have become key 
technologies. Shape memory polymer composites (SMPCs) are promising next-generation 
materials that have the ability to return from a deformed shape to their original shape when 
induced by an appropriate stimulus with several advantages like lightweight and high 
mechanical properties. However, the trade-off relationship between deformability and recovery 
moment should be resolved to fulfill the requirements of simultaneous improvement on 
deformability and recovery moment. In this study, novel structural design is proposed to solve 
this problem. New concept of a sandwich type SMPC bending actuator is suggested with two 
features: multiple neutral axes skins and a deployable core. 

Keywords: Shape memory polymer composite, Multiple neutral axes, Deployable core, 
Recovery moment, Deformability  

 

1. Introduction 

Space deployable structures allow the further space development by transporting large 
structures into space with efficient packaging [1, 2]. In order to change the large volume of the 
space structures extremely, actuators that change the space structure configurations should 
have large recovery force and deformability. Up until now, electric motor-based actuators have 
been used for most space deployable structures due to their high driving force. Although, the 
problems still remain such as the heavy weight and complexity [3]. Therefore, shape memory 
polymer composites (SMPCs) have emerged as one of the promising materials that can alternate 
the conventional actuators with shape memory ability [3, 4]. SMPCs are the materials that have 
enhanced mechanical properties than shape memory polymers (SMPs) themselves with fillers 
inside. Among many fillers such as carbon nanotube (CNT) [5], carbon fiber [6], and carbon black 
[7], continuous carbon fiber reinforced SMPCs are the most widely studied materials as 
structural materials due to their high specific stiffness and strength. However, continuous 
carbon fiber reinforced SMPC actuators have a critical trade-off relationship between the 
recovery moment and deformability since keeping their thickness thin for large deformability 
causes the limitation on the recovery moment increase [8]. Therefore, in this study, a novel 
structural design of SMPC actuator which includes the mechanisms for the simultaneous 
increase of the recovery moment and deformability was introduced. A new concept of sandwich 
type bending actuator was designed and fabricated with two features: multiple neutral axes 
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(MNA) skins and a deployable core. Each feature has its own mechanical purpose to the 
sandwich type bending actuator. In order to improve deformability, MNA skin was designed with 
two SMPC layers and a polydimethylsiloxane/ethodxylated polyethylenimine (PDMS/PEIE) soft 
layer [9]. Furthermore, in order to increase the recovery moment, a deployable core was applied, 
which changes its height through compression and deployment during the shape memory 
process. 

 

2. Experimental 

2.1 Fabrication 

In order to fabricate the SMPC skin, epoxy-based SMP resin (YD-114, Kukdo chemical, Republic 
of Korea) was mixed with curing agent (D230, Kukdo chemical, Republic of Korea) with mixing 
ratio of 3:1 in weight, and carbon fabric (T700-12K twill, Saenal Tech Tex, Korea) was 
impregnated with this solution. Compression molding was performed to cure the SMPC skin at 
120oC for 2h. After demolding, cured SMPC was cut into 30 mm in width and 200 mm in length.  

MNA skin was fabricated with the following procedures. First, PDMS (Sylgard184, Dowcorning, 
USA) base, curing agent, and PEIE solution (80% solution of ethoxylated Polyethylenimine, 37 
wt% in H2O, average Mw = 100,000, Sigma-Aldrich, USA) was mixed with mixing ratio 10:1:0.08 
in weight. Second, to enhance the interlayer adhesion force, the surface of the prepared SMPC 
skin surface was treated by oxygen plasma (Covance, Femto Science, Korea) with plasma etch 
mode of 100 W for 30 s. Third, the space between the two plasma-treated SMPC skins was filled 
with the PDMS/PEIE solution, and then the specimen was cured in a vacuum oven at 90oC for 
8h. Table 1 shows the information of the SMPC skins and MNA skins that are examined in this 
paper. 

Table 1: Different types of SMPC skins. 

ID 
Hard layer [mm] 

* number of 
layers 

Soft layer [mm] 
Total thickness 

[mm] 
Layer feature 

SMPC 1 0.5 *1 - 0.5 - 

SMPC 2 1.0*1 - 1.0 - 

SMPC 3 1.5*1 - 1.5 - 

SMPC 4 2.0*1 - 2.0 - 

MNA 1 0.5*2 0.5 1.5 
Hard layer 
/ Soft layer 

/ Hard layer 

MNA 2 1.0*2 0.5 2.5 
Hard layer 
/ Soft layer 

/ Hard layer 
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2.2 Shape memory process 

The shape programming process and the recovery process of the sandwich type SMPC bending 
actuator is shown in Figure 1. In the shape programming process, deformation was performed 
with the two steps, compression and bending. Universal testing machine (Instron 4469, Instron 
Corp, USA) and heating chamber was used for the deformation. Specifically, inside the heating 
chamber, specimens were heated up above the Tg (48.4oC) which is 70oC and the compression 
was performed with the head speed of 2mm/min. After deformation, specimens were cooled 
down to the room temperature and maintained the compressed shape. Thereafter, bending was 
applied with a bending jig that has 15 mm bending radius at the tip. 

 

Figure 1. Shape memory process 

 

2.3 Shape memory process 

Failures can affect the degradation of the recovery moment so the surface morphology was 
conducted to check the failures and its negative influence on the performance. Continuous 
carbon fiber is more fragile to compression than tension. For this reason, failures are likely to 
happen on the inner surface under the bending deformation, which is caused by the micro-
buckling generation when the temperature is above Tg. Therefore, the surface image of the 
deformed specimen inner surface was investigated after the shape programming process. 

 

2.4 Recovery moment measurement 

The recovery moment measurement system is composed of a 100 N load cell, fixed bar, and 
Arduino board. In order to measure the recovery force, one end of the SMPC actuator contacts 
the fixed bar and the other side of the actuator is attached to the load cell. Reaction force was 
measured when the attached specimen end pushes the load cell as the temperature rises. Until 
the load cell reaches the maximum force, the specimen was fixed at the initial bending angle. 
The load cell signal was converted to the force and displayed. The recovery moment was 
calculated from the force using following conversion equation (1) [10]: 
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𝑀 = 𝑟 × 𝐹 = (𝑙 + 𝑙 )𝐹 = 𝑙 + 𝜌𝑐𝑜𝑠 𝐹              

(1) 

where r is the moment arm; Fmeasured is the force measured from the load cell as shown in Figure 
2. 

 

Figure 2. Schematic of the recovery moment measurement system 

 

3. Discussion 

3.1 MNA skin 

Figure 3(a) shows the inner surfaces of the bent SMPC 1-4. In the SMPC 1 and 2, only small 
wrinkles or micro-buckling were observed without any significant failures. Whereas, with the 
SMPC 3 and 4, the unrecoverable large size micro-buckling was observed resulting in significant 
failures including fiber breakage and delamination. This is because as the SMPC skin thickness 
increases, the maximum compressive strain at the innermost surface increases substantially. 
However, as shown in figure 3(b) in case of the MNA 1, it showed a smooth surface with only as 
small degree of the micro-buckling as SMPC 1 even though its thickness of the total SMPC layer 
is twice of SMPC 1. The reason why the degree of the micro-buckling was kept small without 
failures is that a large amount of shear strain occurred in the soft PDMS/PEIE layer in the case 
of the MNA 1 and 2. Due to the large difference of the SMPC stiffness (31.3 GPa) and PDMS/PEIE 
(79.5 kPa) stiffness, as the PDMS/PEIE layer is inserted between the SMPC layer, multiple neutral 
axes are generated at each SMPC layer as shown in figure 3(c). Subsequently, the tensile and 
compressive axial strain significantly decreases, and the multiple neutral axes increased the 
deformability of MNA 1 [11, 12]. The same tendency was captured as well in MNA 2 in 
comparison with SMPC 2 and 4. Moreover, multiple neutral axes effect on deformability was 
dramatically increased.  The surface of the MNA 2 had only wrinkles or micro-buckling without 
any severe failures that were observed at the surface of the SMPC 4 in spite of having the same 
total SMPC layer thickness. The degree of the micro-buckling and wrinkles of MNA 2 were similar 
to SMPC 2 that has half of the SMPC layer thickness. 
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Figure 3. Inner surface image of SMPC 1-4 (a) and MNA 1 and 2(b). Schematic of the multiple 
neutral axes effect(c). 

 

Figure 4(a) shows the recovery moment of the SMPC 1-4, and MNA 1 and 2. As the thickness of 
SMPC increased, the recovery moment increased. As shown in figure 4(b) MNA 1 showed the 
recovery moment of 14.58 N·cm and it is 212% larger and 11% smaller than that of the SMPC 1 
and SMPC 2 respectively. This is because MNA 1 is composed of two SMPC 1 layers and the total 
amount of stored strain energy which transforms to the recovery moment was increased. In the 
meantime, owing to the existence of the PDMS/PEIE layer, the magnitude of the axial strain 
inside the SMPC layers in MNA 1 is smaller than that of the SMPC 2 and it led to the smaller 
amount of stored strain energy in MNA 1. On the other hand, in case of the MNA 2, recovery 
moment showed 50.40 N·cm and it is not only 211% larger than that of SMPC 2 but also 40% 
larger than that of SMPC 4. This result demonstrates that unlike MNA 1, MNA 2 is located under 
that condition where MNA effect can effectively prevent the failures like matrix crack and fiber 
breakages. Consequently, MNA 2 has a larger recovery moment with enhanced deformability 
than SMPC 4 by preventing energy loss resulted from failures. 

 

Figure 4. Recovery moment of SMPC 1-4(a) and MNA 1 and 2(b) 
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3.2 Deployable core 

Figure 5 shows the recovery moment of the sandwich type SMPC bending actuators. First two 
sandwich type actuators with SMPC 2 as skins were measured under the two different 
conditions: core fixed and core free. Wherein core fixed condition means that the deployable 
core was tied and not able to recover its original height during the shape recovery process. On 
the other hand, core free condition means that the deployable core is free to recover. The 
recovery moment under core free condition was 92.10 N·cm which is 46% larger than that under 
the core fixed condition. This recovery moment gap comes from the existence of the deploying 
force of the deployable core during the shape recovery process.  

In order to maximize the recovery moment of the sandwich type SMPC bending actuator, MNA 
2 that has as large deformability as SMPC 2 replaced SMPC 2 as skins. The recovery moment 
showed 143.30 N·cm which is 56% larger than that of the sandwich type bending actuator with 
SMPC 2 as skins. 

 

 

Figure 5. Recovery moment of the sandwich type SMPC bending actuators 

 

4. Conclusion 

This study suggested a new sandwich type SMPC bending actuator to obtain improved 
performance in terms of the deformability and the recovery moment with its two unique 
features: multiple neutral axes (MNA) skins and deployable core. The effect of MNA skins and 
deployable core on simultaneous enhancement of the deformability and recovery moment were 
analyzed through surface morphology and recovery moment measurement. Results obtained 
from the tests were summarized as follows 

 

(1) Applying multiple neutral axes effect on SMPS skins led to significant strain reduction in 
SMPC layers in both MNA 1 and 2 when they are under bending deformation. In 
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particular, failures of MNA 2 were prevented owing to the large shear strain inside the 
PEIE/PDMS soft layer. 

 

(2) From the recovery moment comparison, MNA skin 2 rather showed higher recovery 
moment of 50.40 N·cm than that of SMPC 4 (36.27 N·cm). This is because the soft layer 
was inserted and the failures which cause the loss of the stored deformation energy 
were effectively prevented. 

 

(3) By exploiting the shape memory effect of the deployable core, recovery moment was 
increased with the contribution of the core deploying force during the shape recovery 
process. 
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Abstract: Sandwich structures represent a very interesting approach for the development of 

new multifunctional and lightweight materials for aerospace and space applications. Nomex® or 

aluminum honeycomb is at this date the most widely used core materials for sandwich 

structures, given their extraordinary strength-to-weight-ratio. However, these materials exhibit 

some important drawbacks as a poor vibrational and acoustic damping [1], along with a limited 

impact energy absorption capability. Several studies are in progress in order to develop new 

composite materials with enhanced acoustic and vibrational damping properties [2-8]. A very 

promising solution to overcome these issues is represented by thermoplastic foams, having 

several advantages as ease of processing, good impact energy absorption, recyclability and 

enhanced properties in terms of thermal and acoustic isolation [9-12], along with the possibility 

to modify their intrinsic properties through micro and nano-particles addition. 

A relatively new and promising technique to develop thermoplastic foams is represented by 

supercritical CO2 (sc-CO2) assisted foam extrusion [13,14], with sc-CO2 acting as Physical Blowing 

Agent (PBA). Sc-CO2 has limited environmental impact, given its low toxicity and energetic 

requirements to attain its supercritical conditions (31 C, 74 bars), making this process economic, 

sustainable and totally green. In the frame of this work, a continuous process has been used to 

produce PLA foams with different microstructures depending on the operating conditions. 

Typical densities range from 20 to 60 kg/m3, crystallinity from 10 to 30 % and cell size from 90 to 

500 µm. 

Keywords: Supercritical CO2, PLA polymer, extrusion foaming, sandwich structures, 

aeronautical materials  

1. Introduction 

Classic sandwich structures are widely used in several industrial sectors but have significant 

shortcomings such as low damping and sound insulation rates [1], as well as low impact 

resistance. In aeronautical structures, noise can have significant effects on the health of 

passengers and aircrew [15] and several studies are in progress with the aim of developing new 

solutions with enhanced sound insulation [2-6, 16]. Through its potentially nonlinear viscoelastic 

properties, the intrinsic damping of the core material influences the amplitude of the vibration 

and acoustic response of the structure. Thus, the study of the vibro-acoustic behavior of the 

core material is fundamental. 
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A promising solution is to use cellular core materials such as thermoplastic polymer foams. Poly 

lactic acid (PLA) is a biopolymer that has been extensively studied in recent years, due to its 

promising potential in reducing waste by replacing petroleum-based polymers. Indeed, PLA 

monomers can be derived from renewable sources such as corn starch [17,18]. Furthermore, 

PLA has been considered as a non-toxic/eco-friendly polymer, with a good combination of 

mechanical properties and ease of processing. This family of materials has in fact several 

advantages, such as ease of implementation, the ability to absorb energy during an impact 

(resilience), recyclability and increased properties in terms of thermal and acoustic insulation 

[19,22]. Moreover, their intrinsic properties can be easily optimized by the dispersion of nano 

or micro particles. 

In this context, the development of alveolar composites shows significant scientific and 

industrial interest. A certain number of technologies allow the realization of alveolar structures, 

most conventional using physical blowing agents (PBA) and chemical blowing agents (CBA) 

which are incorporated into the molten polymer. The gas formed in situ by chemical reaction 

(CBA) or injected into the polymer (PBA) will create pores or cells and will thus generate porosity 

in the polymer. However, the use of these compounds poses several problems: (i) CBAs, which 

are generally carbonated salts that decompose into gases under the action of heat, leave 

residues in the polymer after formation of the porous network and their decomposition often 

requires high temperatures; (ii) PBAs, such as freons (CFCs, HCFCs, etc.), are harmful to the 

environment by attacking the ozone layer or, like hydrocarbons such as pentane or butane, pose 

safety issues due to their flammability. 

Supercritical fluid technology, and more particularly supercritical CO2 (sc-CO2), could respond to 

these problems by offering an alternative free of the aforementioned defects [14]. It is widely 

described in the literature and, in recent years, has been extensively studied with biopolymers 

in order to manufacture "green" foams with a clean process. The process has also been applied 

to technical thermoplastics such as polyphenylene sulphide and polyamide [23-26], but only 

with batch foaming processes which involve long implementation times, in particular for the 

saturation of the polymer by the fluid under pressure. It is possible to overcome these very long 

saturation times and thus increase the production rate by carrying out the polymer-supercritical 

fluid mixture continuously in an extruder [27-30]. In this continuous process, the polymer is 

melted, then sc-CO2 is injected and the mixing actions of the extrusion screw allow to obtain a 

single-phase mixture. Nucleation then takes place at the injection point. However, the injection 

process remains a semi-discontinuous process and it seems relevant to think about a totally 

continuous implementation to reach the highest production rates. 

The purpose of the study concentrated in the manufacturing of polymer foams and tested their 

properties in order to come to a stage that could be integrated in aeronautical structures. At a 

first stage, an extrusion foaming process of PLA polymer was examined at different operating 

conditions. Samples with a range of porosity were managed to be fabricated.  

2. Materials and methods 

2.1. Materials  

The basic raw materials used in this study are PLE 005-A from NaturePlast supplied in the form 

of granules and a sc-CO2 fluid used as physical blowing agent. 
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2.2. Extrusion foaming process 

Experiments of extrusion foaming are performed on a single-screw extruder, described in details 

in previous publications [14]. A schematic representation of the equipment is shown in Figure 1. 

The single-screw extruder has a 30 mm screw diameter and a length-to-diameter ratio (L/D) of 

37 (Rheoscam, Scamex). PLA is inserted into the hopper, while the screw drives the 

transportation of the solid granulated polymer to the end of the extruder where a die is placed. 

Along the way towards the exit, the polymer is melted and subsequently mixed with sc-CO2. The 

foaming process of the polymer takes place when it flows out from a homemade die. 

The extruder is thermo-regulated at six locations: T1 and T2 before the CO2 injection port, T3 and 

T4 after the injection port, T5 in the static mixer and T6 at the die. There are three temperature 

and four pressure sensors: P1 after the CO2 injector, P2 and Tmat1 before the second gastight ring, 

P3 and Tmat2 before the static mixer and P4 and Tmat3 close to the die. 

The sc-CO2 is injected into the extruder using a syringe pump (260D, ISCO) between the second 

and the third temperature control device at the same pressure as that of the polymer (P1). The 

screw rotation speed is kept constant at 30 rpm during the whole experiment and a constant 

volume flow rate of sc-CO2 (QCO2) is used. Temperatures T1 to T4 are kept constant, while T5 and 

T6 are progressively decreased while keeping them equal. Samples are collected once a steady 

state is established [27-30]. 

The mass fraction of CO2 𝜔𝐶𝑂2 in the CO2-polymer mixture is calculated as follows: 𝜔𝐶𝑂2 = 𝑄𝐶𝑂2𝜌𝐶𝑂2𝑝𝑢𝑚𝑝𝑄𝐶𝑂2𝜌𝐶𝑂2+�̇�𝑝                  (1) �̇�𝑝 is the mass flow rate of the polymer measured by weighing outside of the die and 𝜌𝐶𝑂2𝑝𝑢𝑚𝑝
is 

the density of CO2, in the pump. This density is obtained from NIST website [31].  

 
Figure 1. The experimental system used [25]. 

2.3. Influence of operating conditions on porosity 

The supercritical CO2 assisted extrusion process has shown that the expansion rate or the type 

of porosity were dependent on temperature. Indeed, with a die temperature too high, a loss of 

CO2 is present which limits the expansion of the foam. Decreasing the temperature of the die, 

the surface of the foam is more quickly solidified and retains CO2. Moreover, with the decrease 

in temperature, the diffusion of gas at the surface of the polymer decreases and therefore more 

gas remains in the foam to contribute to its expansion. However, an excessive die temperature 
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decrease penalizes the expansion, the surface of the extruded sample becoming too rigid and 

therefore limiting expansion. In the case of a semi-crystalline polymer, this surface stiffening is 

often related to crystallization. Furthermore, it was observed that the temperature upstream of 

the die also had an influence while it reduces the coalescence of cells thanks to an increase in 

the melt strength. The CO2 content also plays a key role. With decreasing temperature, the 

viscosity polymer increases which can lead to pressure increases within the extruder. Adding 

more CO2 in the extruder plasticizes the polymer and therefore reduces viscosity and pressure, 

which allows working at lower temperatures [14]. 

2.4. Foam characterization 

Porosity (𝜀𝑠𝑎𝑚𝑝𝑙𝑒) is defined as the ratio of void volume to total volume and is calculated as 

follows: 𝜀𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑣𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦𝑣𝑇𝑜𝑡𝑎𝑙 = 1 −  𝜌𝑚𝐻2𝑂𝜌𝑃𝐻2𝑂             (2) 

𝜌𝑚𝐻2𝑂
, is the apparent density of the foamed sample determined by water pycnometry, while 𝜌𝑃𝐻2𝑂
 is the density of the solid polymer determined on a sample after extrusion by water 

pycnometry. 

The samples obtained by extrusion foaming process are characterized by Scanning Electron 

Microscopy (SEM) in order to define the cells microstructure and diameter. Cells diameters (di) 

and surfaces (Si) are measured using ImajeJ open source software for image analysis. The 

average cell size of the foamed samples is calculated according to the following equation: 𝑑𝑠𝑎𝑚𝑝𝑙𝑒 = ∑ 𝑆𝑖𝑑𝑖𝑆𝑖𝑛𝑖=1   (3) 

Sample crystallinity of the extruded foams is measured using Differential Scanning 

Calorimetry (DSC), applying a constant heating rate of 10 °C/min from 20 to 200°C to samples 

obtained directly after the extrusion. For each grade of material five samples of 10-15 mg were 

tested using sealed aluminum pans. The defined thermal cycle allows evaluating the cold 

crystallization enthalpy (∆Hc) and the enthalpy of fusion (∆Hm). These parameters are necessary 

to compute the degree of crystallinity (Xc) of the PLA foam, determined according to Equation (4) 

[13, 14]: 𝑋𝑐 =  𝛥𝐻𝑚− 𝛥𝐻𝑐𝛥𝐻∞                      (4) 

Where 𝛥𝐻∞ is the theoretical enthalpy of fusion of the material equal to 93 J/g [14]. 

3. Results and discussion 

3.1. Porosity of PLA foamed samples 

Five samples were taken at the extruder outlet and are listed in table 1. This table indicates the 

temperature T5-6 of the static mixer and die, the pressure P4 before the die, the mass fraction of 

CO2 𝜔𝐶𝑂2, porosity εsample, density  𝜌𝑚𝐻2𝑂
, diameter dsample and crystallinity Xc. 

Figure 2 represents the pressure before the die P4, and the final material porosity 𝜌𝑚𝐻2𝑂
, both 

measured as a function of the final temperature T5-6. The two variables follow a similar tendency, 
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inversely proportional to temperature. Indeed, when the temperature decreases, an increase of 

the porosity can be observed. This increase is small as the porosity level is already high. The 

pressure also increases due to the increase of the polymer viscosity, despite the plasticizing 

effect of the increasing mass fraction of the CO2. 

Table 1: Overview of PLA foamed samples. 

N° 
T5-6  

(°C) 

P4  

(bar) 

𝜔𝐶𝑂2 

(%) 

εsample 

(%) 

ρsample 

(g/cm3) 

dsample 

 (μm) 

Xc  

(%) 

1 110 122 2.5 97.5 0,037 500 7 

2 105 135 3 97.6 0,032 380 14 

3 100 137 3.5 97.6 0,029 290 12 

4 95 145 4 97.9 0,025 220 23 

5 90 160 4.5 98.1 0,023 140 24 

 

 
Figure 2. Behavior of porosity in temperature and pressure 

3.2. Scanning electron microscope SEM 
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Figure 3. Microstructure of PLA foamed samples 
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The SEM photomicrographs of the different foams are shown in Figure 3. The images indicate 

the influence of temperature on the size and number of cells. The first image shows that, at high 

die temperature, few pores are present, they are very large and the structure is very coarse. All 

the other images represent that the pores are smaller at lower temperatures. In addition, the 

pore walls are slightly torn, confirming that the porosity is closed at the same time. The big cell 

in the middle is due to the annular shape of the die. The average cell diameters are presented 

in Table 1 (equation 3). It confirms that the mean diameter decreases with the temperature 

from 500 µm at 110°C to 140 µm at 90°C. This variation with temperature is obtained at a high 

level of total porosity which is more or less constant and it shows that it is possible to tune the 

porous structure by means of the temperature. 

3.3. Crystallization properties of PLA foamed samples  

 
Figure 3. Behavior of crystallinity with temperature  

After completing a first heating cycle for all five samples, the crystallinity of the samples was 

calculated using equation 4. The results are summarized in Table 1 and plotted in Figure 3, where 

the evolution with temperature of the two enthalpies is presented: the melting enthalpy (ΔHm) 

and the cold crystallization enthalpy (ΔHc). It has to be noticed that the crystallinity Xc is 

proportional to the difference between these two enthalpies. As the die temperature decreases, 

the melting enthalpy seems to slightly increase, while a more important evolution is observed 

for the cold crystallization, which decreases. It results in an increase of the sample crystallinity 

with decreasing temperature, the sample at the lower temperature (90 °C) having a 

crystallization degree of 24 %, while the sample at the higher temperature (110 °C) presenting 

a level of only 7 %. 

A possible explanation arises from the viscosity of the polymer, which increases with the 

temperature decrease. Indeed, this viscosity increase provokes a decrease of the Reynold 

number (the flowrate being more or less constant) and thus the obtention of a more laminar 

flow inside the die. This flow evolution is favorable to the organization of the polymer chains 

and thus to the increase of the degree of crystallinity of the final material.  

4. Conclusions 

PLA polymer was the principal material used in this study for the foam’s fabrication by 

continuous extrusion foaming. A series of characterization techniques were implemented 

including water pycnometry in order to determine the apparent density, scanning electron 

microscopy to reveal the inner structure of cells and differential scanning calorimetric to 
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measure the crystallization properties of the foam. All these parameters are strongly influenced 

by the processing temperature and thus to CO2 mass fraction which has to be increased to reach 

the lower temperatures. Finally, it is possible to tune the cellular structure of the foam at a high 

level of porosity (97-98 %) by means of the operating temperatures: a more crystalline porous 

structure (24 %) with a smaller cell mean diameter (140 µm) can be obtained while a more 

amorphous one (7 %) with higher cell mean diameter (400 µm) is obtained at higher 

temperatures. These materials will be further investigated in the following, in order to integrate 

them in composite sandwich structures and a full study of the acoustic and damping mechanical 

properties is planned. 
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Abstract: Isothermal and non-isothermal kinetic studies of liquid processable multicomponent 
commercial amine-cured epoxy resin were evaluated. The corresponding viscosity development 
and phase transition behaviour of this amine-cured epoxy blend were investigated. The rate 
constants of each combination were calculated highlighting the reaction speed between 
different components in various reaction processes, indicating the reaction probability between 
each component. As expected, the epoxy resin cured with highly reactive hardeners shows a 
higher Tg, presumably due to the formation of a more densely cross-linked network in this blend.  
However, it is worth noting that incorporating a high reactive hardener did not significantly 
influence the Tg of the multi-component blend. This was attributed to the participation of IDPA 
and POP in the following bridge-forming process after the ring-opening process instigated by 
AEPIP. 

Keywords: Kinetic studies; Amine-epoxy resin; Glass transition temperature 

 

1. Introduction 

Unlike traditional power, wind energy is one of the most promising renewable energy sources 
that can significantly reduce water consumption, greenhouse gas emission, and air pollution [1]. 
Advantages like inherently plentiful, renewable and widely distributed, making wind energy to 
be an increasingly attractive source of energy in the past decade. However, several problems 
would be faced when pushing forward the construction of a wind farm, especially for 
constructing offshore wind farms. While offshore wind farms would suffer strong tides and most 
seriously, punishing storms and repair costs could be very high, up to $30,000, and can take a 
couple of weeks before the seas are calm enough for a work vessel to fix it [2]. Thus, it is 
necessary to develop and design novel materials that have the better physical performance to 
the extent of the working lifetime of blades. Curing behaviour and correlated phase transition 
behaviour are essential factors that should be considered in the very beginning for designing a 
suitable formulation to manufacture wind turbine blades with desirable properties. Thus, the 
curing behaviour and phase transition behaviour of a commercial liquid processable epoxy resin, 
which is widely used for fabricating wind turbines were estimated in the present study. Further, 
we report the relationship between the curing kinetics and the phase transition behaviour in 
this paper. 
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2. Methodology 

2.1 Materials 

RS-M135 (PRF Composites, UK) is an epoxy resin produced from bisphenol A and epichlorohydrin 
(DGEBA) (CAS No. 25068-38-6) with a number average molecular weight, Mn <700 g/mol. (70–
90 % w/w) and containing an added proportion of 1,6-hexanediol diglycidyl ether (DGEH) (CAS 
No. 16096-31-4) as a reactive diluent. RS-MH137 (PRF Composites, UK), which is a hardener 
contains (a) isophorodiamine abbreviated as IDPA (3-aminomethyl-3,5,5-
trimethylcyclohexylamine) (CAS No. 2855-13-2) 35–50 % w/w, and (b) 
poly(oxypropylenediamine) abbreviated as POP, (CAS No. 9046-10-0) 50–70 % w/w. 1-(2-
aminoethyl)piperazine (AEPIP) was purchased from Sigma Aldrich (CAS No. 140-31-8). The epoxy 
resin and hardener were mixed in a 10:3 weight ratio for all samples. The multicomponent blend 
was cured by the hardener with RS-MH137 and AEPIP in a 7:2 weight ratio. 

 

2.2 Characterization 

2.2.1 Differential Scanning Calorimetry (DSC) 

In this study, DSC experiments were performed using a Netzsch DSC 204F1. Aluminum pans were 
used, with sample masses of ~5 mg (uncured samples) and 5.1 ± 0.5 mg (cured samples). Sealing 
is required to prevent evaporation or sublimation from the pan. Samples were equilibrated at 
20 °C and cooled down to -50 °C immediately and isothermal for 5min, then heated to 250 °C at 
a heating rate of 10 °C min-1, unless otherwise stated, with the sample cell kept under a constant 
nitrogen flow of 50 cm3 min-1. Heat/cool/heat scans, using a cooling rate of 10 °C min-1, were 
employed to determine whether residual curing exotherms were present. DSC kinetics were 
studied, using heating rates of 5, 7, 10, and 15 °C min-1. In addition, to determine the cure degree 
over time, isothermal tests were performed at 25 and 60 °C, respectively. 

2.2.2 Rheological Analysis 

   Rheology measurements were performed using a TA Discovery HR-1 hybrid rheometer 
instrument equipped with a parallel plate fixture. Disposable aluminum plates of 25 mm in 
diameter with a gap of 0.3 mm were used. To determine how the viscosity change over time, an 
isothermal test was performed at 25 and 60 °C with a shear rate of 5 s-1. This was followed by a 
temperature ramp program. Samples were heated from room temperature to 60 °C (well below 
their gel point), at a heating rate of 2.5 °C min-1. The strain frequency used was 1 Hz, and an 
oscillation amplitude of 50% was selected as this fell well within the linear viscoelastic regime. 

2.2.3 Thermogravimetric Analysis 

STA measurements were performed using a Netzsch STA 449 F3 Jupiter instrument equipped 
with alumina sample pans. Experiments were undertaken on cured samples with masses of ~5 
mg in an N2 environment. Samples were equilibrated at 20 and then heated to 550 °C at a 
heating rate of 20 K min-1. 
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3. Results and discussions 

In order to identify the formation order of each type of building block, kinetic studies were 
determined using the following equation, which is better suited to an autocatalytic system than 
an nth-order model. Therefore, first-order reaction kinetics are assumed, and the Kissinger 
methods were used as a preliminary assessment of the resin kinetics for the three main reaction 
peaks of each blend. Using the Kissinger method[3], the activation energy, 𝐸  and the pre-
exponential factor, A was determined by Eq.(1), 𝑙𝑛 = 𝑙𝑛 −                  (1) 

where β is the heating rate, Tmax is the exothermic peak maximum (K), 𝐸  is the activation energy, 
which is the energy barrier that the reaction must overcome for the reaction to proceed, A is 
the pre-exponential factor, which is interpreted as the frequency of collisions between reactant 
molecules at a standard concentration (leading to a reaction or not) per second, R is the gas 
constant (8.314 J K-1 mol-1). By plotting a graph of lnβ = (Tmax)2 versus 1/Tmax, the activation 
energy and pre-exponential factor can be determined from the gradient and y-intercept 
respectively. The Kissinger method also enables the rate constant for the reaction, which is 
interpreted as the frequency of collisions between molecules that results in a reaction, to be 
calculated, using the Arrhenius equation as given in Eq.(2), 𝑘 = 𝐴𝑒                                              (2) 

where, 𝑘 is the rate constant (s-1) and T is the temperature of the reaction (298 K or 25 °C, 
selected as this was the cure temperature used throughout the study). The values calculated are 
given in Table 1. The rate constants of each combination highlight the reaction speed between 
different components in various reaction processes, indicating the reaction probability between 
each component. Thus, the reaction subsequence probability should be: DGEBA-AEPIP > DGEBA-
IDPA > DGEH-AEPIP ≈ DGEBA-POP ≈ DGEH-IDPA > DGEH-POP. As the epoxy-amine reaction is a 
multi-step reaction, peaks were fitted to the DSC exothermic plots and details of the multi-step 
reaction could be seen from the results of peak deconvolution (Fig.1). The initial stages of each 
reaction are being drawn out so that several consecutive reactions occur, the first peak is 
associated with ring-opening; the second peak is associated with bridge forming[4]. 

Table 1: Kissinger kinetic analysis for the amine-cured resin blends. 

Blend 
Kissinger method 𝐸  (kJ mol-1) 

Pre-exponential factor 
A (s-1) 

Rate constant at 298 K
 𝑘 (10-2) (s-1) 

DGEBA-IDPA 43.1 1.8 x 106 4.8 

DGEBA-POP 55.9 6.0 x 107 0.9 

DGEBA-AEPIP 56.4 4.7 x 108 6.1 

DGEH-IDPA 48.2 3.4 x 106 0.8 

DGEH-POP 57.8 4.2 x 107 0.3 

DGEH-AEPIP 67.6 7.3 x 109 1.0 
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Figure 1. Peak fitting for DSC data at 2 K/min for different pairs (a) DGEBA-IDPA, (b) DGEBA-
POP, and (c) DGEBA-AEPIP. 

The kinetic parameters obtained from dynamic DSC experiments have enabled comparison to 
be made of the resin blends in terms of their activation energies, pre-exponential factors, and 
reaction rates at cure temperature. However, the Kissinger method only enables certain cure 
kinetic parameters to be estimated by assuming first-order cure kinetics, but these models do 
not enable the degree of cure to be estimated as the reaction progresses [5]. Thus, the 
isothermal cure kinetics must be assessed to validate a cure kinetics model which most 
accurately captures the resin cure behaviours [6]. The isothermal DSC measurements were used 
to determine the reaction rate and degree of cure. Assuming that the cure rate of the resin 
system, 𝑑𝛼 / 𝑑𝑡, is proportional to the rate of heat flow, 𝑑𝐻 / 𝑑𝑡, thus, the cure rate can be 
expressed as Eq.(3), =                                              (3) 

The plot of reaction rate versus time for the isothermal cure at the ambient temperature of 
various combinations is shown in Fig. 2a. It could be seen that the reaction rate of the blends 
with AEPIP is much higher than the other blends (all the blends are amine excesses). On this 
basis, regarding the blend only incorporated with AEPIP, the reaction rate first increases, reaches 
a maximum and then decreases, which is attributed to the fast ring-opening process caused by 
AEPIP and then the rapidly increasing viscosity. This observation is in agreement with the non-
isothermal measurement. While the following reduction is owing to the dramatically increasing 
viscosity (Fig.2b) caused by the reaction, which then hinders the mobility of molecules for the 
reaction [7]. For the blends with IDPA and the one with POP, it is clear that the reaction rate is 
very much low (three times lower than AEPIP) and remains stable during the polymerization 
process. This is because the reaction of the ring-opening process is hard to be instigated by the 
low reactive hardeners, and thus the bridge-forming process was delayed. Considering the 
blends containing AEPIP/IDPA/POP, the reaction rate decreases with the process of 
polymerization, which might be due to the consumption of AEPIP (which contributes only 15wt% 
of the curing agent) and the participation of IDPA in the following bridge-forming process. 
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Fig.2. The plot of (a) reaction rate and (b) viscosity of amine-cured resin blends. 

 

As shown in Fig.3, the variation of glass transition temperature (Tg) could be seen for different 
blends. As expected, the epoxy resin cured with highly reactive hardeners shows a higher Tg, 
presumably due to the formation of a more densely cross-linked network in this blend.  
However, it is worth noting that incorporating a high reactive hardener did not significantly 
influence the Tg of the multi-component blend. This was attributed to the participation of IDPA 
and POP in the following bridge-forming process after the ring-opening process instigated by 
AEPIP. 

 

Fig.3. DSC curve of amine-cured resin blends. 

 

4. Conclusion 

By evaluating the kinetic studies of liquid processable multicomponent commercial amine-cured 
epoxy resin, the reaction subsequence and reaction rate during the curing process of each 
component pair is determined. At a specific temperature, the hardener present highly reactive 
would have a significant larger ring-opening peak when compared to other hardeners. While the 
reaction rate first increases and then decreases, which is attributed to the fast ring-opening 
process caused by the highly reactive hardener and then the rapidly increasing viscosity. 
Comparatively, the difficulty of instigating the ring-opening process of low reactive hardeners 
delayed the bridge-forming process, and thus the reaction rate of low reactive hardeners 
remained stable during the polymerization process. However, even though the highly reactive 

1484/1602 ©2022 He et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

6 / 6 ©2022 1st Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

 

hardener would increase the reactivity and Tg of the multi-component blend, the co-
polymerization of each pair led to the subtle difference in phase transition behaviour. This study 
provides an essential clue for optimizing the curing parameter of a commercial blend to fabricate 
composite with desired performance for wind turbine blade applications. 
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Abstract: Polyurethanes (PU) are a versatile class of polymer widely used for their interesting 

and tuneable properties. However, PU synthesis requires the use of highly hazardous isocyanates 

and phosgene. New routes for synthesizing Non-Isocyanate Polyurethanes (NIPU) have been 

proposed, particularly the design of Poly(hydroxy)urethanes (PHU) as obtained by polyaddition 

of cyclic carbonates and polyamines. Interestingly, in addition to the implementation of biobased 

diamines, these cyclic carbonates can be directly obtained by coupling CO2 to biobased 

epoxidized derivatives (e.g., epoxidized vegetable oils), leading to PHUs of reduced 

environmental footprint. The resulting PHUs present hydroxyurethane moieties along their 

backbone that can be considered as an interesting feature for improving adhesion of such 

polymer with highly hydrophilic cellulosic fibres (flax, hemp, jute…) in composite applications. In 

this work, we propose to investigate the feasibility of flax/PHU composites through rheological 

and thermomechanical properties. For a sake of comparison, a flax/epoxy composite was also 

evaluated. Finally, we propose examples of the resulting composites. 

Keywords: Biobased composites, non-isocyanate polyurethanes, natural fibres, 

poly(hydroxyurethane)s  

1. Introduction 

The need to design more sustainable materials with enhanced physical properties have pushed 

forward the conception of biobased composites during the last twenty years. Although natural 

fibres such as flax, hemp or sisal have shown promising properties that can challenge glass fibres 

[1], biobased polymer matrices for such structural composites suffer from a lack of satisfying 

properties to compete with conventional petroleum-based polymers and research is still 

ongoing [2]. 

Among the most used polymers, polyurethanes have shown high versatility and satisfying 

properties for numerous applications. However, conventional polyurethanes require the use of 

diisocyanate precursors that are classified carcinogenic, mutagenic and reprotoxic by REACH 

regulation in addition to their petroleum origin [3,4]. Obtaining non-isocyanate polyurethane 

(NIPU) has become a major breakthrough. The synthesis of poly(hydroxyurethane)s (PHU) 

through aminolysis of polyfunctional cyclic carbonates (CC) by polyamines offers a great 

opportunity to obtain fully biobased NIPU matrices with tuneable properties. Numerous 

1486/1602 ©2022 Seychal et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
mailto:guillem.seychal@umons.ac.be
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

biobased cyclic carbonates can be obtained by carbonatation of epoxidized vegetable oils or 

glycerol-based precursors with CO2 [5]. Biobased diamines can also be obtained from fatty acids, 

vegetable oils, sugar and lignin derivatives…[6]. Interestingly, the presence of hydroxyl groups 

within the PHU backbone could also offer further good adhesion with natural fibres (NF) for the 

manufacture of biobased composites. To the best of the authors’ knowledge, no study has been 

conducted on NIPU-NF composites for structural applications.   

In this work, we investigate the opportunities offered by PHU – NF composites and their possible 

applications. More precisely, we propose to evaluate a potentially biobased cyclic carbonate 

with different commercially available polyamine precursors (Hexamethylene Diamine -HMDA, 

m-Xylylene Diamine-MXDA) to design suitable NIPU matrices for high performance composites. 

Interestingly, recent studies highlighted the possibility to obtain the aromatic MXDA from 

biomass derived furfural [7] and aliphatic HMDA from sugar [8], leading to potentially fully 

biobased NIPU. The PHU formulations are compared to their epoxy equivalent (i.e., non-

carbonated glycidyl ether monomer).  Rheological properties were evaluated during curing as a 

first approach. Final properties of fully cured neat matrices were then evaluated. Unidirectional 

laminates made of the selected PHU and epoxy resins and aligned flax fibres are then 

manufactured by thermocompression. The obtained laminates were tested to assess the 

physical and mechanical properties of the composites. 

2. Experimental 

2.1 Materials 

Trimethylol Propane Triglycidyl Ether (TMPTGE) and TetraButyl Ammonium Iodide (TBAI) were 

purchased from SigmaAldrich. Carbon Dioxide was provided by Air Liquide. m-Xylylene Diamine 

(MXDA) and Hexamethylene Diamine (HMDA) were purchased from ThermoScientific. Flax 

unidirectional fibres tape (FlaxTape UD110, 110 g/m²) were purchased from EcoTechnilin. 

Molecular structures are shown in Figure 1a.  

 

Figure 1: a) (Macro)molecular structures of the resins precursors, and b) PHU and epoxy model 

reaction.  

2.2 Synthesis of cyclic carbonates 

TrimethylolPropane TriCarbonated (TMPTC) was synthesized using CO2 under supercritical 

conditions. About 60 g of TMPTGE was mixed with TBAI (2.5 mol%) and poured into a high-

pressure stainless steel reactor. The reactor was then filled with CO2 and maintained under 

supercritical conditions at 80°C and 100 bars for 24 h at 350 rpm. The resulting mixture was then 

degassed several times at 70°C under vacuum until no bubbling occurred to remove unreacted 

remaining CO2. Reaction completion was evaluated by means of 1H-NMR spectroscopy in 
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deuterated chloroform. Properties of the resin reactant are presented in Erreur ! Source du 

renvoi introuvable..   

2.3 Synthesis of epoxy and PHUs matrices 

Cyclic Carbonates or epoxy functions were cured with a stoichiometric amount of amine groups. 

TMPTGE or TMPTC was thoroughly mixed manually for 5 minutes with the curing diamine 

(HMDA or MXDA) at room temperature.  The tested formulations are listed in Table 2. The 

mixture was then degassed at room temperature under vacuum for 5 minutes three times 

before being used. For the assessment of physical properties, the mixture was poured into a 

silicon mould. Epoxy matrices were cured for one hour at 80°C with an additional post-curing at 

150°C for 30 min. PHU matrices were cured for 20 h at 80°C followed by 4 h at 100°C with an 

additional post-curing at 150°C for 30 minutes. The model reaction of PHUs and epoxy are shown 

in Figure 1b. 

Table 1: Characteristics of the resins precursors. 

Name Ref 
EEW1 

(g/eq) 

CEW2 

(g/eq) 

AHEW3 Epoxy 

(g/eq) 

AHEW PHU 

(g/eq) 

η25°C 

(Pa.s) 

TriMethylolPropane Triglycidyl 

Ether 
TMPTGE 145 - - - 0.12 

TriMethylolPropane 

TriCarbonate 
TMPTC - 175 - - 148 

HexaMethylene DiAmine HMDA - - 29 58 - 

M-Xylylene DiAmine MXDA - - 34 68 - 

1Epoxy Equivalent Weight EEW= Mw/#oxirane functions; 2Carbonate Equivalent Weight CEW = Mw/#CC functions; 3Amine Hydrogen 

Equivalent Weight AHEW=Mw/#functional hydrogens (2 for each primary amine for oxirane, 1 for CC) 

2.4 Composite Manufacturing 

Composite plates were manufactured by hand lay-up and cured by thermocompression. Six 

aligned plies were alternatively put in the mould with a line of resin in the middle of the ply into 

a Teflon coated steel mould with resins. The two edges in the length of the mould were let 

opened to allow air and matrix excess to flow out from the mould. 3.5 bar pressure was slowly 

applied to fully impregnate the fibres. This particular process inspired from [9] was set to 

improve impregnation and process. The plates were then cured under this pressure following 

the same temperature process described in 2.3. The post-curing was realised in an oven after 

unmoulding. According to ASTM D3039 [10], 15x150x1.3 mm³ rectangular tensile test samples 

were cut by laser cutting  and conditioned for at least two weeks at 23°C and 50% RH prior to 

test. 

3. Results and discussion 

3.1 Rheological curing properties 

Rheological properties of the formulations during curing were measured using an Anton Paar 

Modular Compact Rheometer MCR302. Two disposable parallel aluminium plates of 25 mm 

diameter, with a 1 mm air gap were used. A 2% strain was applied at 1 Hz. Isothermal rheological 
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analyses were performed at 80°C for all formulations to assess the difference in evolution of the 

reaction between epoxy and PHUs. Additional 70°C, 90°C and 100°C analyses were performed 

for TMPTC/MXDA formulation to evaluate the effect of the temperature. For each sample, about 

1 g of cyclic carbonate or epoxy product was mixed with the stoichiometric amount of cyclic 

carbonates and amine groups. 

The viscosity curves for the four formulations at 80°C are presented in Figure 2a and numerical 

values are summarized in Table 2. As it can be seen in Table 2, the initial viscosity of the PHU   

formulations is significantly higher (between 70 and 500 times higher than the epoxy), which 

could result in a complicated infusion process for the manufacture of composites. The viscosity 

behaviour of PHU and epoxy formulations is slightly different: a continuous increase of the 

viscosity is observed in the case of PHUs. Subsequently, this behaviour begins to be less 

pronounced until a plateau is reached. Conversely, the viscosity of the epoxy resin does not 

evolve significantly at the beginning of the test and gelation starts very quickly after a few 

minutes. This high reactivity with a pot life and gel point of less than 10 minutes is often a 

problem in composite manufacturing as sufficient time is required to fully impregnate the 

laminates. As it can be seen in Table 2, the pot life is slightly higher for PHU, while gelation 

requires a significantly longer period of time to occur.  

 

Figure 2 : Viscosity evolution over time for a) PHU and Epoxy formulations at 80°C, b) PHU 

TMPTC/MXDA formulation at 70°C, 80°C, 90°C and 100°C. 

In general, the relative reactivity of the amines to crosslink the epoxy or the carbonate remains 

unchanged, the aliphatic diamine being much more reactive than the aromatic one. This can be 

also a problem, as the processing window in this case does not seem to be enhanced enough, 

while the curing time is significantly increased. This change in the viscosity behaviour can be 

explained by the increase of hydroxyl group during the curing of PHU, which can create 

secondary H-bonding in the mixtures, resulting in higher viscosity while lowering the reactivity 

of unreacted functions to crosslink due to the steric bulk hindrance effect. These observations 

are in accordance with the work proposed by Blain et al. whereby they highlighted that hydrogen 

bonds affect the polymerization progress in linear PHUs [11]. The effect of the temperature was 

also investigated for the TMPTC/MXDA formulations at 70°C, 80°C, 90°C and 100°C. The viscosity 

evolution is presented in Figure 2b. The temperature tends to play a minor role in the beginning 

of the reaction, as the viscosity tends to increase at the same speed between 0 and 15 minutes 

regardless the temperature. These observations are also confirmed by the pot life that only 

decreases from 28 to 14 minutes, while the gelation time is significantly reduced when higher 

temperatures are used, going from 209 minutes at 70°C to 20 minutes at 100°C. Therefore, the 

manufacture of matrices and composites could be optimised by controlling the curing and 

  

 

 

 

 

  

 
  

 

    
    
    
     

           
      

    

1489/1602 ©2022 Seychal et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

processing in order to counterbalance the viscosity of the mixtures. However, it is worth noting 

that at higher temperature than 100°C side reactions can occurs as already reported in literature 

[3,12], for these reasons this study was carried at temperature up to 100°C .  

Table 2 : Rheological curing properties of the Epoxies and PHUs formulations 

Epoxy/PHU Formulation 
Temperature 

(°C) 

Pot Life1 

 (min) 

Gel Point2 

 (min) 

ηinitial 

(Pa.s) 

η10min 

(Pa.s) 

Epoxy TMPTGE/HMDA 80 5 5 0.048 243000 

PHU TMPTC/HMDA 80 6 10 13.38 1800 

Epoxy TMPTGE/MXDA 80 6 6 0.033 131000 

PHU TMPTC/MXDA 70 28 209 2.00 35 

PHU TMPTC/MXDA 80 22 82 2.31 47 

PHU TMPTC/MXDA 90 19 40 1.38 50 

PHU TMPTC/MXDA 100 14 20 1.18 57 

1Pot Life : Time before the resin reached 300Pa.s were it becomes unprocessable; 2Approximative Gelation Time were Storage 

Modulus (G’) becomes greater than Loss Modulus (G”) 

3.2 Mechanical and physical properties 

The TMPTGE and TMPTC formulations were set in ASTM D638 type V dog bone shape silicon 

moulds for monotonic tensile testing. At least 3 samples were tested for each formulation on 

Zwick-Roell Z2.5 tensile machine equipped with a 2.5 kN load cell at a crosshead speed of 1 

mm/min. Strain-Stress curves are presented in Figure 3. Glass transition temperature (Tg) and 

complete curing of the resins were assessed by Differential Scanning Calorimetry using a 

temperature ramp from -80°C to 200°C at 10°C/min. Density was measured through 

Archimedes’ principle in ethanol. All numerical values are reported in Table 3. 

For both PHUs and Epoxy, the Tg, Young’s modulus and the tensile strength are higher when 

cured with MXDA than with HMDA. This is due to the presence of rigid aromatic rings in MXDA 

compared to the flexible aliphatic chains from HMDA. The aliphatic chains also allow higher 

ductility of the matrices than aromatic rings. This is due to a higher mobility within the networks 

cured with HMDA than MXDA, which leads to a higher strain at break for the matrices cured 

with HMDA. It can be observed that PHUs present higher Tgs than their epoxy equivalent. This 

increase in the glass transition of PHUs formulation with respect to the epoxy ones is more 

pronounced when the aromatic MXDA curing agent is used. It can be explained first, by the 

higher amount of aromatic rings in the PHU resins than the epoxy as a higher proportion of 

curing amine is required in PHUs formulations. However, the Tg of the aliphatic HMDA cured 

PHU is also slightly higher than the TMPTGE/HMDA formulation. This moderate increase can 

also be attributed to the higher density of hydroxyl functions in the PHU matrix leading to intra 

and inter molecular bonding, decreasing the chain mobility and, thus, increasing the Tg.  
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Figure 3 : Monotonic tensile curves of the Epoxy (TMPTGE) and PHUs (TMPTC) formulations for 

the two different amines (HMDA and MXDA) and their respective dog bone shape samples. 

The thermal properties of the matrices are in accordance with the observed mechanical 

behaviour. Indeed, as shown in Figure 3, the behaviour of the PHUs is rather different from the 

epoxy. TMPTC/MXDA formulation present a slightly higher Young’s Modulus of 2600 ± 160 MPa 

as compared to the 2300 ± 70 MPa from the TMPTGE one, while HMDA cured formulations have 

a comparable modulus. Moreover, the two epoxy matrices present a yield point at 2.5 ± 0.1% 

and 2.9 ± 0.1%, respectively, with a ductile zone, while in the case of the TMPTC/MXDA, the 

behaviour is typical of a brittle-elastic material, with no yield. TMPTC/HMDA still presents a 

ductile behaviour due to the aliphatic chains but with quite important scattering in this zone 

prior to failure that can be related to the effect of remaining trapped air bubbles acting as failure 

ignition sites. Interestingly, maximum stress and strain at yield are improved for PHUs compared 

to epoxy with significantly higher admissible stress (35 and 45% higher for HMDA and MXDA, 

respectively) and improved strain (44 and 15% higher for HMDA and MXDA, respectively). 

Table 3: Properties of the neat matrices formulations (mean value ± standard deviation) 

Monomer Amine 
Tg

1
  

(°C) 

ρ2 

(g.cm-3) 

E3  

(MPa) 

σy  

(MPa) 

εy 

(%) 

εbreak 

(%) 

TMPTGE 
HMDA 

35 1,19 ± 0,01 1600 ± 50 34 ± 1 2.5 ± 0.1 6.0 ± 1.5 

TMPTC 40 1.22 ± 0,01 1570 ± 144 46 ± 1 3.6 ± 0.2 11.4 ± 3.6 

TMPTGE 
MXDA 

43 1,20 ± 0,04 2300 ± 70 55 ± 2 2.9 ± 0.1 4.9 ± 1.0 

TMPTC 60 1.31± 0,02  2600 ± 160 80 ± 11 3.3 ± 0.5 3.3 ± 0.5 

1Tg determined by DSC;2ρ determined by Archimedes’ principle;3Modulus calculated by linear regression between 0.05% and 2.0% 

in strain 

3.3 Flax composite results 

Monotonic tensile test was performed on a Lloyd LR10K equipped with a 10 kN cell force at a 

crosshead speed of 1 mm/min with an initial gauge length of 70 mm. Tensile curves are presented 

in Figure 4 and the values are summarized in Table 4. The behaviour of flax composite is assumed 

to be bilinear: the first apparent modulus (E1) was calculated by linear regression between 0.05 

% and 0.15 % longitudinal strain, the second apparent modulus (E2) was calculated between 1.0 
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% and 3.0 % longitudinal strain. Fibres volume fraction (Vf) and porosities volume fraction (Vp) 

were calculated following equation (1) and (2). As fibres volume fraction are significantly 

different between epoxy and PHU based laminates, Rule-Of-Mixtures (ROM) was used to 

normalize modulus (equation 3) and stress (equation 3) at break values and allow comparison. 

The values of ROM are presented in 1ρ determined by Archimedes’ principle;2 determined using equation  (1);3 

determined using equation (2);4 determined between 0.05 % and 0.15 % longitudinal strain; 5 determined between 1.0% and 3.0 % 

longitudinal strain 

Table 5. 

𝑉𝑓 = 𝑛×𝐴𝑟×𝑆ρ𝑓𝑛×𝐴𝑟×𝑆ρ𝑓 +𝑚𝑐−𝑛×𝐴𝑟×𝑆ρ𝑓ρ𝑚
(1)  

𝑉𝑝 = 1 − ρ𝑐 × (𝑊𝑚ρ𝑚 + 𝑊𝑓ρ𝑓 ) (2)   𝐸𝑅𝑂𝑀 = 𝑉𝑓 × 𝐸𝑓 + 𝑉𝑚 × 𝐸𝑚 (3)  σ𝑅𝑂𝑀 = 𝑉𝑓 × σ𝑓 + 𝑉𝑚 × σ𝑚 (4)  

With Vi being the volume fraction, mi the mass, n the number of plies, Ar the areal surface weight 

of the reinforcement, S the surface, ρi the density (1.53 g/cm³ for flax), Ei the modulus (53 GPa 

for flax) and σi the stress at break (700 MPa for flax). Indexes f, c, p and m refers to fibres, 

composite, porosities and matrix, respectively. 

 

Figure 4 : Monotonic tensile behaviour of flax/epoxy (TMPTGE/MXDA) and 

flax/PHU(TMPTC/MXDA) composites laminates 

From both tensile curves, the behaviour is similar and typical from monotonic tensile curves of 

Flax/thermosets composites with a bilinear behaviour, a first step with a high apparent modulus 

(15.1 ± 1.1 GPa for TMTPGE and 14.5 ± 1.9 GPa for TMPTC matrices) followed by a decrease 

around 0.2% strain down to 4.8 ± 0.1  GPa for PHU and 3.8 ± 0.2 GPa for epoxy. This behaviour 

is found to be similar to the results obtained by Jeannin et al. [13,14], where the same 

reinforcement was used with a DGEBA-based epoxy resin. Interestingly, it can be noted that 

even with 10% less flax fibres within the laminate, the Flax/PHU composite present comparable 

properties to the epoxy one. When normalized to ROM, to compare results while not taking into 

account the fibre volume fraction and to assess the quality of the adhesion between the fibre 
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and the matrix, it can be noted that E/EROM and σ/σROM ratios are 22% and 16% higher for the 

PHUs matrix, respectively. This higher ratio tends to show a better affinity between the fibres 

and the PHUs matrix due to the high number of hydroxyl functions in the network. One must 

keep in mind that these results remains preliminary and further composite process optimisation, 

characterisation and investigations are needed to confirm the feasibility of PHUs as matrices for 

structural composites.  

Table 4 : Mechanical properties of the flax-epoxy and flax-PHU composites (mean value ± 

standard deviation). 

Formulation 
ρ1 

(g.cm-3) 

Vf
2 

(%) 

Vv
3 

(%) 

E1
4  

(GPa)  

E2
5 

(GPa) 

σmax  

(MPa) 

εmax 

(%) 

Flax/TMPTGE/MXDA 1.24 ± 0.01 44.1 ± 3.2 8.0 ± 0.7 15.1 ± 1.1 3.8 ± 0.2 279 ± 35 5.9 ± 0.8  

Flax/TMPTC/MXDA 1.35 ± 0.01 33.7 ± 0.3 2.5 ± 0.1 14.5 ± 1.9 4.8 ± 0.1 274 ± 16 4.9 ± 0.2 

1ρ determined by Archimedes’ principle;2 determined using equation  (1);3 determined using equation (2);4 determined between 0.05 

% and 0.15 % longitudinal strain; 5 determined between 1.0% and 3.0 % longitudinal strain 

Table 5 : Comparison of results by use of the Rule-Of-Mixtures. 

Formulation 
Vf

1 

(%) 

EROM
2 

(GPa) 

σROM
3 

(MPa) 

E1
4  

(GPa)  

σmax  

(MPa) 
E/EROM σ/σROM 

Flax/TMPTGE/MXDA 44.1 ± 3.2 27.3 340 15.1 ± 1.1 279 ± 35 0.55 0.82 

Flax/TMPTC/MXDA 33.7 ± 0.3 21.6 290 14.5 ± 1.9 274 ± 16 0.67 0.95 

1 determined using equation  (1);2 determined using equation (3);3 determined using equation (4);4 determined between 0.05 % and 

0.15 % longitudinal strain 

4. Conclusion  

Poly(hydroxyurethane)s are a new class of polymers that offer several opportunities for green 

chemistry and biobased materials through insertion of CO2 in epoxidized molecules. Until now, 

most of the PHUs formulations were dedicated to adhesives, coatings[15] and foams[16]. In this 

work, we proposed a preliminary study to assess opportunities and challenges in using PHUs as 

matrices for structural biobased composites. We showed that the rheological behaviour as the 

viscosity of the PHUs mixture tends to make the processing harder than epoxy but remains 

feasible. For neat matrices, PHUs showed better thermal and mechanical properties than 

epoxies. Moreover, the resulting flax/PHU composites, even with a significantly lower fibre 

volume fractions, presented comparable mechanical properties and a better adhesion to the 

fibres than epoxy/flax composites. Thus, this preliminary study shows that even if the process 

and formulation are not optimised so far for PHUs, this new route could be an asset in future 

green materials by increasing properties of biobased epoxies by the carbonatation of the oxirane 

groups to produce cyclic carbonates, while capturing CO2 and decreasing the environmental 

footprint. 
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Abstract: In this work, the possibilities of MXene usage for imparting multifunctional properties 

such as damage sensing and de-icing to glass fibre reinforced plastic composites (FRPC) were 

studied. After the FRPC surface plasma treatment, water-based delaminated MXenes suspension 

was sprayed on the FRPC surface. Characterisation of structure and morphology of MXene 

nanocoating through SEM and AFM analysis was performed. As the focus of this study was to 

investigate the electrical resistance response of MXene‐coated FRPC samples under tensile‐
tensile fatigue loading, the samples were tested under varying amplitudes with high tensile 

loads. The results demonstrated that MXenes are a suitable material for strain‐sensing coatings 
in FRPC structures. It was also found that MXene coatings can work great for the de-icing as it 

heats up well and can melt ice quickly and efficiently.  

Keywords: Fibre reinforced plastic composites; MXene nanoparticles; multifunctional 

properties  

1. Introduction 

In the development of advanced composite materials, not only strength and low weight are 

important, but also the possession of additional multifunctional properties. Damage sensing, 

electromagnetic interference shielding, and other functions can be achieved using electrically 

conductive nanoparticles [1, 2]. Polymer composites doped with carbon-based nanoparticles 

such as graphene and carbon nanotubes provide even greater mechanical properties. Much less 

studied class of new 2D nanomaterials called MXenes, have recently been of great interest to 

scientists [3]. MXenes are transition metal carbides and/or nitrides discovered in the last 

decade. MXene Ti3C2Tz is particularly noteworthy as it has a unique combination of electrical 

conductivity, hydrophilicity and excellent mechanical properties [4, 5]. In the case of mass 

production, this MXene is very likely to be much cheaper than previously mentioned electrically 

conductive nanoparticles. Motivation for the usage of MXene in structural composites is further 

enhanced by the fact that MXene has good adhesion to epoxy resin [6], which is commonly used 

in structural composites as a matrix. With application of delaminated MXenes solution it is 

possible to produce especially thin MXene layers and coatings [7, 8], and thusly obtaining 

additional functionalities without a weight penalty.  

Therefore, the aim of this study was to investigate the possibilities of using MXene nanoparticles  

coating of fibre reinforced plastic composites (FRPC) to tailor the additional functionalities to 

FRPC, such as damage sensing and de-icing of the composite structure. The main idea of this 

work is presented in Figure 1. 

1495/1602 ©2022 Zeleniakiene et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
mailto:daiva.zelenikiene@ktu.lt
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

©2022 

 

Figure 1. MXene nanocoatings for damage sensing and de-icing of FRPC structure 

2. Materials and methods 

Ti3C2Tz MXenes were obtained from Ti3AlC2 MAX phase by etching Al with hydrochloric acid and 

lithium fluoride. MXenes were delaminated and reconcentrated to 3 mg/mL aqueous solution. 

Glass FRPC tensile specimens for damage sensing and sandwich‐type FRPC specimens for de-

icing investigations were prepared by hand‐layup and vacuum bagging methods. The epoxy resin 

Bisphenol F and an amine curing agent were mixed at a ratio of 10:3. Tensile specimens (15 × 
1.5 cm) were made of 5 plies of twill‐weave 2/2 (163 g/m²) glass fibres, and sandwich specimens 

(10 × 10 cm) were made of a total of 8 plies and 4 mm thick AIREX C70.75 foam. All specimens 

were cured at room temperature for 24 h and post‐cured in a convection oven for 5 h at 100 °C. 
Plasma treatment of FRPC surface was used for all specimens. Two layers of MXene solution for 

sensing specimens and five – for de-icing were spread. Copper wires were directly soldered onto 

the MXene coating and silver ink was applied for coating edges. Specimens are shown in Figure 

2. 

 

Figure 2. FRPC specimens for de-icing (a) and damage sensing (b) investigation 

The initial electrical resistance values were monitored using a Fluke 287 True‐RMS logging 
multimeter. The coatings were applied with DC voltage using an external power supply. The 

temperatures were evaluated using an infrared camera FLIR-SC7500. Fatigue tests were 

performed using the universal testing machine Instron ElectroPuls E10000T. Deformations were 

measured using Manta G‐146B visual extensometer. For the tensile‐tensile fatigue tests, 
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electrical resistance values were measured using Arduino Mega 2560 microcontroller and 

ATmega2560 microchip. 

3. Results 

3.1 MXene coating characterisation 

Scanning electron microscopy (SEM) images of MXene coating (see Fig. 3 a) showed that MXene 

nanosheets are well delaminated and form a neat coating of oriented and overlapping 2D 

nanoparticles. Bumps of incompletely delaminated MXenes occur in some places. These 

coating's irregularities are also reflected in the atomic force microscopy (AFM) analysis study 

shown in Figure 3 b. The averaged thickness of the coating according to AFM investigation varied 

from 30  to 60 m. 

 

Figure 3. Characterisation of MXene coating: SEM image (a), and AFM analysis (b) 

3.2 FRPC de-icing investigation 

Thermal behaviour of MXene coating under 7.44 W was investigated. The temperature 

distribution of the coatings and the average temperature upon time is shown in Figure 4. It can 

be seen that the temperature distribution in the MXene coating is quite uniform. It can be seen 

that the thermal irregularities are due to the uneven thickness of the coating, the uniformity of 

which is difficult to ensure using the manual spraying method. The coating is able to heat up to 

50C in 120 s.  

 

Figure 4. Thermal behaviour of MXene coating: temperature distribution of the coatings under 

7.44 W power and 180 s (a); average temperature upon time at 7.44 W 
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3.3 FRPC damage sensing investigation 

The tensile‐tensile fatigue tests were performed under two different loading amplitudes 

(see Fig. 5). The first amplitude of 0.25–1.25 kN was repeated for 10 000 cycles and unloaded, 

after which the electrical resistance of MXene coating increased permanently by 18%. The 

second amplitude was 1–2 kN, where 2 kN corresponded to 264 MPa stress and 1.86% strain. 

The electrical resistance of MXene coating between these loads changed by 2.76%. Finally, the 

sample broke after 16245 cycles, and the resistance of the coating increased to infinite. A 

magnified region shown in Figure 5 represents the last several cycles before sample fracture. 

Here we can notice a slight increase in the coating's resistance, which suggests the first cracking 

of the glass FRPC specimen.  

 

Figure 5. Electrical resistance response of MXene-coated FRPC under tensile-tensile fatigue test 

at two different loading amplitudes 

4. Conclusions 

The investigation showed that MXene coatings are able to impart multifunctional properties 

such as damage sensing and de-icing to glass fibre reinforced plastic composites. MXene 

coatings can heat up and melt the ice quickly and efficiently. The fatigue tests demonstrate that 

MXene coating is responsive to different amplitude loads and capable of tracking composite 

damage such as laminate cracks. 
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Abstract: This paper presents investigation results around a bamboo based honeycomb like core 

structure for sandwich applications. Due to excellent compressive strength values at a 

significantly reduced weight in comparison to plywood, the material could be a substitute in 

suitable applications. Light transmission through GFRP sheets was investigated as well, offering 

interesting fields of application for the combined sandwich structure. 

Keywords: Sandwich structure; Bamboo; lightweight; CO2 footprint; compression test 

1. Introduction 

Fiber reinforced polymers usually consist of petrochemical products in combination with 

technical fibers like glass, aramid or carbon materials. The combination with suitable core 

materials leads to sandwich structures, providing superior mechanical properties like stiffness 

and weight compared to the base products and to many other unmodified materials too. The 

core materials are mainly polymer or metal foams, polymer, cardboard or metal honeycomb 

structures and sometimes lightweight wood as balsa. 

The dependency on high amounts of energy or oil for producing the materials is somehow 

problematic. The prices for polymer products, epoxy or polyester resin and for fibers already 

increased rapidly since 2020 as the logistic chains and production were disturbed by Corona 

pandemic and increasing requirement in Asia. [1-4] 

Another problem in the production of conventional sandwich components can be seen in the 

CO2 emissions caused by the usage of energy and oil. The balsa wood production in mono 

cultures is also problematic.  

Scientists worldwide are searching for products with a better ecological footprint. Interesting 

results are for example commercially available epoxy resins with a portion of up to 56 % of 

linseed oil. [5] Natural fibers like flax can be purchased as woven products to substitute glass or 

carbon fibers. 

Nevertheless a wider focus on yet unknown or not yet useful materials like coconut or bamboo 

fibers, banana leaves, rice straw an many other natural products could decrease the dependency 

on the negative correlated resins and fibers. 

A new approach for green core materials for sandwich applications can be COMBOO. COMBOO 

is a honeyCOMB structure made of bamBOO. [6] It consists of in a honeycomb pattern arranged 

bamboo rings. Top and bottom of the core were covered with GFRP, natural fibers, plywood and 

timer in several combinations. Previous investigations with this approach revealed a high 

bending strength and a nice appearance. 
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Bamboo is an extremely fast growing grass. Growth rates of up to 1m/day were reported. It is 

native to all continents except of Europe and Antarctica. Over 1000 different species can be 

found on earth. Bamboo has a density of approximately 0.6 – 0.7 g/cm3 considering the solid 

material only. Tensile strength, hardness and bending capabilities are very high too. It ca be 

harvested after 5-7 years. Bamboo rods consist of longer hollow cylindrical parts divided by 

nodes and is conical which limits the direct usage for industrial processes in western countries. 

Therefore the bamboo is sliced and or cut, grinded, pressed, soaked with resin, glued and 

processed in several other ways to form standardized beams, chopping boards or floor 

coverings. Other extensive processing steps lead to fibers for clothes. Asian countries use 

bamboo and its products for ages in a more traditional way as building materials, for weapons, 

furniture, household stuff, cooking material and even for scaffolds for skyscrapers. 

The concept of COMBOO is using the bamboo in a very little modified way, to preserve the 

superior properties and to reduce necessary machining steps. The density of COMBOO is with 

around 0.22 g/cm3 significantly lower than bamboo wood considering that for the honeycomb 

structure over 70 % consist of air. 

Another interesting (but environmental problematic) core material could be palm wood made 

of oil palms. Palms were like bamboo no trees either, even if the look like and reach heights of 

several tens of meters. One of the most popular palms for industry are oil palms as they deliver 

an organic oil that can be used in food, cosmetics, biofuel, detergents and many more. [7] Main 

producers of palm oil are Indonesia and Malaysia. 

After approximately 25 years the economic life span of an oil palm ends. [8] reports of 100-120 

million m3 of palm wood trunks every year in near future that have to be replaced.  While in the 

beginning push-fell and burn method was used to reduce biomass other methods are use 

nowadays as the previous one led to a gigantic CO2 production and air pollution. Nevertheless 

the recent strategies (push-felled and windrow; push-felled, chip and windrow and under-

planting) to decrease the large amount of decaying palms lead to diseases or pests. [7] 

A much better strategy is using the palm wood for furniture, wood pellets and lightweight 

materials as density is relatively low. In contradiction to common timber density is high in outer 

regions with 0.4 g/cm3 and low in the inner part. Density values vary with referred source from 

0.15 g/cm3 - 0.3 g/cm3 for inner regions and 0.4 g/cm3 - 0.7 g/cm3 for outer regions, also varying 

with height. [7 - 10] 

The investigation of these interesting materials as core materials for sandwich applications is 

one part of this paper. The other part refers to optical phenomena when using different resins, 

different fibers and different numbers of fiber layers. The COMBOO structure as a honeycomb 

provides several hollow parts, as can be seen in Figure 1 (l). When using glass fibers as top and 

bottom material for sandwich structures, light is passing through it. One possible application for 

these kind of sandwich could be in civil engineering, architecture or trade fair construction. 

Therefore the modification of light, its brightness or wavelength were under investigation.  
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2. Materials and methods 

2.1 Materials and manufacturing of COMBOO structure  

Manufacturing of COMBOO structure is relatively simple and requires a low level of machining 

equipment. It also uses a large part of the bamboo without chemical modifications and difficult 

processing steps. Hence it is suitable for easy production also in not fully industrialized countries. 

First recommended step is a grinding procedure of the whole bamboo rod. The bamboo rod is 

much easier to handle than the smaller rings of a later processing level. Different grinding 

procedures like grinding, sandblasting and also milling to a hexagonal shape have been 

investigated and compared with unmodified bamboo in a shear test. [11] It was found that 

preparation is strongly recommended to enhance shear strength. Shear strength means in this 

case ability of movement ring against ring as shown in Figure 1. Previous bending tests often led 

to a failure due to the movement of a whole line of bamboo rings according to low shear 

strength. 

  

Figure 1. COMBOO structure – 600 x 400 x 80 mm (l), shear test of bamboo rings (r) 

The improvement by grinding led to an increase of up to 40 % in shear tests. Grinding and milling 

were the most appropriate procedures, while grinding is very easy to perform. [11] 

Second step is sawing the bamboo rod to rings with similar length. Several test have been made 

using different kinds of saws. Bamboo rings here were cut manually by using a band saw. Cutting 

is the most difficult step, as the bamboo rod is conical, sometimes not cylindrical and nodes are 

disturbing a good handling.  

Only a few experiments have been performed yet to reduce the nodes as the most important 

problem. Grinding steps for example with an ankle grinder led to satisfying results. The size of 

the nodes depends also on bamboo species. The most common one from China, Moso bamboo 

has often larger nodes, especially when using bamboo rods with a diameter of less than 30 mm. 

Species like bamboo hitam, an Indonesian species shows no or only very low differences in 

diameter of cylindrical part and node. 

Third step is arranging the cut bamboo rings in the honeycomb pattern. The pattern depends on 

allowed ring diameters. Arranging could hence influence the bending strength of the structure, 

which have to be investigated in further projects. 

After arranging of the rings, lamination or better covering steps of top and bottom sheet occur 

as the last processing step. Different sheet materials have been tested. In this work plywood 
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sheets and glass fiber reinforced polymers (GFRP) have been used for experiments. Plywood was 

reduced to 2 layers (in two horizontal directions) for compression test.  

The palm wood specimen have been received from palmwoodnet initiative and only cut into the 

required size. The fiber arrangement of the palm wood core (1 & 3 layer) was horizontal (to top 

and bottom material), covered with a plywood sheet of unknown origin. For comparison a birch 

plywood of 15 layers has been chosen. All test specimen were cut to side length of 50 x 50 mm. 

Differences in height were accepted, as the palm wood board was higher than the plywood and 

COMBOO board. 

2.2 Materials and manufacturing of specimen for optical investigations 

Nine different glass weavings (unidirectional, plain, twill weave) have been selected at different 

weights (25-220 g/m2), in different numbers of layers (1-4) and two types of epoxy resin (Epoxy 

Resin L / Hardener CL, R&G Faserverbundwerkstoffe GmbH, Waldenbuch, Germany and SR Surf 

Clear EVO / SD EVO, Sicomin, France) for the optical experiments. Selected materials and 

materials combinations are shown in Table 1. Fabrics were processed in hand lamination 

technique, cured between two glass plates for surface quality and cut on a CO2 laser cutter to 

the desired shape and size. It was tried to reach similar weight values of about 100 g / m2 for the 

materials or a fraction of it for better comparison.  

Table 1. Materials for optical investigations (UD – unidirectional weave) 

ID nr Weave 
weight 

[g/m2] 
Number of layers 

Total weight  

[g/m2] 
Resin 

1 plain 25 1 25 Epoxy Resin L 

2 plain 25 4 100 Epoxy Resin L 

3 plain 49 1 49 Epoxy Resin L 

4 plain 49 2 98 Epoxy Resin L 

5 plain 108 1 108 Epoxy Resin L 

6 plain 108 2 216 Epoxy Resin L 

7 twill 105 2 210 Epoxy Resin L 

8 UD 220 1 220 Epoxy Resin L 

9 plain 49 2 98 Surf Clear Evo 

For better comparison of optical measurements, two different hole patterns (diameter 20 and 

40 mm) and two different thicknesses for one hole diameter (19 and 38 mm at hole diameter of 

40) were machined to simulate a quasi-standard COMBOO structure. Therefore medium-density 

fiberboards (MDF) were milled or laser structured. GFRP sheets were glued onto to structures 

for transmission measurements, as will be described in chapter 3. 

2.3 Testing methods 

Compression test according to DIN EN 408 have been chosen to compare the different sandwich 

materials. Therefore a compression testing machine (TESTING Bluhm & Feuerherdt GmbH, 
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Berlin, Germany) was selected as its technical parameters met the requirements, received from 

initial tests. Results like compression strength, compressive stress at specific deformation   and 

the stress strain behavior can be obtained. 

Light measurement system was the portable spectrometer MK350 (UPRtek, Taiwan). The 

spectrometer acquires and calculates 5 different light values in the interesting spectrum of 380 

- 780 nm. A closed MDF chamber was built and covered with mat black color to prevent 

reflections. The spectrometer was placed inside the chamber, controlled via cable by a computer 

and test specimen were placed at the open side. Test setup and a few test specimen are 

presented in Figure 2. The aperture of the box was 250 x 250 mm. Four different light sources 

with different power have been used according to Table 2. 

 

Figure 2. GFRP sheets, specimen holder and test setup (l. to r.) for optical measurements [13] 

Table 2. Light sources for optical measurements 

Nr Source Manufacturer Power [W] Color 

1 Halogen Strand lightung 650 Warm white 

2 LED ETC 14 Warm white 

3 Fluorescent tube Osram 36 Neutral white 

4 Sun - - Daylight 

 

3. Experiments and results 

3.1 Compression tests 

Four different material classes of 7 samples each have been tested during compression tests. 

The specimen were placed under the plunger and the load was increased until failure criteria 

has been reached. Criteria were either exceeding the maximum load of 300 kN (not reached) or 

a maximum way of 20 percent of original thickness. 

The results of the investigation are presented in Figure 3 (r). It can be seen, that the palm wood 

can only reach very low values of 1.7 N/mm2 (one layer) and 2.3 N/mm2 (three layers). It is 

known, that compression tests with timber in grain direction show much higher compression 

strength than perpendicular to the orientation.  

The compressive strength values of plywood and the COMBOO board are much higher. The 

COMBOO board reached approximately 15 N/mm2 und the plywood 13.4 N/mm2. The weight of 

the COMBOO board is around 20 % lower than the plywood board, offering a wide field of 

applications. 
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Figure 3. Testing machine (l), results of compression tests (r) 

3.2 Light tests 

Several test have been made to qualify the materials and the COMBOO structure as well. After 

preparing the light source at a distance of 500 mm, mounting the specimen in front of the box 

and calibration of spectrometer, test were performed while acquiring the interesting data on a 

computer. 

For the first test the different GFRP samples without COMBOO structure were compared for all 

light sources. Figure 4 shows the transmission values for the most significant light source, the 

halogen lamp. LED lamp and sunlight show similar results, while the effects of the neon tube are 

less obvious 

 

Figure 4. Light transmission measurements (different weave, number of layers and weight [13] 

It can be seen, that the number of layers always reduces the transmission grade of 

approximately 10 percent. The single layer of plain weave fabric of 49 g /m2 reaches higher 

transmission values than a single layer at 25 g /m2. This effect is attributed to thinner fibers and 

more dense arrangement, as was observed under the microscope. The transmission trough plain 

weave fabric of 108 g /m2 is a little different. While 2 layers of 49 g /m2 show 78 % a single layer 

of 108 g /m2 has a transmission grade of just 71 %. Twill weave (single layer) has the lowest 

transmission of just 55 %, as the binding is obviously very dense. Even the 220 g /m2 UD fabric 

has a 4 % higher transmission. A difference in this effect was observed at sunlight only. [13] 
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It is interesting that the weight / m2 has lower influence on transmission than the number of 

layers or the type of weave. 

Second test was a comparison of epoxy resin. Using similar fabric (2 layers at 49 g /m2) and the 

two different resins, light transmission depends on light source. While halogen light and sunlight 

led to significantly higher transmission values at the epoxy system L + CL, values at LED light 

were inverted. The neon tube light resulted in nearly equal values. This effect is attributed to 

the wave length, power and light spectrum. The Surf Clear Evo material is designed for longer 

exposure in sunlight without degradation. Hence it can be assumed that light could not 

penetrate or pass the resin, protecting deeper layers. 

Third test refers on hole diameter of a simulated COMBOO structure. As expected a higher 

diameter leads to more light passing and higher transmission grades. Especially the sunlight 

provides the highest transmission of 34 % (20 mm) and 75 mm (40 mm). For other light sources 

transmission is sometimes up to 6 times higher (halogen lamp) for the larger diameter. This 

effect might be explained by the parallel sunbeams while the other light sources diverge from a 

source with defined distance and hence an angular side effect, especially while the usual focus 

of the theater lamps is somewhere behind 500 mm. 

Fourth test has shown the effect of varying the light axis and using a deeper (38 mm thickness, 

hole diameter 40 mm) COMBOO structure. The effect was measured with the LED light only. It 

was found, that the grade of light transmission is reduced by 30 % if the angle is adjusted 15° of 

the perpendicular path. At 30 ° already more than 66 % of light are lost. Under 45°, more than 

90 % of light cannot pass through the structure. With higher ring diameter and / or decreasing 

depth of the COMBOO board a higher amount of light transmission will be received. 

It was finally found, that the colour rendering index or CRI – value were not affected by GFRP 

sheets. The value is nearly similar using no sheet or sheets with one / two layers. [13] 

4. Summary and Discussion 

In this paper two different topics of lightweight structures were under investigation connected 

by a novel interesting bamboo based core material for sandwich applications called COMBOO. 

After a brief introduction about bamboo and the manufacturing strategy of the COMBOO core 

material another natural material – oil palm wood has been presented too. Furthermore the 

materials and preparations for transmission tests depending on GFRP at different layers, weights 

and resins have been introduced.  

In a compression test 4 different materials, 2 palm wood series and a plywood series were tested 

against the COMBOO structure. A much lower compressive strength has been identified for the 

1 and 3 layer palm wood in contradiction to plywood and the COMBOO board. The COMBOO 

board reached 10 % higher average compressive strength value than the plywood board at up 

to 20 % lower weight. Hence COMBOO boards might be a good alternative to thick plywood 

boards. It is assumed, that the main remaining problem might be the closure of the outer rim of 

such a plate to prevent moisture coming into the structure, preventing a swelling. 

The so called optical measurements were mainly transmission measurements of light from 

different sources through different weave and weights of GFRP. After initial tests with plain 

GFRP sheets other combinations were placed in front of and behind of a substitute COMBOO 
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structure. The substitute was chosen to reduce the influence of different sizes (inner / outer 

diameter) of natural bamboo. 

It was identified that single layer GFRP provide higher transmission values then multi-layer 

arrangements. A higher weight of the fabric provides higher transmission values than the same 

weight reached by combining several layers. Twill weave has a significantly lower transmission 

than plain weave or UD fabric. The choice of an epoxy resin affects the transmission, depending 

probably manly on wave length. The CRI value was not affected by GFRP layers in comparison to 

undisturbed light.  

Depending on the type of application, a protection against sunlight in separating walls or 

window replacements might be an interesting approach. It was found that already a moderate 

angle of 15° leads to a significant decrease of light transmission. An angle of 45° reduces the 

light to about 10 % of the original transmission value. Choosing a small wall thickness of the 

single bamboo rods and higher wall thickness of the whole COMBOO board might work well as 

a nice shading structure. Another advantage of the enclosed air between the two GFRP sides is 

an insulation effect. 
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Abstract: We investigated electrical conductivity of PC/MWCNT nanocomposites prepared by 

both compression and injection molding. Three different MWCNTs with same diameter but 

different length were used in this study. Three different MWCNTs show different electrical 

conductivity of the nanocomposites especially in the injection molded samples. Among three 

MWCNTs used, two of them have same aspect ratio (L/D = 2000) but different bulk density (BD, 

40 and 26 Kg/m3). We could investigate the effect of bulk density more clearly with these two 

MWCNTs. The other MWCNT has highest aspect ratio (16,000) and lowest BD (10 Kg/m3). 

Among three MWCNTs, the MWCNT with L/D = 2000, BD = 26 provided highest electrical 

conductivity of the nanocomposites. By various investigations, we found that the 

individualization and dispersion from the primary agglomerates is more decisive factor affecting 

the dispersion state and final electrical properties of the composite rather than the aspect ratio.  

 

Keywords: MWCNT; bulk density; aspect ratio; polycarbonate 

 

Introduction 

Polymer/carbon nanotube (CNT) composites have attracted extensive attention in terms of the 

electrical conductivity. Many factors such as properties of CNT, viscosity of matrix, aspect ratio 

(AR) and the fabrication methods of nanocomposites on the electrical conductivity have been 

explored. In order to study the effect of AR exclusively, one must prepare the CNTs of which ARs 

are different but the other properties are same. Many studies manipulated the AR with same 

length and different diameter of CNTs. In this study, we used three different multiwall carbon 

nanotubes (MWCNT) from same manufacturer. They have same thickness but different length. 

By various investigations, we found that individualization and dispersion from the primary 

agglomerates are more critical than the AR.  

Experimental 

Three different MWCNTs (Hanhwa Chemical, South Korea) with varying AR and BD were 

investigated. Characteristics of the MWCNTs are summarized in Table 1  

Polycarbonate (PC)/MWCNT nanocomposites were prepared in a twin screw extruder at a speed 

of 150 rpm at 280 oC. For some samples, re-extrusion was performed. Pelletized 

nanocomposites was dried, fed into the hopper and extruded again. This procedure was 

1508/1602 ©2022 Son et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
mailto:tonygren@jwu.ac.kr
mailto:sonyg@kongju.ac.kr
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 

ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

repeated with designated times. The extruder was a co-rotating twin screw extruder (BA-11, 

BAUTEK Co., Republic of Korea) with a screw length of 440 mm and a screw diameter of 11 mm.  

The volume resistivity was measured by using the two-probe method with a manual probe 

station (SUMMIT-11862B, Cascade Microtech Inc.) and a semiconductor characterization system 

(4200-SCS/F, Keithley Instruments Inc.)  

Table 1: Characteristics of As-Received CNTs. 

Commercial Name CM130 
CM130 

(upgraded)  
CM280 

Notation AR2k-BD40 AR2k-BD26 AR16k-BD10 

Length (µm) 25 25 200 

Diameter (nm) 12.5 12.5 12.5 

Aspect Ratio (L/D) 2 000 2 000 16 000 

Bulk Density (g/cm3)~ 0.040 ~ 0.026 ~ 0.010 

 

Results and discussions  
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                                                        (b)             

Figure 1. Volume resistivity of compression (crossed symbols,  ) and injection (open 

symbols,  ) molded PC/MWCNT nanocomposites as a function of MWCNT concentration. 

circlar symbols: AR2kBD40, rectangular symbols: AR2kBD26, triangular symbols: AR16kBD10. 

Figure 1 shows the volume resistivity of PC/MWCNT nanocomposites as a function of MWCNT 

content. In this study, three different MWCNTs were employed. Two of them are of same AR 

but different BD. When looking at the data of the samples having same AR (AR2k-BD40 and 

AR2k-BD26), it is certain that low BD sample leads to lower electrical resistivity. Carbon 

nanotubes must form an electrically conductive network within the polymer matrix in order to 

exhibit high electrical conductivity. The first step is to ensure disentanglement of CNTs from its 

primary agglomerates. Once dispersed, the individualized CNTs form an electrically conductive 
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network which enhances the final electrical properties of the composites. If the nanotubes are 

restricted in remaining primary agglomerates and are not nicely dispersed, the composites do 

not have enough amount of CNTs which build the conductive networks and consequently lead 

to the poor electrical conductivity.  MWCNTs of the lower BD have higher probability for better 

dispersion due to its less entangled structure and provide the higher electrical conductivity. The 

AR2k-BD26 used in this study is an improved batch of CNT under the same commercial name 

with the AR2k-BD40. To our knowledge, slight modifications on the synthesis process were 

applied to improve the overall characteristics of the AR2k, which can significantly change the 

overall characteristics of the nanotubes. Such details on the process improvements remain 

undisclosed by the manufacturer. 

When looking at the data for AR2k-BD26 and AR16k-BD10, unexpected result are seen. AR2k-

BD26 provides the higher electrical conductivity in spite of lower AR and higher BD. This is more 

profound in injection molded samples. Up to date most studies has reported that CNT with 

higher AR provides higher electrical conductivity of the nanocomposites because the conductive 

network can be built at lower concentration for the CNT having the higher AR.  Most studies on 

the effect of the AR do not provide information of the BD or CNTs with higher AR showed lower 

BD in the studies that provide the BD. Since CNTs with higher AR have lower BD in general, it is 

difficult to conclude which of AR (increase in possibility of tube-tube contacts) and BD (enhanced 

dispersion and individualization from the primary agglomerates) is more decisive factor in the 

electrical conductivity of polymer/MWCNT nanocomposites. Our experimental finding shows 

that the lowest BD and the highest AR do not always guarantee the higher electrical conductivity.  

MWCNTs with the high AR can bend, be coiled for higher AR and even tangle like a long polymer 

molecules for the highest AR. Their shapes are regarded as somewhere between a rigid slender 

body and polymer molecule. Thus, the AR may not affect the conductivity beyond the critical 

value. 

In order to get fundamental insight into the reason of this unexpected result, we carried out the 

additional repeated extrusion. Fig. 2 shows the volume resistivity of PC/MWCNT 

nanocomposites as a function of extrusion times for AR2k-BD26 and AR16K-BD10. It is observed 

that the resistivity of the nanocomposite decreases with number of extrusions. Both AR2k-BD26 

and AR16K-BD10 show decrease of the resistivity with number of extrusions but the decreasing 

rates are different. PC/AR16k-BD10(97/3) shows more rapid decrease. After third extrusion, 

PC/AR16K-BD10 (97/3) shows lower resistivity than that of PC/AR2k-BD26.  It is certain that the 

dispersion of the MWCNTs in the PC matrix is enhanced with the number of repeated extrusions. 

Thus, the decrease of the electrical resistivity with the number of extrusions is explainable. The 

unexpected result that PC/AR2k-BD26(97/3) shows lower electrical resistivity than PC/AR16K-

BD10 in spite of lower AR and higher BD is most probably due to different dispersion ability of 

two MWCNTs. Inherently, CNTs with higher AR has better ability to form a conductive network 

once they are dispersed and individualized from the primary agglomerates. However, it is more 

difficult to disperse CNTs with higher AR because longer CNTs has more entanglement between 

CNTs.  
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Figure 2. Electrical resistivity of PC/MWCNT nanocomposites extruded several times. 

 

From the repeated extrusion experiments with AR2k-BD26 and AR16kBD10, we concluded that 

dispersion and individualization of CNTs from the primary agglomerates are more crucial. The 

repeated extrusion improves the dispersion of CNTs and AR16kBD10 provides the highest 

electrical properties after 4 repeated extrusion among three MWCNTs investigated. However, 

repeated extrusion is not economical in the industrial view.  Therefore, practical way to achieve 

the highest electrical conductivity is using optimal AR and lower BD. Higher AR does not always 

guaranties the higher conductivity. This misleading is from the fact that higher AR normally 

accompanies lower BD. Theory on the maximum packing fraction of the randomly oriented glass 

fiber suggests that the maximum packing fraction is inversely proportional to the AR of glass 

fiber. It is most likely that the packing of the pristine MWCNT shows similar behavior. 

So far most studies emphasized the importance of the AR. Only a few studies were conducted 

on the effect of BD. In this study, we found that BD is more important in some aspect and more 

studies on the BD should be conducted from now on.  

 

Conclusion 

Our study demonstrated that MWCNT aspect ratio does not solely determine the final electrical 

properties of the nanocomposites. In this study, it was observed that the MWCNTs with the 

highest AR and the lowest BD did not provide the highest electrical conductivity of PC/MWCNT 

nanocomposites. By various investigations, it was concluded that the higher AR is beneficial to 

build the conductive path but unfavorable for better dispersion since the longer MWCNTs tend 

to be more entangle and thus have higher resistance for disintegration of agglomerate. The bulk 

density of MWCNTs, inherent dispersive abilities caused by MWCNT entanglements, and 

intrinsic MWCNT alignment also play a very crucial role in the dispersion of MWCNTs in the 

polymer matrix, thereby also assisting in the final electrical property of the nanocomposites. 
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Abstract: Currently,  the useable compressive properties of a composite are  restricted by  set 
design  limits well below the expected  intrinsic performance of the materials contained within. 
The  next  generation  of  high‐performance  fibre‐reinforced  polymer  composites  will  need  to 
address the challenge of improving the absolute performance of composites in compression. This 
task requires a rethink of the whole system; not only to address practical limitations of current 
materials, but their combination, interface, and their architecture. The mechanisms involved do 
not simply act over the nano‐, macro‐, or meso‐level independently, but are mutually related at 
the system level, complicating the approach. 

Keywords: Hierarchical; Compression; Fibre-reinforced composites 

1. Introduction 

In natural materials, such as wood and bone, a hierarchical framework is employed with precise 
structural features at all lengthscales [1]. Whilst this level of intricacy is still beyond current 
composite production, similar motifs can be made from intrinsically superior constituents, in 
order to improve (artificial non-natural) composite compression response. This hierarchical 
approach, with new constituent materials, and advanced assembly processes, when coupled 
with digital sandboxes, permits a fresh look at the failure mechanisms, providing opportunities 
to redirect, or suppress, failure modes to improve overall composite performance. The problem 
can be broken down into a number of interconnected components with attention given to the 
fibres, matrix and their interface/interphase, the design and lay-up of these constituents, and 
investigations using new analytical frameworks. This paper will outline the fibre-reinforced 
compressive weaknesses and approaches to resolve them, providing an insight into current 
state-of-the-art hierarchical composites. 
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2. Fibre‐reinforced composites and bio‐inspiration for hierarchical motifs 

Fibre-reinforced composite materials are prominent in a range of applications with tensional 
loading conditions demonstrating their greatest performance (in the fibre axis). Whilst fibre-
reinforced composites are used in other loading conditions, their compressive strength is 
approximately 60% of their tensile strength. Composite failure does not depend on a single 
element but rather a complex interconnectivity between the fibres, matrix, their interface, and 
the architecture of the specimen. In some instances, improving one area, for instance a high 
interface matrix-fibre adhesion, alters the failure mode of the composite e.g. inducing cohesive 
matrix failure, which can be an undesirable mechanism leading to a lower ultimate composite 
performance. For these reasons a holistic approach to address the compressive weakness in 
composites is sought with hierarchical architectures an intriguing approach to solve the 
weakness observed in compression. Looking to nature for inspiration [2, 3], a number of quite 
different approaches are observed; for example, multiscale reinforcing elements with particular 
orientation and support (Figure 1) [4], systems that have a strut and skeletal formation with 
minimal matrix content (fibrous), or conversely brick-and-mortar (layered) like formations using 
short reinforcing structures that dissipate stresses within the system, amongst other motifs. 
Alternative methods to dissipate energy or impacts through shear stiffening responses in the 
bulk of the material are observed but not commonly associated with a fibre-like scaffolds. 

 

 

Figure 1. Diagram of the eight most common biological structural design elements [3]. [Used 
with permission from John Wiley and Sons] 
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In most instances, modifications to continuous fibre-reinforced composite materials fall broadly 
into categories that include, improving the interface of fibre-matrix components, introducing 
mechanisms to deflect, distribute, or dissipate stress to limit areas of high stress-concentrations, 
initiate tougher failure in a controlled manner to either defect or arrest the generated crack 
(introducing toughen response), or targeting the generally poor delamination strength (resin 
rich regions) between plies. 

3. Current hierarchical composites designs and approaches 

It is desirable to have fibres orientated in specified loading axis and to contain continuous fibres 
as these are more efficient with respect to mechanical loading [5]. Even with these design 
constraints, hierarchical approaches can be implemented to improve composite compression 
properties. A schematic of the composite designs discussed in the later sections are shown in 
Figure 2. 

 

Figure 2. A schematic of the various length scales of the composite designs, from left to right, a 
single fibre (matrix omitted), a bundle of fibres in a matrix, a bundle‐of‐bundle composite, and 
a representation of a traditional unidirectional composite for comparison (shown with a gap to 

more clearly illustrate the plies). 

3.1 Fibres 

The shape and form of high performance (non-natural) fibres have usually been chosen for 
improved tensile properties and are uniform, continuous, circular, and small in diameter (~5-20 
µm), but these characteristics may not be the optimal form for compressive loads. In Nature, 
the form of fibril scaffolds are normally non-circular, have defined periodicals of morphological 
changes, for instance bird feathers [6], and vary in diameter depending on their primary 
function. Another major difference between naturally occurring fibril/fibres and those artificially 
produced fibres are their hollow construction which allows for the transport of fluids throughout 
the organism, or to reduce weight for specific applications (e.g. flight); these features are not 
necessary for achieving ultimate mechanical performance using high performance constituents. 
Natural fibrils are often supported through a helical arrangement, or through a change in density 
of a porous or foam-like local structures (cellular and gradient). The complexity and refinement 
of the reinforcing elements of the structure changes from large features to smaller structures, 
which themselves can have specific alignment to aid support, when arranged about the parent 
fibril-structure. This alignment and change in length-scale is a key feature in improved lateral 
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support exhibited by these materials. These laterally supporting architectures provide adequate 
dissipation and non-stress localising properties and are desirable for high performance systems 
in a bid to reduce the failure mode(s) associated with the onset of kink-band formations. The 
failure of composite materials in compression is often driven by poor lateral support and early 
formation of kink-bands as a result of the instabilities of the loads experienced by the primary 
reinforcing fibres. To mimic this lateral supporting motif, there have been multiple attempts to 
add nanoreinforcement to the fibre surface/interphase which has the added benefit of reducing 
stiffness mismatch between the fibre and the matrix [7]. Methods include directly 
synthesising/growing nanomaterials on the surface, or depositing pre-made nanomaterials by 
electrophoretic deposition or some other chemical grafting process; the simplest approach is to 
coat the fibres in a size containing dispersions of nanomaterials. All these approaches suffer 
from some limitations for instance difficulties in scaling production, or poor alignment of the 
nanomaterial. Alignment of the nanomaterials, on the parent structure, is of particular 
significance, and is one of the most challenging aspect of adding nanomaterials to mimic the 
arrangements observed in biological systems. It is expected that if the nanoreinforcement is 
aligned in the axis of the parent fibre there may be limited lateral support in the surrounding 
interphase. However, increases in surface areas from these processes improve the mechanical 
interlocking of the fibre with the surrounding matrix which can improve the 
interfacial/interphase properties. Altering the morphology of the fibres’ cross-section (unduloid 
or cross section shape) is a less studied approach to create supporting motifs, with either 
commercial fibres acquired and further processed [8] or produced/synthesised in-house to 
create the desired forms [9]. Depending on the materials chosen (carbon, glass, etc.) 
synthesising non-circular cross-section fibres can have significant cost, equipment, and 
processing constraints. There is also interest in well aligned nanomaterial based fibres/veils, 
which satisfy the requirements for local alignment whilst containing strong, stiff, and tough 
reinforcement. 

3.2 Matrix 

The most commonly used and modified composite matrix is epoxy (thermoset) due to the ease 
of handling and manipulation at the laboratory scale. Whilst thermoplastics are generally 
tougher, they require high temperatures and pressures to form around fibres, and as such they 
have been studied less often. Additionally, thermoplastic moduli are low resulting in less support 
for the fibres in compressive loading conditions; this along with poor compatibility between the 
thermoplastic matrix and fibres leads to a reduced fibre-matrix interface and overall composite 
performance. Methods to improve epoxy toughness includes the introduction of rubber 
particles, and for improved stiffness the introduction of nanomaterials (typically carbon) [10]. 
Chemical functionalisation is frequently used to improve the dispersibility of nanomaterials in 
an epoxy matrix resin system. However, the addition of nanomaterials to the matrix, even if 
unagglomerated, can alter the processability, increasing viscosities, and leading to self-filtering 
of the nanomaterials by the parent fibres. In natural materials there is often localised 
reinforcement leading to a heterogeneous structure, yet in the majority of composite systems a 
homogenous reinforcement is preferred. Further investigations into the impact of localising 
adequately dispersed nanoreinforcement and their effect on failure modes [11] is an exciting 
area of investigation. 

   

1515/1602 ©2022 Anthony et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

         - - - -     -    

 

3.3 Bundle systems 

Bundle systems are similar, but one order of magnitude greater in size than the fibres systems 
previously described. Analogous adaptations for bundle composites are consequently desired, 
with off-axis reinforcement sought. Bundle-like pultruded composite rods are commercially 
available, with high alignment, allowing research into the surrounding matrices to form 
bundle-of-bundles composites and hybridisations. Bundle composites bridge the reinforcement 
length scales between fundamental systems and the ply level. 

3.4 Ply level systems 

In natural layer structures, deformation and localised failures are promoted to limit damage 
progression into the whole system. To achieve the same effect in high performance materials, 
the alignment of fibres within a ply may be exploited to alter and manipulate the failure modes 
observed. At the ply level, the introduction of misalignment (to the loading direction) or 
confined reinforcement to an area can alter the composite properties drastically. Choosing 
specific arrangements that benefit the compressive properties of the system are a challenge, 
and it is likely that suppression of the kink-band formation through careful consideration of 
materials and layup will be a route to success. 

4. Outlook 

The approach of introducing hierarchical constructs to fibre-reinforced composites is not new, 
however, in the most challenging loading condition of compression, there are very limited 
studies. Taking a step back, the use of existing materials, processes, and architectures needs to 
be revised for their suitability for use in hierarchical composite for compressive loading 
conditions. Whilst the focus will remain on the constituents of the composite for improvements, 
the combinations and arrangement need to be investigated to truly establish their performance 
in compression. A collaboration between Imperial College London and the University of Bristol, 
along with industrial partners are taking on this challenge in a five-year UK Engineering and 
Physical Sciences Research Council (EPSRC) funded project. We hope to share our investigations 
and results shortly. 
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Abstract: Dried and well-consolidated sheet of bacterial cellulose (BC) nanofibrils is a material 

structure that possesses high modulus and strength but is also brittle, which limits its potential 

in various advanced composite applications. Here, we report a simple method of enhancing the 

toughness of BC sheet by sizing the BC nanofibrils with poly(ethylene glycol) (PEG). This hinders 

interfibril hornification and facilitates large-scale BC nanofibril debonding, slippage and 

reorientation upon deformation. The PEG-sized BC sheets show high tensile strain-at-failure and 

work of fracture compared to neat BC sheet. PEG-sized BC reinforced laminated acrylic 

composites achieve a flatwise Charpy impact strength of up to 26 kJ m� 2. This is a remarkable 

increase over the impact strength of neat impact-modified acrylic of only 12 kJ m-2, especially 

when the BC loading required to achieve this radical improvement is only 0.2 wt-%. Our study 

opens new paradigm in using low BC loading to achieve performance improvements suitable for 

high value composite applications. 

Keywords: Nanocomposite; Biocomposite; Fracture toughness; Nanocellulose; Bacterial 

cellulose  

1. Introduction 

Bacterial cellulose (BC) is an ultrapure form of cellulose nanofibrils synthesised by cellulose-

producing Komagataeibacter ssp. through the fermentation of low molecular weight sugars (1). 

It is bio-synthesised naturally as a nanomaterial (2) with a fibril width of 20-100 nm and an 

indeterminate length (3) to form a jellylike translucent mass, i.e., a pellicle, floating at the air-

liquid interface of the culture medium. BC is highly crystalline, with a measured degree of 

crystallinity of 90% (4). This results in the high tensile properties of BC nanofibrils. The Young’s 

modulus of a single BC nanofibril was measured to be 78 GPa in bending using atomic force 

microscopy (5). Molecular deformation measurements based on Raman spectroscopy further 

estimated the tensile modulus of a single BC nanofibril to be 114 GPa (6). Whilst the tensile 

strength of a single BC nanofibril has not been reported, recent work based on sonication-

induced fragmentation of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)-oxidised cellulose 

nanofibrils estimated the tensile strength to be between 1.6 and 6 GPa, depending on the source 

of cellulose (7). Therefore, BC could potentially serve as glass fibre alternative for the production 

of high-performance composite materials given their low toxicity and density (~1.6 g cm-3) (8).  

The ability of BC to act as nano-reinforcement in various advanced composite settings for load-

bearing applications has been demonstrated by various authors (9-12). Despite this, BC has not 

yet been commercialised as reinforcement for polymers. A recent cost analysis estimated the 

break-even price of the large scale production of BC to be US$25/kg (wet basis, 99% moisture 
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content) (13). Such high-cost stems from capital expenditure as BC is grown most efficiently in 

static culture, as well as the low production rate of ~0.5 g (wet basis) L-1 h-1. Thus, BC is an 

expensive nano-reinforcement, especially when high loading fraction of BC in a polymer matrix 

is required (>30 vol.-%) to demonstrate significant mechanical improvements over conventional 

engineering polymers (9). It can be anticipated however that the high cost of BC can be offset 

by designing BC composites containing only low loading fraction of BC but still offering 

dramatically improved mechanical performance that conventional materials cannot achieve. A 

defining characteristic of BC is that it is biosynthesised as a continuous network of cellulose 

nanofibrils into a tough pellicle, especially in the plane of growth (14). If the toughness of the 

pellicle can be translated into a composite setting, it will introduce additional energy-dissipating 

mechanisms, including BC nanofibril-nanofibril debonding, BC nanofibril re-orientation and 

fracture, improving the fracture resistance and impact strength of the resulting BC-reinforced 

composite materials. This is a sought-after property as advanced BC fibre composites are often 

brittle (15-20).  

In the manufacturing of BC composites however, BC is first dehydrated prior to subsequent 

composite processing, such as resin impregnation followed by crosslinking or thermoplastic 

lamination (15, 18, 19, 21). The dehydration step leads to interfibril hornification (22), i.e., the 

formation of irreversible hydrogen bonds between the adjacent cellulose nanofibrils upon 

drying, producing a brittle BC sheet with poor fracture resistance. The introduction of such 

brittle BC sheet into a polymer matrix also reduces the fracture resistance of the resulting BC 

composites. Here, we report a simple concept based on the sizing BC nanofibrils with low 

molecular weight poly(ethylene glycol) (PEG) to prevent interfibril hornification, thereby 

preserving the original toughness of the pellicle. Low molecular weight PEG is ideal as it exists 

as a liquid at room temperature (up to 600 g mol-1). This allows the BC nanofibrils in the resulting 

BC sheet to reorientate and/or slip during mechanical deformation. Such effect cannot be 

achieved with solid PEG as the BC sheet would fracture brittlely in the solid PEG matrix. We 

further show in this article that these low molecular weight PEG-sized BC can be used as two-

dimensional reinforcement in a laminated composite construct to enhance the impact 

properties of polymeric materials even at low loading fraction (0.2 wt.-%) without sacrificing 

tensile performance. 

2. Experimental 

2.1 Materials 

Methyl methacrylate (MMA) (Aldrich, purity ≥ 99%, inhibited with ≤ 30 ppm monomethyl ether 

hydroquinone) and 2,2’-azobis(2-methylpropionitrile) (AIBN) (Aldrich, purity ≥ 98%) were 

purchased from Sigma-Aldrich. Triethyl citrate (TEC) (Alfa Aesar, purity ≥ 99%), sodium 

hydroxide pellets (AnalaR NORMAPUR®, purity > 98.5%,) and PEG, namely PEG-200 (Merck 

Chemicals Ltd., 𝑀! = 200 g mol-1, 𝜌 = 1.124 g cm-3 @ 20°C, 𝑇" = -50°C), PEG-400 (Merck 

Chemicals Ltd., 𝑀! = 400 g mol-1, 𝜌 = 1.13 g cm-3 @ 20°C, 𝑇" = 5°C), as well as PEG-600 (Merck 

Chemicals Ltd, 𝑀! = 600 g mol-1, 𝜌 = 1.13 g cm-3, 𝑇" = 17-22°C) were purchased from VWR 

International Ltd. (Lutterworth, UK). These chemicals were used as received without further 

purification. Commercially available impact-modified acrylic sheets (Plexiglas 0RA65 GT, 3 mm 

thick) were purchased from Röhm (Darmstadt, Germany). BC in the form of 30 cm × 30 cm × 

1 cm pellicle with a water content of 98.7 wt.% was purchased from a commercial retailer 

(Vietcoco International Co. Ltd., Ho Chi Minh City, Vietnam). It was purified with 0.1 N sodium 
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hydroxide in house following a previously described protocol (20) and stored in a 4°C fridge prior 

to subsequent use.  

2.2 Preparation of tough PEG-sized BC sheets 

Purified BC pellicle with dimensions of 65 mm × 65 mm × 10 mm (wet weight = 31 ± 7 g, Fig. 1a) 

was immersed in PEG (200 g) and magnetically stirred at room temperature for 30 min to 

promote the mixing of water molecules in the BC pellicle with the surrounding liquid PEG. This 

suspension was then subjected to a reduced pressure at 200 mbar for 2 h (Fig. 1b) to further 

draw out the water in the BC pellicle. The PEG-impregnated BC pellicle was carefully removed, 

allowing excess PEG to drip away, before placing it on a petri-dish and heated to 50°C for 24 h 

to slowly evaporate the excess water. After this pre-drying step, the PEG-impregnated BC pellicle 

was sandwiched between two filter papers (Qualitative filter paper 413, VWR International Ltd., 

Lutterworth, UK) and two blotting papers (Grade 3MMCHR, GE Healthcare, Buckinghamshire, 

UK), followed by hot pressing (4122CE, Carver Inc., Wabach, IN, USA) at 120°C for 30 min under 

a weight of 1 t  to remove any residual moisture and excess PEG, consolidating the 10 mm thick 

PEG-impregnated BC pellicle into PEG-sized BC sheet of 66-150 µm in thickness, depending on 

the PEG used (Fig. 1c). Simple gravimetric measurement showed that the mass fraction of PEG-

200, PEG-400 and PEG-600 in the BC sheets were 57 ±9 wt.-%, 55 ± 8 wt.-% and 49 ± 10 wt.-%, 

respectively. Even though liquid PEG was used in the sizing of BC, the resulting PEG-sized BC 

sheets did not have a “wet feel” to it as the liquid PEG was held strongly within the consolidated 

BC nanofibril network structure through capillary forces. As a control, neat BC sheet (70 g m-2) 

without PEG sizing was also produced following the previously described pre-drying and hot-

pressing steps. The porosity of neat BC sheet was found to be 30% and all the PEG-sized BC sheet 

possessed a porosity of ~12% based on density measurements (see Table S1 in the 

supplementary information). All (PEG-sized) BC sheets were kept dry in a desiccator containing 

silica gels before subsequent use. 

2.3 Fabrication of laminated acrylic composites reinforced with (PEG-sized) BC sheets 

In this work, 3 mm thick acrylic composites with a laminated construct consisting of (PEG-sized) 

BC sheet sandwiched between two 1.5 mm thick impact-modified acrylic sheets were produced. 

Triethyl citrate-plasticised poly(methyl methacrylate) (TEC-plasticised PMMA) was used as the 

interlayer adhesive. Firstly, the TEC-plasticised PMMA interlayer adhesive was produced by 

adding TEC (5 g, 25 wt.-%) and AIBN (60 mg, 0.3 wt.-%) into 20 g of MMA. This solution was 

magnetically stirred for 10 min, followed by pre-polymerisation in a water bath at 75°C for 35 

min until a viscous syrup was obtained. The syrup was then immediately cooled in an ice bath 

to quench the polymerisation reaction. The viscous TEC-plasticised PMMA syrup was then flow 

coated onto a prefabricated 1.5 mm thick impact modified acrylic sheet (compression moulded 

from the 3 mm thick sheets using a weight of 1 t at 190 °C), followed by the placement of a (PEG-

sized) BC sheet (Fig. 1d). The composite construct was then assembled with another coating of 

viscous TEC-plasticised PMMA syrup on the topside of the (PEG-sized) BC sheet and the 

placement of another prefabricated 1.5 mm thick impact modified acrylic sheet. Care was taken 

at each stage to ensure that no bubbles were trapped in between the layers. Finally, the 

assembled composite construct was heated in an oven at 70°C for 4 h under a weight of 5 kg to 

fully polymerise the TEC-plasticised PMMA interlayer adhesive, producing (PEG-sized) BC-

reinforced laminated acrylic composite (Fig. 1e). The loading fraction of BC in the laminated 

composites was 0.2 wt.-% based on simple weight gain measurement. Dynamic mechanical 
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thermal analysis revealed that the different PEGs did not affect the degree of polymerisation of 

the TEC-plasticised PMMA interlayer as they possessed similar glass transition temperatures at 

~60 °C (see Fig. S1 in the supplementary information). As a control, laminated composite 

consisting of TEC-plasticised PMMA interlayer adhesive without BC reinforcement was also 

produced.  

 

Fig 1. (a) A wet BC pellicle (65 mm × 65 mm x 1 cm), (b) schematic representation of PEG-

impregnated BC sheets preparation, (c) visual appearance of (PEG-impregnated) BC sheets, (d) 

schematic representation of composite preparation and (e) visual appearance of the translucent 

(PEG-sized) BC sheet-reinforced impact-modified (IM)-acrylic composites. 

2.4 Materials characterisation  

Prior to tensile testing, the samples were cut into miniaturised rectangular test specimens of 

5 mm in width and 40 mm in length using a Zwick/Roell ZCP 020 manual cutting press (Zwick 

Testing Machines Ltd., UK). Two dots were marked on the surface of the test specimen in the 

direction of the applied load. The test specimen was then mounted onto a micro tensile tester 

(MT-200, Deben UK Ltd., Woolpit, UK) equipped with a 200 N load cell. The distance between 
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the grips was set to be 25 mm. A crosshead displacement speed of 0.5 mm min-1, which 

corresponded to a strain rate of 3 × 10-4 s -1, was used. The strain of the test specimen during 

tensile loading was measured using a non-contact video extensometer (iMetrum Ltd., Bristol, 

UK) based on the movement of the two previously marked dots. Tensile test was performed at 

room temperature (20°C) and a relative humidity of 40%. Average results of five test specimens 

were reported for each sample. 

3. Results and discussion 

The representative tensile stress-strain curves of (PEG-sized) BC sheets are presented in Fig. 2. 

After the initial linear elastic response, followed by yielding and a small degree of plastic 

deformation, neat BC sheet fractures catastrophically (Fig. 2, red curve). This is characterised by 

a single sharp decrease in stress to zero after peak load is reached (3.4% strain for neat BC sheet). 

Neat BC sheet possesses a tensile modulus and strength of 16.5 GPa and 177 MPa, respectively 

(Table 1). These values are consistent with the tensile properties of dried and well-consolidated 

BC sheet at similar grammage produced from pristine pellicle reported by Yamanaka et al. (23) 

and Nakagaito et al. (18) A recent study also confirmed that the theoretical maximum tensile 

strength of a sheet of randomly oriented cellulose nanofibrils was ~200 MPa (24), consistent 

with our findings. It is worth mentioning that BC sheet produced from disintegrated pellicle 

possesses lower mechanical properties than those made from pristine pellicle (8).  

 

Fig 2. Representative tensile stress-strain curves of (PEG-sized) BC sheets 

All PEG-sized BC sheets, on the other hand, exhibit a ductile response, with prolonged plastic 

deformation prior to fracture at a strain of ~17% (Fig. 2, blue, orange and green curves). The 

sizing of BC with PEG also leads to a decrease in both the tensile modulus and strength (Table 

1). BC-PEG200 possesses the lowest tensile modulus of 3.0 GPa, followed by BC-PEG400 of 

3.4 GPa and BC-PEG600 of 4.5 GPa. This increase in tensile modulus can be attributed to the 

increase in the viscosity of PEG with increasing molecular weight (see Fig. S2 in the 

supplementary information). All PEG-sized BC sheets possess similar tensile strength of ~90 
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MPa, independent of the type of PEG used. The brittleness of neat BC sheet also led to lower 

tensile work of fracture (𝑈#, calculated from the area under the stress strain curves, Table 1) of 

4 MJ m-3 compared to the more ductile PEG-sized BC sheets of ~14 MJ m-3. 

As the tensile properties of a sheet of cellulose fibrils are a function of the tensile properties of 

the fibril, fibril length and the degree of fibril-fibril bonding (25, 26), the observed decrease in 

both tensile modulus and strength must be due to a reduction in the degree of fibril-fibril 

bonding as both the BC nanofibril length and BC nanofibril tensile properties are the same for 

all samples. The large number of physical crosslinking points between adjacent BC nanofibril due 

to interfibril hornification prevents large-scale nanofibril debonding and slippage, as well as 

reorientation. This leads to the observed high tensile modulus and strength of the neat BC sheet 

but also limits its plastic deformation, resulting in low strain-at-failure and a catastrophic 

fracture. A previous study (27) confirmed that the hydroxyl groups of cellulose and the hydroxyl 

end groups of PEG would form strong hydrogen bonds. Therefore, the sizing of BC with PEG 

leads to a decrease in the number of hydrogen bonds formed between adjacent BC nanofibrils, 

hindering the interfibril hornification process. This facilitates BC nanofibril reorientation and/or 

slip during tensile deformation, resulting in the observed large strain-at-failure, overcoming the 

inherent brittleness of BC sheets. The lack of interfibril hornification also corroborates with the 

results that the tensile strength of the PEG-sized BC sheets is independent of the molecular 

weight of PEG used as the failure mechanism is now governed by the degree of entanglement 

of the BC nanofibrils in the original pellicle, which is similar for all PEG-sized BC sheets.  

Table 1. Mechanical properties of (PEG-sized) BC sheets. E, σ and εB denote the tensile 

modulus, tensile strength and tensile strain-at-failure, respectively. 

Sheet 𝐸  

(GPa) 

𝜎  

(MPa) 

𝜀$  

(%) 

Neat BC 16.5 ± 0.2 177 ± 13 3.4 ± 0.4 

BC-PEG200 3.0 ± 0.2 92 ± 6 15.9 ± 3.7 

BC-PEG400 3.4 ± 0.5 91 ± 5 17.7 ± 1.4 

BC-PEG600 4.5 ± 0.8 94 ± 10 18.2 ± 3.7 

 

4. Conclusions 

The toughness of dried and well-consolidated sheet of BC nanofibrils was enhanced by sizing the 

BC with liquid PEG of different molecular weights, namely PEG-200, PEG-400 and PEG-600. 

Whilst the PEG sizing reduced both the tensile modulus and strength of the BC sheet, the tensile 

strain-at-failure and toughness improved by ~400% and ~900%, respectively, over neat BC sheet. 

The sizing of BC with liquid PEG, independent of molecular weight, minimises the number of 

contact or physical crosslinking points via hydrogen bonding between adjacent BC nanofibrils, 

reducing the efficacy of interfibril hornification. This study also shows the potential of PEG-sized 

BC sheet in a laminated composite construct (to be presented in the presentation), whereby 

radical improvement in the impact resistance of the laminated composites can be achieved with 

only just 0.2 wt-% of BC. This also keeps the overall cost of the BC composites low as the cost of 

BC is often cited as the bottleneck for using BC in various advanced composite applications. 
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Abstract: This study is focused on the understanding of the morphology evolution and 

associated thermal properties during consolidation of unidirectional and hybrid lay-up enabling 

the prediction of consolidation behavior under non-isothermal conditions. The literature presents 

a significant number of studies, describing the thermal conductivity measurement and prediction 

for a defined material configuration. Authors propose in this paper an original approach, based 

on the experimental characterization of the thermal and compression behaviors as function of 

the compression rate, their numerical modelling enabling the consolidation process simulation 

in non-isothermal environment. First, an experimental morphology analysis during consolidation 

was performed, based on an interrupted consolidation method. Thermal conductivity 

measurements were performed, using a Hot disk method, to quantify this evolution as function 

of the consolidation rate. A theoretical model, based on a two-level homogenization method, 

and a Mori-Tanaka model is proposed, considering the three-phases material, and correlate with 

experiments with a good agreement, but limited predictivity for porosity level above 15%.  

Keywords: thermoplastic composite; structure-properties; consolidation behavior; thermal 

properties  

1. Introduction 

Lightweight was the most important drivers in material development during the last decade. 

However, sustainability is becoming the main driver of new mobility solutions. Due to the 

depletion of inorganic material, natural based material finds increasingly non-structural 

applications in transport industry. Structural applications are still dominated by non-renewable 

material solutions due to lack of affordable alternative. Indeed, continuous natural fibers 

reinforcement composite (NFRC) have been developed and recently commercialized, as dry 

fabric or pre impregnated layers. Fast production rate of thermoplastic composite requires an 

accurate control of the thermal behavior, enabling to form by stamping or weld above the fusion 

temperature when pressure is applied.  The heating up phase prior to this step, and the transfers 

time induced thermal gradient, which must be anticipated and predicted. By NFRC, both the 

thermoplastic resin and the fibers itself are sensitive to overheating, presenting a thermal 

degradation closed to the processing window.  

In this study, authors are focused on the understanding of the morphology evolution and 

associated thermal properties during consolidation of unidirectional and hybrid lay-up enabling 

the prediction of consolidation behavior under non-isothermal conditions.  

Transverse thermal conductivity of NFRC, i.e., through the thickness, is widely studied in the 

literature. An overview is presented on Figure 1, as function of the fiber volume fraction. 0% of 

fiber correspond to the neat polymer, and 100% correspond to the pure natural fiber. In-

between, measured values at the composite level are presented. On neat polymer, mainly PP 
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properties are reported, the values are strongly varying depending on methods and polymer 

grade. Few experimental values on pure natural fibers are reported, presenting transversal 

conductivities in-between 0.02 to 0.12 W.m-1.K-1 . Several thermal conductivities on NFRC are 

reported, as function of their fibers volume fraction. No clear trend is obviously visible, probably 

due to the too wide range of materials range, fibers architecture and methodology investigated 

in the respective papers [1-10].  

 

Figure 1: Transverse thermal conductivity of NFRC 

Regarding in-plane thermal conductivity, i.e. the conductivity in fiber direction of a 

unidirectional NFRC, only one author [9] was found. The related study estimated an in-plane 

thermal conductivities of the hemp fibers of 1.48 W.m-1.K-1 and for the polymer of about 0.115 

W.m-1.K-1. The in-plane thermal conductivity of a unidirectional Hemp/acrylics composite were 

experimentally investigated as function of the fiber volume ration. A good agreement is noticed 

Figure 2: in-plane thermal conductivity of NFRC 
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by comparing the experimental data with the theoretical one, obtained from the rule of mixture 

model.  

In this paper, authors proposed to investigate the evolution of the transversal and in-plane 

thermal conductivities, during the consolidation of the prepreg raw materials. During the 

consolidation step, where the pressure is applied on the raw materials above the melting 

temperature of the resin, a gradual voids disappearance took place, up to the final state where 

the no void is expected inside the materials. To this aim, the evolution of the morphology is 

experimentally investigated. Then, thermal conductivities are measured at different 

consolidation stage. Finally, a correlation with theoretical values, based on measured and 

estimated inputs parameters is proposed. 

 

2. Materials and sample manufacturing 

2.1 Raw materials 

In this study, the prepreg manufactured by the company BPREG, called EcoRein® UD 50 is used. 

EcoRein® UD is thermoplastic-based prepreg reinforced with unidirectionally aligned flax fibers. 

The tape presents a theoretical mass fraction of 50% of flax fibers inside a polypropylene matrix. 

The process of BPREG allows to assure a very good alignment of the fiber tows (see Figure 2-A). 

The tape is pre-consolidated, it means that fibers tows are well impregnated with the PP matrix. 

In-between tows, air gaps are visible in white on the micro-Computed Tomography (µ-CT) view 

Figure 2-B made on a prepreg sample of 10*10 mm. the transversal view (see Figure 2-C) shows 

that tows create independent cluster, presenting a random cross section, with a regular 

patterning. The Figure 2-D shows in-plane µ-CT view of prepreg sample. The individual flax fibers 

orientation inside a tow aren’t fully unidirectional. The twisting of the tow during manufacturing 

induced unique fiber misalignment at the microscale.  

 

Figure 3: EcoRein® UD 50 prepreg morphology 

The polymer matrix, constituting part of the prepreg, is a polypropylene matrix. The fusion peak 

is at about 165°C, confirm by DSC analysis. The processing temperature was defined accordingly 

at 190°C. At this temperature, the degradation kinetics is rather low, as confirm by isothermal 

TGA made at 190°C after a pre-drying phase one hour at 80°C (See Figure 3).  
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Figure 4: left; EcoRein® UD 50 analysis by DSC (left) and isothermal TGA (right) 

As the value in the literature are strongly varying as function of the grade of matrix, neat PP 

polymer plate was made based on the polymer fibres used for the prepreg manufacturing. PP 

polymer fibres were placed in the same mould under the same consolidation conditions than 

the NFRC. A slight difference between in plane and transverse conductivity is observed, certainly 

induced by the initial intrinsic polymer fibres properties (See Table 1). 

Table 1: Thermal conductivity measurement of neat PP 

 

 2.2 Samples manufacturing 

The NFRC of this study are manufactured by a thermal compression process. A male and female 

molds were used to applied a constant pressure after reaching the consolidation temperature 

of 190°C. The process cycle consists : 

i) Place the prepreg layer inside the female mould and closing it with the male mold. 

Gaps inbetwe both mold is about 10 µm, eabling the release of air, and avoidung 

any resin of fibre flow outite the cavities. This is very mportant for our study, as I’s 

assure to cisider a material conservation during the process. 

ii) The closed molds is placed inbetwen the press platte, preh-heated at 200 °C. The 

temperarute of the mold is monitoried during the whole process. As soon as a mold 

temperature reach 190°C, starts 10 min waiting time for temperature 

homogenization purposes. 

iii) Then, a pressure of about 10 bars  is applied  constantly and the water cooling down 

of the press platte is started. Pressure is maintain during the whole cooling down 

phase.  

iv) Demolding occurs at a temperature below 30°C. 

This procedure enables to produce the reference material, as the high consolidation pressure 
applied on the NFRC during the consolidation and cooling down phase enable to produce the 
highest compression rate possible, i.e. release all the residual porosities. A pressure-controlled 
FEI Quanta FEG 200 scanning electron microscope (SEM) from FEI Company was used to obtain 
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information about the morphology in cross sections of the reference material.  Figure 4-A shows 
the reference material morphology. Very few porosities are visible on this cross section. Flax 
fibers are well homogeneously distributed. Individual flax fibers and fibers bundles are observed. 
Image analyses enable to measure the fibers volume content of 34% inside the produced 
material was measured. µ-CT analysis of a 10x10x2.3 mm sample, a small focal spot has been 
selected, with following parameters filament, 70 kV – 160 µA – 18 W FR=1.60 – Avg=10. It 
provides a voxel size of 6 µm. The 3D view of the fibers and the porosities are showed on Figure 
4-B and C respectively. An average porosities amount of less than 0.7 % have been quantified.  
 

 

Figure 5: Reference material analysis by SEM and µ-CT 

Thermal conductivities measurement required thick composite sample, in-between 12 to 16 

mm. To prevent through the thickness gradient of morphology, 3 individual plates made of 17 

prepreg layers were manufactured first, then are consolidated, together, in a second step 

according to the same procedure. 

3. Experiments 

3.1 Morphology evolution during consolidation 

The study of consolidation is made by producing samples at different consolidation rate. To this 

aim, adjustable blocks are placed outside the cavity, in between the male and female mold, 

enabling to control the final cavities thickness. The consolidation rate is defined as : 𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐶𝐶𝑇𝑇𝑇𝑇𝐶𝐶𝑠𝑠𝑠𝑠𝑇𝑇𝐶𝐶𝑇𝑇 𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇 intermediate =
𝑠𝑠intermediate𝑠𝑠reference

𝑥𝑥 100% 

Where 𝑠𝑠reference correspond to the reference thickness, tintermediate the sample thickness at the 

intermediate consolidation state. For our material of interest, a single prepreg layer, fully 

consolidated and considered as reference presents a thickness of 243 µm. 

For this study, complementary to the reference material, which is considered as 100% of 

consolidation, 4 intermediates consolidation state were manufactured, up to 135%. As start, 

without any consolidation, the lay-up of prepreg correspond to 170%. This range of 

consolidation will be explored in a follow-up study, as experimental methods need to be 

adjusted consequently.  

Several techniques are reported in the literature for porosities measurements of NFRC [XX]. Due 

to the high porosities amount, especially for sample presenting a law consolidation rate, the 

combination of cross section image analysis and µ-CT observation were selected.  
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For imaging, 12x15x15 mm samples were embedded in epoxy casting resin and subsequently 

ground and polished until a scratch-free surface was obtained. Immediately after polishing, 

samples were cleaned and dried at 80°C for 1 hour, avoiding an unexpected porosities growth 

induced by moisture ageing. 

Figure 5 shows the morphology evolution from 100 % up to 134 % of consolidation rate. The 

fiber bundles are well impregnation as start. The consolidation process consists mainly here in 

the fibers bundles re-arrangement, enabling the reduction of macro-scale porosities. 

 

Figure 6: Consolidation evolution as function of the compression rate: 100, 106, 117 ,127 and 134 % 

The µ-CT view enables to catch the porosities shape in 3D. At a consolidation rate of 134%, the 

dominant porosities population presents mainly channel shape with a typical diameter of 200 

to 300 µm. Micro round-shape porosities are visible also inside fibres bundles as well as 

decohesion in-between fibres bundles interface.  At a consolidation rate of 106%, majority 

macro scale channels are completely disappeared and still few of them are still visible but are 

strongly shrank. 

 

Figure 7: µ-CT view of a 16x15x15mm sample at 134% of consolidation 

3.2 Thermal conductivity measurement 

A Hot disk method, also call transient plan source (TPS), is used to measure anisotropic thermal 

conductivity, in both directions: transverse, means in the direction of fibers for a unidirectional 

composite, and in-plane, means in the perpendicular plane to the direction of fibers (see Figure 

7). Measurement was performed according EN ISO 22007-2:2015. The Hot Disk is a TPS 2500 S 

from Hot Disk instruments with a Kapton-insulated sensor, named 7577 (a = 2.001mm radius). 
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Figure 8: Thermal conductivity measurement method 

6 samples of each configurations were water jet cut, enabling to perform 3 measurements per 

configurations. 2 samples are need for a single measurement. One measurement is obtained by 

the average value of the thermal conductivities at a constant measurement time of 10 s, and a 

varying input power, set at 15, 20, 30, 40 and 50 mW. 

The thermal conductivity measurements are reported in Table 2. The standard deviation for 

both transverse and in-plane conductivities is very low, less than 0.8 % and 6.5 % respectively 

for transverse and in-plane thermal conductivity, by considering the highly heterogenous aspect 

ratio, their size, and the spatial distribution of observed pores. 

Table 2: Morphology and thermal conductivities evolution as function of the consolidation rate 

 

4. Homogenization model 

The two-level homogenization method proposed in [11] for elastic composites and extended to 

thermal and electrical conductivity in [12] is used here to predict the effective thermal 

conductivity of the three-phase (flax fibers, pores, and polypropylene matrix) NFRC. The two-

level method is based on nested homogenization levels. At the deepest level, the real matrix 

material is homogenized with a first family of reinforcements. The effective material thus 

obtained plays the role of a fictitious matrix which is reinforced with another set of 

reinforcements to constitute an upper-level composite. This procedure is repeated until all 

reinforcements families have been taken in account. In this study, the Mori–Tanaka model is 

used at a given level to homogenize the basic two-phase composite. The two-level method can 

deliver excellent predictions when the right choice of the nested homogenization levels is made. 

It is shown that for reinforcements with different material properties, when going from the 
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deepest level to the upper level, the inclusions should be added from the most compliant to the 

most rigid. More details on the model’s equations can be found in [12]. 

Reverse calculation based on the reference material is used to determine the model input 

parameters. A flax fibre transversal thermal conductivity of 1.232 W.m-1.K-1 and in-plane thermal 

conductivity of 0.170 W.m-1.K-1 were calculated and implemented in the theoretical model. The 

theoretical values present a good agreement with experiments. The hypothesis of spherical 

pores is certainly responsible for the poor prediction of the theoretical model. Extended 

experimental data will be required to be able to consider the pore aspect ratio in predictive 

model. 

 

Figure 9: Comparison between experiments and theoretical model 

 

5. Conclusions and perspectives 

i. Morphology evolution during consolidation were characterized for a prepreg material 

of NFRC, though the coupling of image analyses and µ-CT. The dominant pore reduction 

is driven at macro-scale, through large channel progressive compaction, located in-

between fibres bundles. Micro-scale porosities are considered negligible with the 

studied material. Constituting phase distribution was experimental determined 

enabling to set up reliable theoretical model. 

ii. Anisotropic thermal conductivity measurements were performed as function of the 

compression rate, with a very satisfying standard deviation. The transverse thermal 

conductivity isn’t affected significantly during the consolidation. However, the in-plane 

thermal conductivity is divided by a factor 2 between the 100 % and 134 % consolidation 

rate.  

iii. A theoretical model, based on a two-level homogenisation method, and a Mori-Tanaka 

model is proposed, considering the three-phases material, and correlate with 

experiments with a good agreement, but limited predictivity for porosity level above 
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15%. The aspect ratio for this range of consolidation cannot be considered as spherical 

and the typical channel shape of porosity must be integrated in the theoretical model. 
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AVOIDING COMPLETE FAILURE OF COMPOSITE T-JOINTS BY EMBEDDING 

SACRIFICIAL CRACKS INSIDE THE BONDLINE 
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Physical Science and Engineering Division, King Abdullah University of Science and Technology 

(KAUST), Thuwal 23955-6900, Kingdom of Saudi Arabia 

Abstract: A novel CFRP bioinspired adhesive T-joint that mimics the structure of the bondline 

of a biological systems that has excellent adhesion, mytilus californianus, was designed. We 

embedded sacrificial tailored defects inside the adhesive bondline to allow progressive failure 

mode in the bioinspired T-joint by delocalizing the damage from the skin/adhesive interface. 

The presence of the sacrificial cracks inside the bondline improves the interlaminar fracture 

toughness of the stiffener/skin interface and hence improve the joint toughness. The 

improvement of the interface toughness delays the catastrophic failure of the joint and lead to 

initiation of damage inside the stiffener and the skin that further increase the toughness and 

provide progressive damage mode. The strength and toughness of the bioinspired T-joints are 2 

and 17 times larger than the conventional T-joint, respectively. The growth of progressive 

damage inside the skin and the stiffener inhibited the catastrophic and complete failure of the 

joint. 

Keywords: Composites; T-joints; Adhesive joints; Bioinspired; Pull-off strength. 

1. Introduction 

Joining is one of the most common difficulties in composites applications. T-joints are applied 

widely in aircraft structures to transfer loads from the horizontal panels such as aircraft body to 

vertical panels, which are stiffeners. Stiffeners are usually joined with the body panels using 

adhesives. However, the toughness of this joints is relatively low. These T-joints might fail at the 

interface between the stiffener and the skin as delamination. Once the delamination initiates, it 

rapidly propagates causing catastrophic failure [1]. 

Various toughening techniques were developed in CFRP T-joints to provide an improved 

interface bonding. Such techniques include modifying the geometry of the delta-fillet region or 

using bio-inspired designs to minimize the stress concentrations, increasing the resistance by 

using toughened resins, and employing through-the-thickness pinning or stitching [2-4].  Despite 

their efficiency to improve the global response of the T-joints, the improvement rate is relatively 

low compared to the complexity of implementing these techniques. Moreover, in some of these 

techniques, the in-plane stiffness and strength of the skin might be highly influenced, i.e, pinning 

and stitching. Additionally, the safety of the toughened T-joint using most of this technique is 

similar to the conventional joint, where catastrophic failure is not inhibited. 

Here, a novel bioinspired CFRP adhesive T-joint that mimics the structure of the bondline in the 

mytilus californianus adhesion system, was designed. We embedded sacrificial cracks inside the 

adhesive bondline to activate nonlocal damage mechanisms such as crack migration and 

ligament formation. Pull-off tests were deployed to characterize the toughness and strength of 
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the developed bioinspired T-joints. Microcomputed tomography was deployed to characterize 

the different damage modes inside the joints. 

2. Material and experiments  

The developed bioinspired adhesive joint was inspired by the bondline in the mytilus 

californianus adhesion system, where voids were observed inside the bondline [5]. Fig. 1 shows 

schematic of the bioinspired T-joint. In the joint, sacrificial cracks were embedded at the 

bondline between the stiffeners and the skin to simulate the presence of voids in the biological 

adhesion system.  

Unidirectional carbon fiber prepregs composed of epoxy resin and carbon fibers (HexPly 

T700/M21, Hexcel) were used to manufacture the T-joints. The nominal ply thickness was 250 

µm and the fiber volume fraction was 57 %. The skin was manufactured using hand lay-up of 16 

plies with stacking sequence [0/45/-45/90]2s over a commercial polyamide sheet, resulting in a 

laminate of 4 mm nominal thickness. The stacked plies were cured by compression molding 

process using hydraulic hot pressing machine at 180 °C temperature and 7 bar pressure and held 

for 2 h dwell time. The heating and cooling rates were kept constant at 3 °C/min. The L-shape 

stiffener was manufactured using the hand lay-up technique as well with [0/45/-45/90]s stacking 

sequence.  

The bonding process of the T-joint was composed of bonding the two L-shape stiffeners to form 

a T-shape stiffener using Araldite 420 A/B two-component epoxy adhesive. Then, the same 

adhesive was applied to the T-shape and skin surfaces equally. To generate tailored defects 

inside the bond line that mimics the bondline of mylitus californianus adhesion system (see Fig. 

1), PTFE film was placed over the adhesive layer on the stiffener. To control the adhesive 

thickness at 0.8 mm, nylon wires of 0.8 mm diameter were placed at the edges of the stiffener. 

The skin was placed over the stiffeners and pressed using the T-joint mold. Curing of the bonded 

T-joint was done at 60 °C for 2 h under vacuum using universal oven. The width of sacrificial 

crack in this case was considered as 2 mm and the gap between two successive cracks was equal 

5 mm. These values were applied based on previous investigation on the effect of crack width 

and the gap between two cracks on the mode I and II toughness of adhesive joints [5,6]. 

The strength and toughness of the T-joints were characterized using Pull-off tests that was 

performed using universal testing machine with 10 kN load cell and loading rate of 2 mm/min. 

The samples were simply supported using the fixture as shown in Figure 1(b). The stiffener was 

loaded vertically allowing the upper surface of the skin to be pulled against the rollers through 

the load application set. Three samples were tested for each configuration.  

The different damage modes after testing were recognized using X-ray micro-computed 

tomography. The system parameters were set as follows: 120kV voltage, 140 µA intensity, 250 

ms exposure time, 11.27 µm voxel size and 26 mm field view. The machine carried out 2500 

projections during the 360° rotation for each specimen examined. 
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(a) Bioinspired adhesive T-joint 

 
(b) Pull-off test for T-joints 

Figure 1. Schematic of the bioinspired adhesive joint and the pull-off test fixture. 
 

3. Results and discussion 

Figure 2 shows the load-displacement response of all the samples of conventional and 

bioinspired T-joints. The figure reflects good repeatability of the test for both joints. The 

response of the bioinspired T-joint differs from the conventional joint. For the conventional 

joint, the response was characterized by increase of the load with increasing displacement until 

complete and brittle failure occurs. However, for the bioinspired T-joint, the load increases 

monotonically with increasing the applied displacement until the maximum load. Then, small 

load drop occurs due to the initiation of the damage. After that, the load increases again until a 

second load drop occurs, which indicates a progressive failure mode of bioinspired adhesive 

joints. It is valuable highlighting that the conventional T-joint fail in catastrophic mode, where 

once the crack initiates at the skin-adhesive interface, it propagates suddenly causing loss of the 
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structural integrity of the joint and at this stage the joint can sustain zero load. However, for the 

bioinspired T-joint, even after several load drops, and at a pull-off displacement three times 

larger than the conventional T-joint, it can sustain a load around 700 N, which is almost 70 % of 

the maximum load of the conventional joint even after failure.  

 

Figure 2. Load-displacement response of conventional and bioinspired T-joints. 

Figure 3 shows the different damage modes that allows the changes of the failure modes from 

catastrophic mode for the conventional T-joints to progressive mode for the bioinspired T-joint. 

For conventional T-joint, a single delamination grows at the interface between the adhesive 

layer and the skin as shown in Figure 3(a). During pull-off test, shear stresses are localized at the 

interface between the skin and the adhesive layer, which exceed the energy applied to this 

interface. Once this energy exceeds the interlaminar fracture toughness of the interface a crack 

initiate. The initiation of this crack increases the stress intensity factor at this crack tip, which 

lead to fast propagation of the crack causing the catastrophic failure. However, for the 

bioinspired T-joint, different damage modes propagate during the loading. For instance, Figure 

3(b) shows the propagation of delaminations between stiffener and skin plies and fiber breakage 

of the skin lower plies. The presence of the sacrificial cracks inside the adhesive layer promotes 

relative deformation inside the adhesive layer during pull-off test and improves the interface 

toughness. Previous studies done by the authors showed more than 2 times improvement of 

the mode I and II fracture toughness of adhesive joints with sacrificial cracks compared to 

conventional joints [5,6]. The improvement of the interface fracture toughness results in 

propagation of delaminations between stiffener plies especially at the fillet region where high 

shear stresses occurs during loading. The propagation of these delaminations reduces the 

energy exerted to the interface, which inhibit the initiation of a crack at the interface and thus 

allow larger deformation of the joint. Increasing the applied displacement results in higher 

compressive strains at the fibers in the lower plies of the skin, which exceed the fiber failure 

strain and hence fiber breakage occur. After fiber breakage occurs at the skin, delamination 

grows between skin plies. Thus, for the bioinspired T-joints, the damage was dispersed inside 

the stiffener and skin rather than localized at the skin-adhesive interface, which inhibit the 

complete failure of the joint.  
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(a) Conventional T-joint (b) Bioinspired T-joint 
Figure 3. Damage modes in conventional and bioinspired T-joint. 

 

Based on the obtained results, the strength of the bioinspired T-joint is 2 times larger than the 

conventional T-joint (see Figure 2). The higher strength is attributed to the dispersion of the 

damage inside the stiffener and skin that suppress the interfacial damage at the interface and 

hence increase the joint strength. Moreover, the energy dissipated for the failure of the joint 

(the area under the load-displacement curve) is 17 times larger for the bioinspired T-joint 

compared to the conventional T-joint. This larger toughness is due to the dissipation of higher 

energy to grow delaminations and fiber breakage inside the stiffener and the skin. Additionally, 

the bioinspired T-joints fails in progressive manner and it does not lose all its integrity after 

failure. The bioinspired T-joint after failure can sustain 70% of the load capacity of the 

conventional T-joint, which clearly shows more safety and integrity of the joint. 

4. Conclusions 

A novel bioinspired T-joint design with improved strength and toughness is proposed in this work 

by embedding sacrificial defects inside the adhesive bondline to mimic the bondline of an 

excellent adhesion biosystem, mytilus californianus. We used pull-off test to characterize the 

manufactured T-joints. The results showed great enhancement in the strength and toughness 

of the bioinspired T-joints compared to the conventional one. The improvement were due to 

the improvement of the skin/adhesive interlaminar toughness that prohibits the propagation of 

delamination at that interface and initiate delaminations between stiffener plies instead. 

However, the damage in the conventional T-joints was pure interfacial delamination at the 

skin/adhesive interface. Additionally, at large displacement, the compressive stresses at the 

lower plies of the skin increases resulting in fiber breakage of the lower plies of the skin. These 

progressive damage mechanisms increase the energy dissipation, which enhances the 

toughness of the joint reaching 17 times larger than the conventional T-joint and provides safer 

joint. 
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Abstract:  

Due to the significance of identifying macroscopic mechancial properties in specimen level, 

the indentation test has been developed as one of the effective methods for evaluating the 

mechanical properties of industrial parts in nondestructive manner. However, such method has 

been shown to be inapplicable for directly obtaining the tensile properties of short fiber 

reinforced composites (SFRCs) due to their time-depndent matrix and anisotropic fiber 

orientation effect. In this study, commercial finite element software (ABAQUS) was used to 

analyze the indentation behavior of SFRCs and identify the source of the discrepancy. By 

accomodating the optimized material properties based on mechancial characterizations and 

fiber orientation analysis, DIGIMAT enabled the coupled simulation of the ball-tip indentation 

of SFRCs. Finally, by analyzing the various stress field and its interactions during the indentation 

process, a correlation between indentation modulus and macroscopic mechanical property of 

SFRCs was explored through this finite element analysis. 

 

Keywords: short fiber reinforced composites; ball-tip indentation; finite element analysis; 

mechanical property prediction  

 

1. Introduction  

 Effective determination of the mechanical properties of composite materials, in 

particular their industrial parts, is an inevitable issue taken for consideration in industrial fields. 

Among various characterization methods, the indentation test has emerged as an 

instrumented and efficient method for evaluating the mechanical properties of industrial parts 

composed of such isotropic materials as metal and ceramic [1,2]. However, for the case of 

short fiber reinforced composites (SFRCs), the indentation method shows inconsistent 

agreement between reduced elastic modulus and experimental one, leading to difficulty in 

using indentation test as direct method for correlating with longitudinal tensile properties [1]. 

This is due to the fact that the mechanical performance of injection molded SFRCs heavily 

depends on anisotropic fiber orientation formed throughout the manufacturing process. In 

addition to this anisotropic nature of SFRCs, several researches pointed out the viscoelastic 
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effect of constituent polymer matrix makes it difficult to apply indentation test for 

characterizing their mechanical properties [3].  

 Various researches have been developed so far to identify the unique indentation 

behavior of polymer matrix by showing accurate modeling compared with experimental result 

[4] and suggesting viscoelastic parameter extraction method from nanoindentation method 

[5]. However, current researches have been limited in the case of isotropic polymer matrix 

which required the necessity of further study regarding the indentation behavior of anisotropic 

SFRCs. 

 In this study, commercial finite element software (ABAQUS) was used to investigate 

the indentation behavior of SFRCs for analyzing the influence of unique stress distribution. 

First, the homogenization of anisotropic composite was completed in unit cell level by 

DIGIMAT-MF software with material property optimization based on micro-CT scan, static 

tensile test and dynamic mechanical analysis for identifying viscoelastic-viscoplastic polymer 

matrix. Then, by obtaining the homogenized material properties in specimen level, an analysis 

model was built to simulate the ball-tip indentation of SFRCs. Finally, by scrutinzing the 

interaction of stress field distributions during the indentation process, a relationship between 

indentation modulus and macroscopic mechanical property of SFRCs was inspected through 

this numerical simulation. 

 

2. Theological background  

2.1 Olive-Pharr method 

 The Olive-Pharr method was originally developed to measure the hardness and reduced 

elastic modulus (indentation modulus) of isotropic elasto-plastic material from the indentation 

load-depth curve (Fig.1). By substituting the values obtained from the graph to following 

equations (1)~(3), the indentation modulus (E*) of tested material was able to be calculated [6]. 

This method was proven to be applicable in industrial fields where required the nondestructive 

testing of macroscopic properties. The effectiveness of this following evaluation method was 

also applied in the indentation case of SFRCs in this study.  

                   

Fig.1 Oliver Pharr method for indentation modulus calculation 
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3. Experimental section 

3.1 Materials and specimen 

 SFRCs used in this research were prepared by injection molding of polyamide-6 (PA6) 

base and 30wt% short glass fibers (denoted as PA6-GF30). The specimens were prepared in two 

ways: First, the tensile specimens were injection-molded through a gate on the shorter edge 

into a dog bone shape (thickness:  4mm). Second, a large rectangular plate (thickness:3mm) was 

injection-molded for ball-tip micro indentation test.    

3.2 Micro-indentation test 

 Micro-indentation test was performed in the air under isothermal conditions at room 

temperature (25°C) using a tungsten carbide ball (spherical) indenter (FRONTICS AIS 3000, USA). 

Following experiments were conducted in displacement-controlled mode and the testing speed 

was set as 1mm/min along with 0.5 seconds of holding time at maximum depth (150μm). Fig.2 

shows the picture of indentation process with test specimen.  

 

Fig.2 Micro-indentation process image 

 

3.3 Mechanical characterization: Tensile test and Dynamic mechanical analysis 

 Static tensile tests were performed at room temperature (25°C) using a tensile testing 

machine (Instron 8801; Instron, Norwood, MA, USA) according to ISO 527 standard to measure 

the basic mechanical properties. Two cameras and a digital image correlation system (VIC-3D7 

software; Correlated Solutions, USA) were also used along the obtain the strain of testing 

specimen.  

Dynamic mechanical properties were obtained by using dynamic mechanical analyzer 

(DMA Q800, TA instrument, USA). A temperature-frequency sweep mode was employed for 

measuring storage and loss modulus from 0°C to 140°C and a frequency range from 0.1 to 100 

Hz.  
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3.4 Micro-CT examination 

Nondestructive examination of internal structure of PA6-GF30 was conducted using X-

ray CT (SKYSCAN 1272Bruker, Belgium) for fiber orientation analysis. The specimen was cut into 

80 mm3 and mounted vertically on a holder using a wax (Fig.3). The scanning of CT specimen 

was performed under scanning voltage of 40kV and voxel resolution size at 2.5μm.   

 

Fig.3. Micro-CT scan of PA6-GF30 specimen 

 

4. Result and Discussion 

4-1. Micro-indentation test result 

 Fig.4 shows the ball-tip indentation result of SFRCs and the corresponding indentation 

modulus calculated from previously mentioned Oliver Pharr method. Considerable modulus 

difference was observed both for the PA6 base and PA6-GF30 specimen due to the time-

dependent depth recovery of polymer and anisotropic stress distribution. Numerical simulation 

was conducted to identify the source of discrepancy.  

 

Fig.4 (a) Micro-indentation result (b) Modulus comparison of PA6 base and PA6-GF30 

 

4-2. Material parameter optimization of composite material  

 For accurate material modeling, the process of obtaining optimized material parameters 

was conducted by using the homogenization scheme of DIGIMAT software by using the data 

based on tensile and viscoelastic test results. In addition, in order to consider the anisotropic 

fiber orientation effect in specimen level, fiber orientation result was extracted from injection 

molding simulation by MOLDEX 3D software (Fig. 5).  
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Fig.5. (a) Injection molding simulation by MOLDEX 3D Simulation and (b) fiber 

orientation result in skin-core layers  

 

4-2. ABAQUS-DIGIMAT interactive simulation  

By accommodating the optimized polymer material parameters and anisotropic fiber 

orientation effect, DIGIMAT software enabled the coupled finite element analysis with ABAQUS 

to predict tensile behavior of given SFRC specimen (Fig.6) and applied similar methodology to 

indentation simulation (Fig.7). Fig.8 shows the Von Mises stress distribution difference of 

isotropic PA6 base and anisotropic PA6-GF30 during the indentation process. Detailed discussion 

regarding the stress/force distribution during the indentation simulation and correlation with 

macroscopic mechanical properties will be shown at the conference.  

 

Fig.6. Uniaxial tensile test simulation result of PA6-GF30 specimen 
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Fig.87. Indentation behavior simulation result of (a) PA6 base and (b) PA6-GF30 

 

        

Fig.8. Von Mises stress distribution of  (a) PA6 base and (b) PA6-GF30 

 

5. Conclusion 

Numerical simulation of micro-indentation test of SFRC specimen was conducted to analyze 

the correlation between indentation modulus and macroscopic mechanical properties. For 

accurate modeling of corresponding material, homogenization of composite properties was 

based on experimental characterization and consideration of fiber orientation effect.  By using 

the capability of coupled simulation between DIGIMAT and ABAQUS, tensile and indentation 

behavior of SFRC was predicted. Detailed discussion of indentation simulation results will be 

provided at the conference.   
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Abstract: Fiber reinforced composite materials are typically comprised of two phases, e.g. the 

reinforcing fibers and a surrounding matrix. As a result, the matrix phase in unidirectional 

composites is composed of many interconnected, microscale (1 – 200 µm), tube-like volumes 

confined by the reinforcing aligned fiber bundles. Only very little is known on the 

micromechanical behavior of these small epoxy. Here, we show that the microscale behavior is 

clearly different and has extreme ductility not observed in the bulk scale brittle behavior. The 

confined microsize epoxy volumes have a plastic deformation behavior resulting in a 

substantially higher ultimate tensile strength (up to 380 MPa) and strain at break (up to 130 %) 

compared to their bulk counterpart (68 MPa and 8%). Polarized light microscopy confirmed the 

internal epoxy network structure rearrangement during loading. This work thus provides novel 

insights on the epoxy material behavior at the confined microscale as present in fiber reinforced 

composite materials. 

Keywords: Scanning Electron Microscopy (SEM); micromechanical testing; yielding; plasticity    

1. Introduction 

The specific build-up of fibre reinforced polymer composites where individual fibres are 

surrounded by matrix material, results in the presence of very small zones of matrix material 

(order of µm) in between the individual fibres. These micro volumes of matrix material tend to 

have different properties than is expected from standard testing of bulk scale specimens. This 

has important consequences towards the deformation behaviour and especially the microscale 

modelling of composite materials, where the current material models are still lacking.  

Several researchers pointed out that these microscaled resin regions may have different 

mechanical properties than their macroscopic/bulk counterpart [1–4]. This has important 

consequences towards understanding the deformation behavior of fiber reinforced polymer 

composites. For example, microscale modelling of composites [5] is done very frequently to 

predict and optimize a composite material without the requirement of expensive time-

consuming experimental trial-and-error. Yet, this requires accurate input of the material 

behavior at the microscale [6]. Nevertheless, most characterization of composites is performed 

at the bulk scale, typically using the prescribed standardized test methods such as ASTM D638 

or ISO 527, while the research into microscale matrix properties is still very limited [1,2,4]. 

In this respect, a better understanding of epoxy at the microscale is of utmost importance as it 

is the most used matrix material in composites. Yet, for thermoset materials such as epoxies 

only a handful of studies are available [1–4].  Hobbiebrunken et al. introduced a production 

method which enabled the production of microfibers from epoxy resin that have a similar 

volume as the volumes present in composite materials (fiber diameters between 22 and 52 µm) 

[1]. Such microfibers indeed offer a good model for the pillar like matrix zones in between the 
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reinforcing fibers. An increase in ultimate tensile strength and strain  showed that microscale 

fibers have a higher strength than larger bulk scale specimens. Misumi et al. expanded the 

research by also studying the yield strength and stiffness in addition to the ultimate tensile 

strength for five different epoxy systems [3]. They observed an increase in both yield and 

ultimate tensile strength for all systems. Recently, Sui et al. conducted a study over a broader 

range of microfiber diameters to compare the mechanical properties at the microscale with 

those at the bulk scale [4]. Again a decrease in diameter resulted in an increase in ultimate 

strength and strain.  

Overall, it is clear that the mechanical behavior of epoxies may change depending on its size. 

However, there is currently no agreement whether these changes are induced by a size-effect 

(related to the amount of defects inside the material), by a difference in microstructure (e.g. 

orientation of polymer chains) and/or by the production method of the specimens (e.g. a 

difference in conversion degree). While several researchers describe necking and ductility of the 

epoxy microfibers, only post-mortem observations are currently available. Furthermore, the 

amount of tested samples is limited and there is a large variability reported in the results. 

Therefore, we studied the deformation behavior of microscale epoxy fibers through tensile 

testing, thermal analysis (study of glass transition temperature and conversion) and in-situ 

(electron) microscopy (observation of necking behaviour). The combination of these techniques 

allows a deeper analysis of the epoxy behavior. In addition, polarized light optical microscopy 

enabled to study possible rearrangements in the internal network structure of the microscale 

epoxy samples due to deformation since this was only briefly discussed up till now.  

2. Materials and methods 

Fine epoxy fibers were made via an optimized method based on the work of Hobbiebrunken et 

al. [1] by drawing fibers from a vitrifying degassed epoxy mixture. For the specific system used 

in this paper, the resin was first cured 24h at room temperature in an acclimatized room. This 

was followed by heating up the resin to 80°C. After 7 minutes this led to the possibility of 

drawing fibers out of the resin. Fibers were drawn from the resin using an in-house developed 

automated dip-coater at a constant speed of  10 mm/s  (Figure 1-a). The produced fibers are 

placed on a rack and put in an electrically heated oven at 80°C for 15 hours to complete the 

curing cycle (Figure 1-b). The complete cured fibers are glued onto paper supports with a two-

component 5-minute epoxy glue (Figure 1-c). In total, 42 microfibers were produced with a 

diameter ranging from 30 to 400 µm and a standard deviation of less than 10%.  

Both bulk and microscaled epoxy specimens were produced using the same curing conditions to 

minimize any change in properties induced by a difference in conversion. This was confirmed by 

Modulated Differential Scanning Calorimetry (TA instrument Q2000 DSC, heating rate of 

3°C/min, modulation of 0.5°C/min,  scan from 0°C to 150°C). The glass transition temperature 

(Tg) of bulk scale and microscale specimens was 86.8 ± 1 °C and 87.3 ± 3 °C respectively. As the 

Tg is directly linked to the conversion degree [7], this shows that both bulk and microscale 

specimens have a similar conversion degree. In addition, no additional exothermic peak was 

measured above the Tg  for both types of specimens. 
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Figure 1 Production method. (a) Epoxy fibers are drawn from the vitrifying resin. (b) The produced fibers are cured at 
80°C in an oven for 15h. (c) The final fibers are glued on paper supports, ready to be tested. 

The tensile properties of the fibers were determined through tensile tests that agreed both with 

the  ISO 527-1 (strain rate) and ISO 11566 standard (specimen geometry, strain rate), for bulk 

and fiber materials respectively, utilizing a dedicated fiber testing machine (Textechno 

FavimatTM, force resolution 0.01 mN). The fiber is placed between the clamps at the glued points, 

the gauge length is 10 mm for all tests. A constant strain rate of 10%/min was selected. 

Mechanical data for the bulk scale was reused from previous research obtained in our group as 

published  by Allaer et al. [8]. 

An Olympus BX-51 optical microscope with polarized light was used to inspect all fibers before 

and after testing. At least 5 pictures were used to measure the diameter of the fibers over the 

complete gauge length. In addition to the tensile experiments, several specimens were 

mechanically tested while observed with a Scanning Electron Microscope (SEM, Phenom XL, FEI). 

Here, a dedicated tensile stage was used (Tensile Sample Holder for Phenom XL, 150N load cell) 

that could be controlled during SEM imaging.  

3. Results and discussion 

Mechanical analysis of the microfiber epoxy samples revealed a high overall ductility with 

nominal strains reaching over 100%, this in contrast to bulk epoxy samples with the same 

conversion rate. A representative force-displacement curve for a microfiber epoxy sample, 

Figure 2, illustrates linear elasticity (zone I) followed by plastic deformation (zone II). For bulk 

scale samples this almost immediately leads to fracture, as only minor plastic deformation 

before failure is encountered for the majority of epoxy systems used in composites. On the other 

hand, the microfibers sustain this local decrease in diameter leading to a stable necking process 

and fracture is only encountered in a much later stage. Generally the microfibers show a lower 

stiffness and yield stress compared to the bulk samples (figure 3). The necking proceeds 

throughout the whole microfiber resulting in a large plateau in the force - displacement curve, 

resulting in an extreme ductility of the microfiber specimens (zone III, drawing of the 

microfibers). Finally, an increase in stress is observed (zone IV) and brittle fracture occurs. The 

increase in stress is likely related to strain hardening occurring during the necking of the 

microfiber.  

An increase in E-modulus can be observed with decreasing microfiber diameter, the smaller the 

fibers become the stiffer they are  (Figure 3a). This is probably due to a more perfect network 

structure with very few or no defects. Yet, the presence of small defects will have a large 

influence on the fibers resulting in more variability of the reported values compared to their 

bulk counterparts [3,4]. It has to be noted that for the microscale tests, the crosshead 

displacement of the tensile stage was used to determine the strain. This likely leads to an 
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underestimation of the E-modulus since any fixture compliance (e.g. slippage, backlash, …) 

results in an artificially increased strain. It can thus explain why the bulk scale modulus, which 

was accurately measured through DIC and clip-on extensometers,  is higher than those of the 

microfibers. Indeed, one would expect that the more perfected network structure of the 

microfibers would result in a higher stiffness. 

 

Figure 2 Stress-strain curve of a microfiber and bulk scale (the latter adapted from previous work. [23]). Representative 
force - displacement curve of a microfiber. Four zones can be observed: I - linear elastic zone, II - necking formation III 
- constant necking IV - strain hardening. 

The microfibers show a similar yielding behavior over the full tested diameter range. In general 

the observed yield stress is somewhat lower than the values obtained for the bulk sample, while 

the yield strain is similar to the bulk values (Figure 3c and 3d). The latter can likely again be 

attributed due to the strain being based on crosshead displacements. 

After yielding, the microfibers start to deform plastically resulting in necking. Similar to the yield 

stress, the necking stress and strain remain relatively unaffected by the diameter range tested 

here. The necking stress of the microfibers averages around 55 – 60 MPa (Figure 3e) while the 

necking strain averages around 4.5% of strain (Figure 3f). This indicates that for the microscale 

specimens there is somewhat less restriction for the epoxy network to deform and network 

chains possibly slip over one another resulting in reorientation of the chains in the internal 

network [4,9], somewhat similar to the deformation behavior of thermoplastics. 

A drastic increase in ultimate tensile strength is observed as well. Whereas the bulk material has 

a ultimate tensile strength of around 68 MPa the fibers show a ultimate tensile strength up to 

380 MPa. Moreover, an increasing trend in the ultimate tensile stress is observed for decreasing 

fiber diameters (Figure 3h). Similarly to the ultimate tensile strength, the strain at break 

increases drastically for all of the microfibers, with values going up to 130% (the bulk material 

has a strain at break of 8%). 

Not all fibers reach these very high ultimate tensile strains as some fracture earlier during the 

necking process (zone III) which may be  attributed to the presence of voids or defects. Due to 

the small volume, the chance of a void or defect being present is low which results in higher 

possible strengths [1]. Yet, if a void is present this will largely influence the mechanical behavior 

of the microfiber, resulting for example in early failure. 
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Figure 3 Representation of all mechanical data (a) E-modulus  (b) engineering stress – engineering strain curve of 
representative microfiber tensile test with indication of necking and yield point (c) yield stress (d) yield strain (e) 
necking stress (f) necking strain (g) ultimate tensile stress and (h) ultimate tensile strain. 

Figure 4 schematically illustrates the change in network structure during the deformation of the 

microfiber specimens, resulting in an oriented network structure after necking. Initially, the 

epoxy network is similar to that of a bulk material and can be considered random. During 

necking, the network has the possibility to align itself in the tensile direction by sliding and 

reorientation of the network chain segments, explaining the sudden and relatively large 

decrease in cross-sectional area. This reorientation is indeed confirmed by the sharp increase in 
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stress once the necking has proceeded completely through the gauge area of the fiber. (Figure 

2, zone IV). This (local) strain hardening effect can be explained by a more oriented state of the 

molecular network. After this reorientation, the stress increases and the epoxy network finally 

fractures via the rupture of chains (chain scission) as it cannot accommodate the increasing 

tensile strain anymore.  

 

Figure 4 Schematic representation of the rearrangement of the epoxy network under tensile stress. Polarized optical 
microscopy confirms an oriented molecular microstructure in the necked zone of the specimens. 

Polarized optical microscopy of tested fibers further confirm the change in orientation of the 

molecular network in the necked zone (Figure 4). Before stress is applied, the sample barely 

interacts with the light, resulting in a low amount of light passing through the second polarizer 

and thus a dark zone. Once stress is applied on the sample it starts to interact with the polarized 

light due to straining of the network structure. Around the necking zone, the network starts to 

orient. The oriented network interacts with the polarized light resulting in a bright zone showing 

a difference in internal structure with the unnecked zone. This confirms that a random network 

is present with no preference for any direction before necking, while a reorientation at 

molecular level occurs during necking.  

To have a better view of the necking behavior several microfibers were mechanically tested with 

in-situ scanning electron microscopy. Via the obtained SEM pictures the diameter of the fiber is 

accurately measured which gives the possibility to calculate the change in diameter due to 

necking and the corresponding change in length (Eq. 1). Assuming a constant volume (ν = 0.5, 
plasticity), the strain in the fiber direction can be calculated from the diameter variation via 

Equation 1: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇𝑇𝑇 =  
(𝐷𝐷12 − 𝐷𝐷22)𝐷𝐷22  (1) 

Where D1 and D2 are the diameter just in front of the neck and just behind the neck (Figure 5). 

The necking process that takes place during the plastic deformation of the microfibers can be 

clearly seen in Figure 5. All tested microfibers showed a decrease in diameter between 16 and 

20%, with an average value of 18.3%, corresponding to a strain in the fiber direction ranging 

from 40 to almost 60% (average of 49.9%). Note the measured contraction is only due to the 

necking process, the tensile strain developed in the linear elastic zone or after necking of the 

fiber is not considered here.   
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Figure 5 Sequential SEM images of necking in a microfiber. ∆L indicates the displacement of the clamps. 

In addition to calculating the strain according to Eq. (1), the idea of video-extensometry is 

proposed as well to directly measure the increase in tensile strain after necking. We therefore 

deliberately handled a couple of specimens without gloves, resulting in small contamination 

onto the surface of the specimens that are ideal as surface markers, see Figure 5. These surface 

markers allowed to directly calculate the tensile strain. The results are listed Table 1 and confirm 

that the values obtained through Eq. (1) are correct.  

Table 1 Comparison of the strain calculated based on the diameter reduction and the surface markers. 

 
Calculated strain via 

diameter (%) 
Strain (%) 

Microfiber 1 50.1 52.5 

Microfiber 2 52.1 53.7 

Microfiber 3 41.8 41.0 

4. Conclusion 

A set of microfibers was produced and studied via standard tensile testing. The deformation 

behavior of the confined microfiber epoxy samples was substantially different compared to bulk 

epoxy behavior, while thermal analysis confirmed a similar conversion rate of the epoxy in both 

the microfiber and the bulk state. During both linear elastic deformation and yielding, the 

microfibers behaved very similar to bulk samples. Yet, after necking, the behavior of the 

microscale and the bulk scale samples is very different. Indeed, the bulk scale samples show 

fracture shortly after yielding, whereas the microfiber specimens showed a large plastic 

deformation via the formation of a necked zone that extended throughout the fiber. As a result, 

much higher strains at break (up to 130% vs. 8% for bulk) and ultimate tensile strengths (up to 

380 MPa vs. 68 MPa for bulk) were observed for these confined microfibers.  
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This high plastic deformation is attributed to a rearrangement of the epoxy network structure 

in the microfibers, as confirmed by polarized optical microscopy and the occurrence of strain 

hardening. In-situ electron microscopy moreover allowed to accurately observe the deformation 

behavior of these microfibers and measure tensile strains and diameter contractions during 

loading. An increase in length of around 50% was observed due to necking only. 

The remarkable difference between the deformation behavior of epoxy resin at the micro- and 

macroscale clearly illustrates the need of microscale testing. Indeed,  the resin pockets in fiber 

reinforced polymer composites are confined microsized regions as well that cannot be 

accurately characterized via bulk testing. Especially for predictive modelling tools, such as 

micromechanical modelling, this necessitates the use of microscale measured properties to 

obtain correct data and insights. 
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Abstract: The curing status and internal strain of epoxy molding compound (EMC) were 

monitored using a dielectric sensor and a fiber Bragg grating (FBG) sensor under curing 

conditions similar to the actual semiconductor packaging process. The dissipation factor was 

measured with a dielectric sensor during the molding process, and a gelation point, which is the 

starting point of effective cure shrinkage, was defined. Also, differential scanning calorimetry 

(DSC) test and rheometer test were performed and analyzed with dielectrometry measurement. 

In addition, Bragg wavelength (BW) was measured with the FBG sensor during the whole curing 

process and the cure shrinkage of the EMC was obtained. From these results, the effective cure 

shrinkage of the EMC that actually affects the residual stress of the EMC after curing processing 

was obtained. 

Keywords: Cure shrinkage; Gelation point; Dielectric sensor; FBG sensor; EMC; 

 

1. Introduction 

Semiconductor technologies such as nano-scale line widths and more than 10 million cells 

continue to develop in various forms. Packaging technologies, on the other hand, do not keep 

up with that level, so they do not fully support semiconductor technologies to achieve optimum 

efficiency. Among the various issues related to packaging technology, warpage is one of the 

major concerns. This is because the warpage causes a variety of problems in the surface mount 

technology (SMT) process, such as inducing mounting errors when mounting a chip or poor 

contact of solder joints between the package and printed circuit board (PCB) [1]. Since this 

problem significantly lowers manufacturability, it is required to control the warpage generated 

during the curing process. The cure shrinkage is well known as a main factor that makes warpage 

prediction difficult [2]. Furthermore, as the package is getting thinner, the importance of cure 

shrinkage is being emphasized more and more. Therefore, the effective cure shrinkage of the 

epoxy molding compound (EMC), which occurs after the gelation point and induces the residual 

stress of the EMC, must be accurately measured [3]. However, the method to measure the 

effective cure shrinkage has not yet been completely established. One of the reasons that make 

this difficult is the detection of the gelation point. Since the gelation point does not affect the 

curing reaction significantly, it is difficult to detect the gelation point with a method such as 

differential scanning calorimetry (DSC) [4]. Therefore, molecular analysis is required to detect 

the gelation point which is a microscopic phenomenon. 
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In this study, the effective cure shrinkage of the EMC was obtained under the curing condition 

similar to the actual packaging process using the dielectric sensor and FBG sensor. The curing 

status of the EMC was monitored by measuring the dielectric properties using a dielectric 

sensor during the heating process for the molding. From this result, the gelation point was 

defined and the curing status was analyzed by comparing the dynamic scanning results of the 

DSC test and the rheometer test with the same heating rate. In addition, the cure shrinkage of 

the EMC was measured using the FBG sensor during the entire curing process. Finally, the 

effective cure shrinkage of the EMC was derived from the measured cure shrinkage generated 

from the detected gelation point. 

 

2. Experiments for the properties of the EMC 

2.1 Measurement method of effective cure shrinkage 

Dielectric analysis (DEA) is a powerful method to monitor the cure state of thermosetting plastic 

for an in-molding system [5]. In this study, the cure status of the EMC was analyzed with the 

dissipation factor measured using a dielectric sensor during the heating process for molding [6]. 

As shown in Figure 1 (a), the dielectric sensor was embedded in the EMC and connected to an 

alternating electric field. Then, the EMC can be electrically modeled as shown in Figure 1 (b). As 

the EMC undergoes the curing process, mobility of ions and dipoles change correspondingly and 

the degree of this movement can be represented as a dissipation factor. That is, the dissipation 

factor increases as the EMC becomes a viscous liquid, and then decreases again as it is cured 

into a solid. Furthermore, a curing initiation point and a gelation point are defined by the rate 

of dissipation factor being maximum and minimum [7]. 

 

Figure 1. Schematics of (a) a dielectric senor embedded in the EMC and (b) an equivalent 

electrical circuit for a dielectric material. 

The FBG sensor has the characteristic of reflecting and transmitting a specific frequency 

spectrum that satisfies the Bragg condition due to Bragg grating engraved in the middle of the 

optical fiber. This specific frequency spectrum can be expressed in Bragg wavelength (BW), 𝜆𝜆𝐵𝐵, 

which is shifted with temperature and stress-induced deformation (see Eq. 1). ∆𝜆𝜆𝐵𝐵 = Δ𝜆𝜆𝐵𝐵𝑖𝑖 + Δ𝜆𝜆𝐵𝐵𝑑𝑑                                             (1) Δ𝜆𝜆𝐵𝐵𝑖𝑖  is "intrinsic" BW shift that is related to the temperature, and Δ𝜆𝜆𝐵𝐵𝑑𝑑  is "deformation" induced 

BW shift that is related to stress-induced deformation [8]. Since intrinsic BW shift has a linear 

relationship with temperature change, it is measured in advance through a calibration 
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experiment using a bare FBG sensor [9]. Then, the Δ𝜆𝜆𝐵𝐵𝑑𝑑  can be obtained by subtracting the Δ𝜆𝜆𝐵𝐵𝑖𝑖 , 

which is calculated from the measured temperature, from the BW shift. 

If the length “b” of EMC which is distance from center to edge is greater than 200 times the fiber 

radius “a” (see Figure 2), it can be assumed that only a uni-axial loading along the fiber 

longitudinal direction is applied on the FBG sensor. Then, the internal strain (𝜀𝜀) of the EMC can 

be calculated as [10] 

 𝜀𝜀 =
Δ𝜆𝜆𝐵𝐵𝑑𝑑𝜆𝜆𝐵𝐵(1−𝑃𝑃𝑘𝑘)

                          (2) 

where 𝑃𝑃𝑘𝑘 is the equivalent strain-optic constant.  

 

Figure 2.  Schematic of an FBG sensor embedded in the EMC. 

 

2.2 Monitoring of curing process 

The EMC was cured under the temperature profile including molding and post-curing process in 

Figure 3. The EMC was filled in the mold which is designed considering the above length ratio to 

use equation (2) as shown in Figure 4. Then, the dielectric sensor, the FBG sensor, and 

thermocouple were embedded together. The mold was vacuum bagged and heated with a 

pressure of about 20 kPa for the molding process. After molding, the mold was removed from 

the EMC and the post-curing process was performed using a thermal chamber. Dissipation factor 

was measured with dielectric sensor until the molding process, and BW and temperature were 

measured with FBG sensor and thermocouple during the entire curing process. 

 

Figure 3.  Temperature profile for curing the EMC. 
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Figure 4.  Schematic of the mold set-up 

 

2.3 Characterization 

The DSC is a universal thermoanalytical technique to obtain the degree of cure of polymer. DSC 

Q20 (TA Instruments, USA) was employed to determine the degree of cure of the EMC during 

the heating process for molding temperature of 160℃. Dynamic scanning was performed at a 

heating rate of 13°C/min used for effective cure shrinkage measurement. 

The viscoelastic properties of the EMC were measured during the dynamic scanning at a 

heating rate of 13°C/min using the parallel plate fixture of a strain-controlled rheometer ARES-

G2 (TA Instruments, USA). When the bottom plate was oscillating at a constant shear rate 

(1/sec) and constant frequency (1Hz), the torque generated by the shear stress of the EMC 

between the parallel plate was measured with the torque sensor at a constant shear rate. As a 

result, storage and loss modulus of the EMC were calculated using the measured shear stress 

and the shear rate. 

 

3. Results and discussion 

Figure 5 shows the dissipation factor (D) and the rate of dissipation factor (dD/dt) during the 

heating process for the molding. The curing initiation point was detected at 114°C with a 

maximum dD/dt, and the gelation point was detected at 151°C with a minimum dD/dt. 

 

Figure 5. Dissipation factor (D) and the rate of dissipation factor (dD/dt) during the heating 

process for molding. 
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Figure 6 shows the results of the rheometer test, DSC test, and the rate of dissipation factor 

(dD/dt). The degree of cure at the gelation point detected by dielectrometry was about 0.28 

which is in the general range of the degree of cure at the gelation point of the EMC [11]. In 

addition, it was confirmed that the temperature of the maximum point of dD/dt and the curing 

initiation point obtained from the DSC result coincided as 114°C. From these results, the 

reliability of the dielectrometry results was verified. 

 

Figure 6. Results of rheometer test, DSC test and the dD/dt 

DMA or rheometer test is the common method to determine the gelation point by analyzing 

changes in mechanical properties. However, a general definition of the gelation point using 

mechanical properties has not yet been determined. Nonetheless, the most representative 

method to define the gelation point is to detect the crossover point where the storage modulus 

and the loss modulus cross [12]. As shown in Figure 6, the storage modulus and the loss modulus 

cross at 118°C where the degree of cure is about 0.01. However, it is difficult to regard this point 

as the gelation point, considering the general degree of cure at the gelation point of the EMC. 

Although this method could show a high accuracy for homogeneous polymer, the gelation point 

of the EMC is not properly detected due to the influence of the silica filler as the EMC is a 

composite material composed of high content of silica filler and epoxy. Therefore, it was verified 

that the dielectrometry is an effective method to detect the gelation point of the EMC. 

Figure 7 shows the calibration result of the bare FBG sensor. Through linear fitting, the intrinsic 

BW shift was obtained as a linear function of temperature as: Δ𝜆𝜆𝐵𝐵𝑖𝑖 = 0.0119 ∙ 𝑇𝑇                    (3) 

where T is the temperature in °C unit. 
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Figure 7. Calibration result of bare FBG sensor 

Using eq. (3), intrinsic BW was calculated from the temperature measured during the whole 

process. Then, the deformation BW, Δ𝜆𝜆𝐵𝐵𝑑𝑑 , was calculated by subtracting the intrinsic BW from 

the measured BW from the FBG sensor during the entire curing process. Finally, the internal 

strain of the EMC was obtained using Eq. (2) where 𝑃𝑃𝑘𝑘 = 0.18 [13]. Figure 8 (a) shows the 

internal strain of the EMC and dD/dt with the temperature at the beginning of molding. It was 

confirmed that the strain abruptly decreased at the temperature of 151℃ which is the gelation 

point detected by the dielectric sensor. As a result, the cure shrinkage of 0.04% in the molding 

process and 0.032% in the post-curing process occurred, resulting in a total cure shrinkage of 

0.072% (see Figure 8 (b)). 

 

Figure 8. Experimental results of (a) strain, dD/dt during the beginning part of molding, and (b) 

strain evolution with temperature. 
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4. Conclusions 

In this study, a new method to measure the effective cure shrinkage of the EMC using the 

dielectric sensor and the FBG sensor is proposed. It would contribute to predicting the accurate 

warpage behavior of semiconductor packages. Furthermore, the effective cure shrinkage 

measurement method proposed in this study could be applied to thermosetting polymer-based 

composites manufacture. 
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Abstract:  

Self-healing carbon fiber reinforced plastics have been developed through the deposition of 

poly(ethylene-co-methacrylic acid) (EMAA) nanoparticles on the fiber surface, by aerography. 

EMAA nanoparticles are homogeneously distributed, showing a strong adhesion to the fiber. 

EMAA coating improves the fracture toughness, GIC and provides self-healing capacity to the 

material. The healing efficiency decreases gradually with the number cycles, but retains more 

than 40% after a third cycle. 

Keywords: Self-healing; Thermoset; Thermoplastic; Coating. 

1. Introduction 

Fiber reinforced plastics (FRP) have excellent properties, such as high fatigue and corrosion 

resistance, good dimensional stability and light weight, as well as an excellent strength-to-

weight ratio. As a result, they have found widespread use in different sectors. In 2020, the FRP 

market was valued at €60 billion and is expected to grow to €96 billion in 2026 [1]. However, 

this growth implies an increase in the waste generated at the end-of-life of the products derived 

from these materials. In order to overcome this situation, research lines are emerging focusing 

on the design of sustainable FRPs. Different strategies are being considered, such as the use of 

thermoplastic matrices that can be easily recycled; the substitution of synthetic fibers by natural 

fibers (as flax, hemp or jute); or conferring self-healing capability to the FRP, among others. 

Currently, there are different possibilities to address the self-healing strategy, such as the 

incorporation of capsules, vascular systems, or thermoplastics into epoxy matrices; being the 

latter the most industrially scalable. Poly (ethylene-co-methacrylic acid) (EMAA) is one of the 

prefer thermoplastic that has shown high healing efficiency due to its high coefficient of thermal 

expansion and its covalent cross-linking with the epoxy resin. Its healing mechanism has been 

ascribed to a pressure-delivery mechanism [2]. As the temperature increases, the EMAA melts 

and flows, driven by high-pressure gas-filled bubbles, produced by the reaction of the acid group 

of the thermoplastic with the hydroxyl group of the resin [3]. EMAA has been introduced into 

FRPs as discrete particles in the epoxy resin, and as sheets between the carbon fiber plies or as 

filaments that stitch carbon fiber yarns together. In this work, we will incorporate EMAA into 

the fiber by using a spray coating method, a versatile and easily scalable technique. The self-

healing capability will be studied through the recovery of the interlaminar fracture toughness. 
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2. Materials and Methods 

2.1 Materials 

The used carbon fiber was unidirectional UD 12k, 340 g/m2 and 45 μm supplied by INP96. The 

matrix was an epoxy resin Resoltech 1050/1053s, from Resoltech consisting of diglycidyl ether 

of bisphenol F (DGEBF 50-80 %), diglycidyl ether of bisphenol A (DGEBA, 10-40 %) and 1,6 

hexanediol diglycidyl ether, with a hardener of polioxialcalinoamine/n-

aminoetilpiperacine/dietiletriamine, at specific resin:hardener ratio of 100:35 in parts by 

weight. According to the supplier specifications, the curing reaction is carried out at 60 ° for 16 

h. As healing agent, we used pellets of poly (ethylene-co-methacrylic acid) (EMAA) from Sigma-

Aldrich. 

2.2 Sample preparation 

The coatings were prepared following three steps: 1) dissolution of the thermoplastic, 2) cooling, 

and 3) spraying and drying. In step 1, EMAA was dissolved in THF at a concentration of 0.012 

g/ml; the solution was heated at 60 oC (below the boiling point of the THF) with stirring and 

assisted by an ultrasonic bath. Once the EMAA is completely dissolved, it is cooled in an ice bath 

and the solution turns milky white as a result of the formation of nano-sized particles [4]. Finally, 

the solution was sprayed onto the fiber surface to the required concentration (10 wt.%) and 

dried at 65 oC in the oven to remove the solvent, until the weight remained unchanged.  

The coated fibers were placed unidirectionally and 14-layer laminates were prepared by 

vacuum-assisted resin infusion (VARI). The laminates were heated up to 60 oC and kept for 16 h 

for curing. The laminates were post-cured (150 °C/2 h) in the press to promote the compaction 

of the layers. The samples were cut on a Neurtek Brillant 220 precision cutting machine. 

2.3 Characterization 

The uncoated and EMAA-coated carbon fibers were observed with a Scanning Electron 

Microscope (SEM), Phillips, model XL30 with a tungsten filament and an accelerating voltage of 

25 kV, after sputter-coating with gold. The healing fracture surface of the laminates was 

observed with an Optical Microscope Olympus, model DSCX1000. 

The interlaminar fracture toughness properties under mode I static and fatigue loading were 

measured using the double cantilever beam (DCB), ASTM D55S8. The specimen’s dimensions 

were 100 x 20 mm with a pre-crack of 40 mm. Two metallic tabs were bonded to the outer 

surface of the DCB specimen using a two-component epoxy adhesive (3M Scotch-Weld DP110). 

The composite was measured by applying a monotonically increasing crack opening 

displacement speed of 1 mm/min to the pre-cracked end of the DCB specimen using MTS 858 

mini Bionix. Mode I interlaminar fracture toughness (GIC) was calculated by the modified beam 

theory (MBT) method, using Load (N), displacement (mm), crack length (mm), specimen width 

(mm) and specimen thickness (mm). After testing, the DCB specimens were healed by heating 

them at 150 °C for 120 min. The healing efficiency was improved by applying pressure to the 

delaminated composite to minimize the volume of open crack that will be infiltrated by the 

thermoplastic. The cured samples were then cooled to room temperature and retested under 

the same conditions. The self-healing efficiency was calculated by:  

η (%) = (frepaired/fvirgin) x 100, where f is the studied property, peak load or GIC. 
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3. Results and discussion 

3.1 Coating 

The SEM micrographs in Figure 1 show the uncoated and EMAA-coated carbon fibers. The EMAA 

nanoparticles uniformly and homogeneously coat the fiber, due to their large surface area. In 

addition, it was possible to manipulate the coated fibers without damaging the coating 

evidencing the good adhesion to the fiber surface. Thus, spray coating increases the roughness 

of the fiber and provides a scalable procedure to introduce the EMAA nanoparticles. 

(b)(a)

 

Figure 1. (a) Uncoated carbon fibers; (b) EMAA-coated carbon fibers.  

3.2 Mode I Double Cantilever Beam testing 

The effect of EMAA coating on the mode I interlaminar fracture toughness of the composite 

material is shown in Table 1. The peak load and GIC values follow an opposite trend to that 

observed in the flexural tests, as the incorporation of EMAA leads to an increase in the 

properties. This effect may be due to the enhanced interfacial adhesion between the fiber and 

the matrix, thanks to the presence of the thermoplastic on the surface of the fiber. This behavior 

has been previously reported in the literature for mode I and mode II interlaminar fracture 

toughness [5,6]. 

Table 1. Peak load and interlaminar strength toughness of laminates with uncoated and EMAA-

coated fibers.  

Sample Peak Load (kN) GIC (J/m2) 

Uncoated 104 ± 6 1070 ± 80 

EMAA-coated 150 ± 30 2300 ± 300 

The samples were re-measured after healing at 150 °C for 2 h under pressure. Figure 2 shows 

the repair efficiency based on the recovery of peak load and mode I interlaminar fracture 

toughness, after several healing cycles. Specimens achieved a mean peak load healing efficiency 

of 63 % in the first cycle, 54 % in the second and 43 % in the third one. The decrease in self-

healing efficiency with the number of cycles is caused by the fact that the EMAA reactive 

compound is depleted in the reaction cycles and the crack surfaces become more irregular. 

However, this is quite significant as some studies in the literature only report values for a first 
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healing cycle [7]. The fracture toughness efficiency (44 %, 24 % and 18 %)  was lower if compared 

to that reported in the literature [8]. This reduction and discrepancy with the peak load 

efficiency could be explained by the fact that the GIC calculations assume a linear elastic 

behaviour in rigid materials, but the EMAA is ductile [9]. Nevertheless, these values are 

significant and decrease by only 20 % between the first and second cycle.   

 

Figure 2. Peak load recovery (left) and GIC recovery (right) of EMAA-coated FRP after several 
healing cycles.  

3.3 Fracture surface morphology 

Optical microscopy was used for visual characterization of the healing process. Figure 3(a) shows 

a FRP with a crack width of approximately 50 µm, resulting after flexural testing. After heating 

his sample in the press at 150 °C for 2 h, the thermoplastic flows to the outside and appears to 

protrude from the crack (Figure 3(b)). Thus, the EMAA is capable of filling and sealing the crack. 

Previous studies have shown that EMAA remains strongly adhered to the matrix, and after 

cooling, it forms bridging stitches between the two crack surfaces [6,10]. 

(b)(a)

100 µm100 µm
 

Figure 3. Micrographs of the (a) initial and (b) healed crack in an EMAA-coated FRP. 
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4. Conclusions  

In this work, self-healing FRP composites were developed by coating carbon fibers with EMAA 

at 10 wt.%. The materials showed an improved interlaminar fracture toughness, and a good 

healing capability. After three healing cycles, the material kept a repair efficiency of more than 

40%. These results are promising to consider that the deposition of EMAA on carbon fiber 

surface by aerography is a simple and easily scalable method, that enables the incorporation of 

high quantities of thermoplastic healing agent.  
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Abstract: Nano-fillers like Carbon nanotube, graphene have been hardly used ever for 

fabricating composites because of agglomeration and weak interfaces between nano-materials 

in matrices which may cause declined properties. Aerogels can solve these problems owing to its 

three-dimensional network structure. However, even though aerogel has a structural stability, 

fragility limits their application, so polymer infiltration method has been studied to make 

aerogels more durable. Among various kinds of resins, thermoplastics restrict to their application 

resulted from high viscosity despite of good impact strength and recyclability. Therefore, in-situ 

polymerization of thermoplastics can be suggested for fabricating structural composites. 

Moreover, thermoplastics Resin Transfer Molding (T-RTM) has been used to fabricate more 

dense structure of composite than dipping method.  

Keywords: CNT aerogel ; Nanocomposite ; Polyamide 6 ; Reactive infiltration 

 

1. Introduction 

Aerogels are unique and promising materials with high porosity and low density so that they 

have many potential application fields like electronics and catalysts.  In particular, carbon based 

aerogels have achieved many attentions with an electrically conductive and other attractive 

properties. [1]-[3] Therefore, carbon aerogel composed of graphene and Carbon Nanotube 

(CNT) network are anticipated for the latest purpose as a highly conductive porous material. [4] 

CNT has outstanding thermal, mechanical and electrical properties because of their high aspect 

ratio, an extensive  research  in  the  field  of nano-composites  has  studied. The  introduction 

of CNT in nano-composites can enhance the properties and therefore variety fields of 

application as electronics, field emitters can be expected for this reinforced composites. [5], [6] 

However, owing to worse dispersion, agglomeration and weak interfaces between 

nanomaterials may cause debased properties. [7], [8] To solve this drawback of nanocomposite, 

aerogel can play a key role because of its three-dimensional network structure. With controlled 

structure of aerogels, dispersion problems do not matter for fabricating filler-added composite 

since micro- or nano-sized fillers already have homogeneous arrangement. Recently, CNT 
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aerogels (CAs), a three dimensional structure of CNTs, have been used for high performance of 

polymer-based composites. [6],[9]-[11] Although CA has a structural stability because of its 

stereoscopic characteristic, fragility and mechanically weakness limits their application. 

Accordingly, many researches have studied with polymer infiltration to make aerogels more 

durable. [7], [12]-[14] 

Most of the thermosetting polymers cause longer fabrication time and lower processability for 

producing filler-added composites. These disadvantages of matrix system are critical to 

application fields because of higher cost for production. Also, thermosetting polymers cause 

many environmental problems because of their non-recyclability. Meanwhile, thermoplastics 

restrict to their application resulted from high viscosity despite of good impact strength and 

recyclability. [15], [16] Thus, in situ polymerization of thermoplastics can suggest a solution 

owing to following diverse advantages. This method for synthesizing thermoplastics has been 

used to fabricate various composites due to fast processing speed and remarkable chemical 

affinity. Furthermore, low viscosity of monomer solution contribute to favorable impregnation 

of resin system. [17]-[20] 

Among thermoplastic polymers, Polyamide 6 (PA6) is one of the most widely used engineering 

plastic because it has high toughness, thermal stability and wear resistant property. [21], [22] 

For polymerization of PA6, there are two ways which are hydrolysis and anion polymerization. 

Hydrolytic method is one of the common method for polymerizing PA6 but polymers using 

hydrolysis have lower mechanical property and longer reaction time while synthesis with anion 

polymerization has higher property with shorter reaction time. Thermoplastic resin transfer 

molding (T-RTM) has been suggested to fabricate composites through ring opening 

polymerization of Ɛ-caprolactam. [15], [21]  With vacuum pressure of T-RTM, composites have 

more dense structure than simple dipping method which is contribute to much higher 

properties. As our best knowledge, there were few reports about CA reinforced nanocomposites 

using in situ polymerization of thermoplastics via T-RTM, contrary to the more conventional 

process.  

In this study, CNT aerogel infiltrated with PA6 by in situ polymerization was manufactured 

through various methods. Dipping and T-RTM processes were compared to find the proper way 

to fabricate aerogel/polymer composites with high quality. These composites have structural 

stability for adding nano-fillers owing to 3D interconnected network of aerogel resulted in 

improved properties. Compression test and nano indentation are carried out to investigate the 

enhanced ductility of composites resulted from complementation effect of polymer. Also, due 

to improved electrical conductivity and thermal analyses of aerogel/polymer composites, they 

were expected to utilize for various applications in industrial fields. 

 

2. Experiments 

2.1 Materials 

For synthesizing PA6, Ɛ-caprolactam (C2204, Sigma Aldrich, USA), which has a low melting point 

(68 ˚C) and 113.16 g/mol of molecular weight, was used as a monomer. Ethyl magnesium 

bromide solution (3.0M in diethyl ether, Sigma Aldrich, USA) and Hexamethylene diisocyanate (
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≥98.0%, Sigma Aldrich, USA) were used as catalyst and initiator, respectively. All chemicals were 

used as received. CNT aerogel was kindly supported by Korea Institute of Materials Science. 

2.2 Fabrication of CNT aerogel/PA6 composite (CAPA) 

First of all, CNT aerogel and glass beakers were dried at 80˚C during overnight for eliminating 

moisture. Ɛ-caprolactam of 450 g was melted at 85 ˚C over 30 min with magnetic stirring and 

then the 11.93 ml of catalyst was added slowly. After that, degassing process of mixture was 

implemented more than 30 min. Meanwhile, CNT aerogel was located in the mold with vacuum 

for eliminating remained moisture. Finally, anionic in-situ polymerization of PA6 was started by 

injection into aerogel after adding a 3.93 ml of initiator to the mixture with mixing another 1 

min. The amount of materials for dipping method was 100 g, 2.65 ml and 0.173  ml, respectively. 

As shown in Figure 1, CAPAs were fabricated by dipping and T-RTM method. Dipping process is 

simple and easy method to fabricate nanocomposites but it has difficulty of composite shape 

control and low quality of final product. On the other hand, T-RTM process has many advantages 

like easy impregnation of shape controllable composites and fabricating of composites with 

dense structure due to vacuum pressure. 

 

Figure 1. Schematic figure of dipping and TRTM process for fabricating CAPA. 

 

3. Results and discussion 

3.1 Structural properties of CAPA by dipping and TRTM method 

Structure properties of CNT aerogel/PA6 composites (CAPA) was characterized by IR and XRD, 

shown in figure 2. The results of FT-IR were  peaks at 1500-1600 cm-1, 2700-2900 cm-1 and 3300 

cm-1 correspond to the  amide bond, -CH2 and N-H bond, respectively. As a results of XRD, Table 

1 shows that the crystallite size of CAPA was same as neat PA6, indicating that 3D network 

structure of CA did not interrupt polymerization of PA6. These results can show the PA6 was 

successfully polymerized by anionic in-situ polymerization. 

1573/1602 ©2022 Lee et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC

https://doi.org/10.5075/epfl-298799_978-2-9701614-0-0
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

   

(a)                                                                              (b) 

Figure 2. FT-IR spectra of polymerized PA6 (a)and XRD patterns of PA6 and CAPA fabricated by 

dipping and T-RTM method (b). 

 

Table 1. Full width at half maximum (FWHM) and crystallite size of polymerized PA6 and CAPA 

by different methods. 

 FWHM Crystallite size (nm)  FWHM Crystallite size (nm) 

PA6 

(Dipping) 

2.66 2.94 PA6 

(T-RTM) 

3.21 2.44 

1.66 4.68 1.61 4.83 

CAPA 

(Dipping) 

1.24 6.31 CAPA 

(T-RTM) 

2.71 2.88 

1.68 4.63 1.86 4.18 

 

3.2 Thermal stability  

For investigating thermal stability of PA6 and CAPA, TGA and DSC were characterized, shown 

in figure 3. The specimens for TGA were achieved by cryogenic fracture because poor 

polymerization can occur in the middle of CAPA due to nano-sized pore of aerogel. The 

degradation temperature of CAPA by dipping was 161˚C, while T-RTM was 274˚C which means 

that polymerization of PA6 was successful. From the DSC results, slow annealing in oil bath and 

unpolymerized PA6 with dipping process led to two Tm peaks. Two Tc peaks of CAPA by both 

method occurred because CNT acts as a nucleation agent for forming crystalline structure of 

PA6.  

 

(a) 
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(b) 

Figure 3. TGA results (a) and DSC results (b) of PA6 and CAPA by dipping and T-RTM method. 

 

3.3 Mechanical properties and morphology of composites 

Table 2 shows that tensile strength of various composites with 1wt% of CNT. Because PA6 is 

one of the strongest engineering plastic, CNT/PA6 nanocomposites have higher mechanical 

property than composites with other polymers. Also, comparing to nanocomposites with CNT 

powder and PA6, structural stability of CAPA was strengthened by 3D network of CNT aerogel. 

[23]-[30] 

The FE-SEM images of composite was characterized for comparing morphology by different 

process as shown in figure 4. Nanocomposite using dipping process has many void while 

homogeneous and uniform surface was observed with T-RTM process. This is because T-RTM 

method uses vacuum pressure which is stronger than dipping. 

 

Table 2. Tensile strength comparison of various composites with 1wt% of CNT 

No. Tensile strength (MPa) Material Reference 

1 44.9 CNTaerogel/PA6 This work 

2 16 CNT/LLDPE [23] 

3 8 CNT/Epoxy [24] 

4 12 CNT/PE [25] 

5 20 CNT/PA6 [26] 

6 25 CNT/PA6 [27] 

7 40.3 CNT/PA6 [28] 

8 13.6 CNT&GOaerogel/PS [29] 

9 2.3 CNTaerogel/PDMS [30] 
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Figure 4. The SEM images of nanocomposites using dipping (left) and T-RTM (right) method. 

 

4. Conclusion  

We successfully fabricated nanocomposites with CNT aerogel impregnated PA6 by in-situ 

polymerization. 3D network of aerogel can improve structural stability of nanocomposites which 

have higher performance and uniformity. Through FT-IR, XRD and TGA characterization, it is 

confirmed that PA6 was successfully polymerized even in the middle of CAPA. Also, comparing 

the processes for fabricating CAPAs, we can suggest that T-RTM method is much more proper 

way to fabricate CAPA with dense structure. Furthermore, it is identified that CAPA by T-RTM 

process has higher tensile strength than nanocomposites with CNT powders or other polymers. 

In conclusion, our CAPA with controllable structure has higher performance than 

nanocomposites with same content of CNT so it can be applied for many industries as electronics 

and IT. 
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Abstract: Graphene enhanced CF/PEEK composites are excellent candidates for aerospace 

applications where enhanced conductivity is integral, however including nanomaterials within 

the composite can also cause mechanical degradation, notably void formation. Surfactant 

stabilised graphene suspensions were used to generate graphene thin films for enhancing the 

interlaminar spaces in CF/PEEK. The presence of voids and mechanical strength was investigated 

with F108 and F68 surfactants and heat treatment of the thin film before hot pressing or hot 

embossing consolidation. Pluronic F68 yielded 3-4 layer graphene compared to F108, and when 

hot pressed had a 22% increase in shear strength compared to the control. The heat treated then 

hot pressed F108 graphene sample had the lowest void percentage of 1.7vol%. Heat treatment 

of thin films to remove excess surfactant combined with F68 surfactant will likely yield low void 

defect graphene enhanced CF/PEEK composites. 

Keywords: Nanocomposites; Nanomaterials; Carbon fiber thermoplastics; Graphene; Voids 

1. Introduction 

Carbon fibre reinforced polymers (CFRP) uniquely high strength to weight and stiffness ratio 

properties make them perfect for aerospace applications but are limited due to their insulative 

matrix phase. Polyether ether ketone (PEEK) is a high performance aerospace grade polymer 

due to the high temperature, chemical resistance and high strength properties, but it remains 

unsuitable for thermal regulation and electrical charge dissipation applications [1]. Graphene’s 

high tensile strength, specific surface area, thermal and electrical properties make it an excellent 

candidate as an enhancing material for CFRP [2,3].  

Liquid phase exfoliation (LPE) offers a scalable manufacturing method to synthesise high quality 

and purity graphene at a low cost [4], compared to chemical vapour deposition, and mechanical 

exfoliation which are limited by cost and purity, respectively [4]. High concentration suspensions 

require surfactants to aid exfoliation and reduce agglomeration effects, while aqueous graphene 

suspensions are economically and environmentally beneficial over their solvent counterparts 

[5,6]. Various surfactants have been studied in aqueous systems, but triblock copolymers have 

demonstrated high suspension stability and graphene quality [7]. 

Spray deposition of nanomaterial suspensions offers a scalable processing method for 

transferring nanomaterials into composite materials. Li et al. [8] spray deposited CNT/GNP 

nanomaterials onto aerospace grade CF epoxy prepreg tapes for increased fracture toughness, 

thermal and electrical conductivity properties. Multiwalled CNT interleaves (150 μm thick) 
reduced interlaminar properties due to localized resin evaporation, but increased electrical 

conductivity properties and demonstrated successful lightning strike protection [9].  

Before composites with nanomaterial additions can be utilized in aerospace applications, void 

content is required to be below 1% [10]. Thermoset and thermoplastic composites have 

different mechanisms in which defects may appear during manufacturing, but voids and porosity 
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have been identified and most detrimental to mechanical properties [11].  The introduction of 

nanomaterials to composite phases only adds additional complexity to the understanding of 

void formation during manufacturing.  

The focus of this study will be to investigate the mechanical properties of CF/PEEK composites 

manufactured using different consolidation methods and graphene suspension formulations. 

Aqueous graphene suspensions stabilized with either pluronic F108 or F68 surfactant were spray 

deposited onto CF/PEEK plies and were either hot pressed or hot embossed with and without 

heat treatment. The interlayer regions were studied using Raman spectroscopy, and 

interlaminar shear strength (ILSS) properties characterized using compression shear testing 

(CST). The microstructure and void distribution were characterised in 3D using micro-computed 

tomography.  

2. Experiment 

2.1 Materials 

Highly concentrated aqueous graphene suspension (~1.5 wt%), acquired from FlexeGRAPH, was 

synthesised through LPE methods [12]. Graphite (~1 µm flake size) starting material was 

exfoliated in a high-volume ultrasonic flow cell with continuous addition of non-ionic pluronic 

F108 and F68 surfactant (Sigma Aldrich). The AS-4 CF/PEEK (40 mm x 90 mm) unidirectional 

tapes (Toray Cetex, fibre volume fraction 59%) were used as the substrates to study the 

graphene thin film.  

2.2 Spray deposition 

The methodology applied to fabricate graphene interlayer enhanced CF/PEEK composites using 

spray deposition methodologies follows the same approach reported in an earlier work Leow et 

al. [13] (Figure 1a). Average graphene flake size in the spray deposited thin films was measured 

to be 413 ± 61 nm [13]. The aqueous graphene suspension was aerosolised at 1 bar air pressure 

fed through a NE-300 syringe pump (New Era Pump Systems Inc.) at a feed rate of 5 mLmin-1. 

Deposition was done using a flat fan air atomising nozzle (SUE15, Xinhou Industrial Co. Ltd) onto 

CF/PEEK ply substrates from a distance of 300mm for 30s followed by drying on a hot plate at 

50°C for five minutes; this deposition process was defined as a pass and repeated to generate 

graphene thin films of varying thickness. The CF/PEEK plies were sprayed with four (34 ± 1.5 mg), 

five passes (40 ± 1.5 mg and 30 ± 1.5 mg) of F108 stabilised graphene suspension and ten passes 

of F68 (30 ± 1.5 mg) stabilised graphene suspension to create thin films that were further dried 

at room temperature for a minimum of 24 hrs. The nineteen graphene enhanced CF/PEEK plies 

coated with five pass (40 ± 1.5 mg) F108 graphene suspension were heat treated in an oven 

(O75, Steridium) at 110°C for 30 mins to remove any water absorbed (Figure 1b). The 

temperature was then raised to 250°C for 60 mins to vapourise non-ionic pluronic surfactant, 

following the methodology outlined in Mansukhani et al. [14], and were then cooled at a rate of 

~20°C/min. 

2.3 Consolidation 

Consolidated composites were manufactured using a hot press (PW220C-X4A, Phi Hydraulics) 

and in a vacuum environment using a hot embosser (EVG520 HE, EV Group) in a picture frame 

mould following the methodology outlined in Cogswell [15] (Figure 1c). A single set of nineteen 
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graphene enhanced CF/PEEK plies were laid up unidirectionally with an unmodified ply on top 

to create a [(90)20] composite layup with ~1 wt% graphene thin film interlayer additions.  

The CF/PEEK composite without graphene additions (control), heat treated (HT) control, 10 

pass F68, 5 pass F108, and heat treated 5 pass F108 graphene thin film samples were also 

consolidated using the hot press. The consolidated composite parts with 0, ~1wt% F68 and 

~1wt% F108 loadings manufactured using hot press (HP), heat treatment of plies and 

consolidation using the hot press (HT+HP) and hot embossing (HE) are henceforth referred to 

as the Control (HP), Control (HE), Control (HT+HP), F68 (HP), F108 (HE), F108 (HT+HP), and 

F108 (HP) respectively.   

 

Figure 1. (a) Aerosolised spray-deposition of the graphene suspension onto CF/PEEK ply 

substrate. (b) Schematic of water-cooled hot press and picture frame mould with partial 

unidirectional layup with graphene interlayers illustrated in the inset used to manufacture 

consolidated composites. (c) Schematic of hot-embosser used to consolidate composites 

under vacuum.  

2.4 Sample preparation 

The consolidated CF/PEEK samples were milled into 10 mm x 10 mm coupons for compression 

shear testing (CST) using a desktop CNC machine (Nomad 3, Carbide 3D) with a 2-fillet square 

carbide tip (Nomad Tools, Carbide 3D). Coupons were subsequently casted in epoxy resin to 

allow for direct chemical characterisation of interlaminar regions by viewing the composites in 

cross-section. One coupon was secured end-on flush against the base of the resin-casting mould 

using double sided tape. The samples were then cast in epoxy resin (EpoFix), de-gassed under 

vacuum to remove bubbles prior to a 24 hour cure, and polished according to the procedure 

outlined in Leow et al. [13]. 

2.5 Characterisation  

2.5.1 Raman Spectroscopy 

The graphene thin film quality post consolidation in the interlaminar regions were chemically 

characterised on a confocal Raman microscope (Renishaw inVia Reflex) at a magnification of 

x100. Samples were exposed to a 532 nm wavelength laser at 0.5 mW power with use of a 2400 

mm-1 grating to isolate the signal and measurements were integrated over a period of 10 s with 

3 accumulations to reduce signal to noise ratios. Data were baseline corrected and normalised 

against the G peak. 
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2.5.2 Compression shear testing  

The compression shear testing device used here followed the methodology outlined for flat 

specimens in Zinnecker et al. [16]. The loading noses translate vertically to induce pure shear 

stress on the samples. All specimens were loaded with a 0.2 mm gap between the loading noses 

to ensure shearing of the midplane as ply thicknesses were 0.1 mm pre-consolidation. Manually 

adjustable support blocks were used to ensure symmetrical and flush alignment to the loading 

noses without gaps. The CST device was placed in a universal testing machine (8074, Instron 

USA) with a 25kN load cell. Five specimens from each graphene loading condition were tested 

at a 1 mm/min displacement rate. Samples that failed due to a 40% load drop but did not shear 

were excluded from the data set in accordance with ASTM D2344.  

 2.5.3 Micro-computed tomography (µCT)  

X-ray micro-computed tomography (µCT) was utilised to characterise the microstructure and 

further investigate in 3D the quality of consolidated CF/PEEK Control and graphene specimens 

of ~2.5 x 3 mm (cross-section) by 7mm (length). This technique is increasingly used for composite 

characterisation and has recently proven successful to characterise in detail the microstructure 

and map and quantify void distribution and content in CF/PEEK samples of comparable volumes 

[17]. The samples were imaged using an HeliScan™ micro-CT instrument hosted at the ANU 

CTLab, equipped with a 60 kV X-ray micro-focus source and a 3040 x 3040 pixels flat panel 

detector.  Image acquisition time was about 9 hours per sample, scanning resolution (i.e. voxel 

size) ~2.0 µm. Image reconstruction, processing and analysis were carried out using proprietary 

ANU software [18].  

Results and Discussion 

3.1 Chemical quality and interlayer validation 

The graphene thin film interlayers were analysed for chemical quality after consolidation using 

Raman spectroscopy (Figure 2). The G and D peaks were fit with a single Lorentzian curve 

centered at 1582 cm-1 and 1345 cm-1 corresponding to carbon ring stretching and defects 

evident within the samples, respectively. The peak intensity ratio, ID/ID’ = ~2.5, ~2.0, ~2.8 for 

F108 (HE), F108 (HT+HP) and F68 (HP), which reveals the most common defect within the sample 

is likely edge defects [19]. The least defects present occur within the heat treated sample likely 

due to the heat reducing the number of grain boundaries present within the graphene flakes. 

The effects of corrugations, topological defects and atomic vacancies in graphene manifest 

themselves as disorder peaks: D (1345 cm-1), D’ (1615 cm-1) and D+G (2935 cm-1). The disorder 

of graphene is measured using intensity ratio ID/IG = ~0.8 across all F108 (HE), F108 (HT+HP) and 

F68 (HP) samples. This corresponds to a high number of graphite like structures present which 

is likely due to the compact nature of the thin film interlayer after consolidation [20].  

Fitting the 2D peak can help gain further insights into the number of graphene layers and in few 

layer graphene (<5 layers) is fitted with four Lorentzian peaks to correspond to the two phonons 

with opposite momentums interacting with the electronic band structures [21]. The four peaks 

occurred at 2652, 2682, 2710, and 2732 cm-1; 2682, 2704, 2720, 2738 cm-1; 2667, 2686, 2708, 

2732 cm-1; for F108 (HE), F108 (HT+HP), and F68 (HP), respectively as depicted in Figure 2. The 

IG/I2D intensity ratio equals ~2.2 for all F108 (HE), F108 (HT+HP), and F68 (HP) samples, 

corresponding to ~5 layered graphene. The full width half maximum (FWHM) of the 2D peak is 
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~67, 61, ~67 and centered at 2704, 1706, 2705 cm-1 for F108 (HT+HP), F68 (HP) and F108 (HE), 

respectively.  This indicates 4-5 layered graphene in the F108 (HT+HP) and F108 (HE) samples, 

while the F68 sample has 3-4 layered graphene [22].  

 

Figure 2. Cross sectional Raman spectra and peak fits of hot embossed F108, hot pressed 

F68, and heat treated-hot pressed F108 graphene additions into the interlaminar region of 

CF/PEEK composites. Acquired spectra were obtained from the interlaminar region of the 

inset images. 

3.2 Interlaminar shear strength 

The compressive shear strength of the consolidated composite as a function of graphene weight 

percent loading is shown in Figure 3a. The mean shear strength of the CF/PEEK Control samples 

were 65.54 ± 5.51 MPa, 60.30 ± 5.66 MPa, and 25.41 ± 1.38 MPa for hot embossed, heat treated 

and hot pressed, respectively. The Control (HE) and Control (HT+HP) samples are significantly 

higher than CF/PEEK shear strength data (~34 MPa) previously reported in literature [23]. The 

measured shear strength decreases with the addition of F108 stabilised graphene thin films. 

Heat treated samples had a 61% decrease (23.36 ± 1.72 MPa), while hot embossed samples had 

a 56% decrease (29.01 ± 2.99 MPa) in shear strength. Hot pressed F108 stabilised graphene thin 

films had a 34% reduction (16.83 ± 0.09 MPa) in strength compared to the control, but F68 

stabilised graphene thin film additions saw an increase of 22% in shear strength to 32.72 ± 

1.69MPa.  

The strongest graphene enhanced sample was the F68 hot pressed sample despite no heat 

treatment suggesting there was good interlocking between fiber, matrix and thin film phases 

within the interlaminar region [24]. Graphene enhanced hot embossed and heat treated 

samples’ lower ILSS properties may have been a result of poor bonding between plies and the 

interlaminar region due to a limited mixing between the thin film and the matrix phase. Further 

investigation into sample microstructures, void content and defect distribution using μCT 
imaging was conducted to understand the mechanisms controlling ILSS properties.  
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Figure 3. (a) Compressive shear strength of CF/PEEK samples with relation to graphene 

weight percent loadings added to the interlaminar regions. Error bars denote one standard 

deviation of the mean. (b) Void percentage of CF/PEEK samples with relation to graphene 

weight percentage loadings added to the interlaminar regions.  

3.3 Micro-Computed Tomography (μCT) 

Each image was segmented, void content quantified (vol%), void shape, size and distribution 

mapped and visualised in 3D. Lowest void content for the control samples was 0.4%, 0.8% and 

4.2%, for heat treated, hot embossed and hot pressed, respectively. The F108 (HT+HP) sample 

had a lower void content (1.7%) compared to F108 (HE, 5.3%) and F108 (HP, 9.6%). The F68 

(HP) sample had a void content of 5.1%, similar to F108 (HT+HP). Although, F68 (HP) had a 

higher mean ILSS than F108 (HT+HP), the void content is drastically higher suggesting the 

importance of heat treatment of the thin film to remove surfactant cannot be discounted in 

the manufacturing process of integrating interlaminar graphene additions.  

The images in figure 4 illustrate voids running parallel to the plies and distributed throughout 

the volume. Increased void content correlates strongly to the reduction in mean compressive 

shear strength (r=-0.75). The concentration of voids within the interlaminar region likely 

resulted in crack propagation along the interlaminar plane causing reduced mechanical stress. 

Void formation was likely the result of pluronic triblock copolymers (Tb = ~150°C) vapourising 

during high composite processing temperatures. The F108 (HE) sample demonstrated that 

even under vacuum vapourised surfactant remains trapped within the interlayers compared to 

heat treatment which allowed for vapourisation of most surfactant.  

 

Figure 4. 3D visualisations of (a) F108 (HE) sample tomogram image and (b) corresponding 

segmented image showing voids in blue with matrix and fibres 100% transparent; (c) 

segmented F68 (HP) image (d) and segmented F108 (HT+HP) image processes at 90°   
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Conclusion 

This study investigated the effects of manufacturing method (hot press vs hot embossing) and 

graphene film heat treatment on interlaminar graphene additions to CF/PEEK composite tapes. 

The graphene quality was characterized using Raman spectroscopy and revealed 3-4 layer and 

4-5 layer graphene for F68 and F108 stabilised suspensions respectively, post consolidation.  

Heat treated samples had the lowest void percentage with F108 (HT+HP) having only a 1.7 

vol% compared to ~5vol% that was measured in F108 (HE) and F68 (HP) samples. The highest 

shear strength among graphene-enhanced samples was the F68 (HP) which increased 22% 

compared to Control (HP). The addition of surfactant remains important to the LPE graphene 

synthesis process to prevent agglomeration and therefore cannot be entirely removed from 

the process. Heat treated spray deposited thin films combined with use of F68 surfactant 

allows for the synthesis of few layer graphene while removing surfactant from the thin film 

prior to consolidation.  
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Abstract: Poly(3-hydroxybutyrate), PHB, has gathered a lot of attention for its promising 

properties, in particular its biobased nature and high biodegradability. Although PHB is prime 

candidate for the packaging industry, the applications are still limited by a narrow processing 

window and thermal degradation during melt processing. In this work, three novel additives 

based on ferulic acid esterified with butanediol, pentanediol and glycerol, namely BDF, PDF and 

GTF, respectively are used as plasticizers and antioxidative additives to improve mechanical 

properties of PHB. Elongation at break up to 270 % was obtained in presence of BDF and the 

processing window was improved nearly tenfold. The Pawley method was used to identify the 

monoclinic space group P2 of the BDF. The estimated crystallite size (71 nm) agrees with a 

crystalline additive. With PHB70BDF30 blends, even higher elongations at break were obtained 

though dwindled with time. However, these properties could be recovered after thermal 

treatment. The high thermal stability of this additive leads to an increase in the fire retardancy 

property of the mate-rial, and the phenolic structure induced antioxidant properties to the 

samples as demonstrated by radical scavenging tests, further highlighting the possibilities of the 

PHB/additives blends for packaging applications.  

Keywords: PHB; polyhydroxybutyrate; biopolymer; plasticizer; ferulic acid 

1. Introduction 

Since their production method was streamlined a few decades ago, poly(3-hydroxyalkanoate)s 

(PHAs) which are produced by a fermentation process have shown a growing amount of interest 

[1-3]. Indeed, PHAs, are one of the most promising renewable biocompatible and biodegradable 

polyesters [4]. Produced by microorganisms in presence of natural substrates, they offer an 

excellent alternative to petroleum-based plastics. Poly(3-hydroxybutyrate), PHB, is one of the 

simplest members of the PHAs family. PHB is a linear semi-crystalline isotactic polyester with 

high crystallinity, high melting temperature and excellent resistance to solvents. Similarly, to 

other PHAs, PHB exhibits complete biodegradability [5-8]. However, industrial applications are 

still limited today by its high brittleness, low value for elongation at break and thermal 

degradation during melt processing. The short permanence above melting point induces 

degradation that involves a cis-elimination reaction and the formation of crotonic acid [9]. To 

improve PHB thermal and mechanical properties a lot of efforts have been put to find different 

solutions or formulations with additives [10]. A common workaround is to synthesize 

copolyesters of PHB with other 3-hydroxyalkanoates moieties, such as 3-hydroxyvalerate and 3-

hydroxyhexanoate [11]. Poly(3-hydroxyvalerate) is the most common co-monomer for this 

application and the resulting copolymer, PHBHV, exhibits significant improvement in the 
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elongation at break depending on monomers ratio. Internal plasticization of PHB have been 

developed using the bacterial fermentation of copolymers.  

On the other hand, the external plasticization is an efficient and rapid method to improve some 

mechanical properties of polymers. Additives as plasticizers, blend partners, fillers and 

crosslinkers may also affect the processing and mechanical properties [12]. Blending PHB with 

plasticizers may offer the advantage to improve the processability. Plasticizing additives for PHB 

are diverse, and include aromatic compounds, fatty acids, alcohols, ester, and polymers 

themselves [13-16]. Vegetable oils and their derivatives have also been extensively studied as 

promising additives into PHA formulations [17]. Semi-interpenetrated networks in which PHB is 

embedded in network based on sunflower oil and trithiol exhibited a toughening improvement 

of this polyester [18]. Plasticized PHB formulations were recently prepared with monoterpenes 

such as linalool, geraniol, and geranyl acetate [19]. Blending with terpenes leads to a decrease 

of the Tg values and a remarkable increase in the elongation at break combined with a decrease 

in Young’s mod-ulus with regard to pure PHB. The effect is more pronounced with geranyl 

acetate due to the presence of the segment bearing ester group that increases free volume and 

molecular mobility. However, there are still challenges to be overcome to open the applications 

of PHB. Ferulic acid is a biobased compound that can be extracted though different processes 

from lignocellulosic biomass. Due to the various functional groups, it can be easily functionalized 

and its phenol group usually carry-on antioxidant properties even after functionalization. Ferulic 

acid derivatives were recently found to have plasticizing effects on polylactic acid and 

polycaprolactone [20].  

The objective of this study is to develop the appropriate plasticizer for improving mechanical 

properties. We aim at preparing plasticized PHB with ferulic derivatives. The bis-O-

dihydroferuloyl 1,4-butanediol (BDF) was blended in PHB to have a direct comparison with the 

observed plasticizing effect of BDF in PLA. Two others ferulic acid derivatives (bis-O-

dihydroferuloyl 1,5-pentanediol and tris-O-dihydroferuloyl glycerol) hereafter named PDF and 

GTF were also blended with PHB to study the effect of various molecular designs. PHB was 

blended with BDF, PDF and GTF in the melt state by using extrusion process. The influence of 

the chemical structure of these compounds on the thermal properties, mechanical properties, 

dynamic mechanical properties, thermal stability and flammability behavior of PHB was studied. 

A special attention was paid to the evolution of the mechanical properties and recrystallization 

of the blends over time.  

2. Results and discussion 

All materials and additives synthesis, processing, and characterization techniques have been 

thoroughly detailed in [21]. The major drawback of PHB during hot melt extrusion is that the 

melting point and the extrusion temperature are very close to the degradation temperature. 

Therefore, if PHB residence time in the extruder is prolonged, temperature and shear stress will 

start to de-grade the polymer, causing oxidation (i.e. seen as samples browning) and a distinctive 

odor re-lease attributed to crotonic acid and loss of mechanical properties. To overcome this in-

convenient, PHB and the ferulic acid-based additives were combined by hot melt extrusion in a 

twin-screw mini-extruder and injected directly into a mold. By using a mini-extruder, PHB 

residence time is diminished, which limits the polymer degradations. Different formulations of 

PHBxBDFy blends were prepared to study the influence of BDF concentrations ranging from 0 to 

100 wt%. Theoretical glass transition temperature of BDF (-17.7°C) matches quite closely with 
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the experimental Tg measured by DSC (-19 °C). Furthermore, the measured Tg for the PHBxBDFy 

blends also line up closely to the theoretical values determined by the Fox equation when the 

blends contain less than 30 wt% of BDF. The crystallinity of the PHB is nearly unchanged 

whatever the content of BDF, as shown by the values of the melting enthalpies in the different 

blends. Even if the BDF concentrations above 20 wt% start to hinder PHB crystallization, the BDF 

interference with PHB is only limited to a shift in melting point Tm from 177°C to 167°C. This 

decrease of Tm is certainly due to the decrease of crystallite sizes as the total amount of 

crystalline PHB part remains constant. The diffraction pattern of PHB is shown in Figure 1. The 

phase is crystalline though a broadening of the diffraction peaks is observed in the range 20-25° 

in 2θ. The diffraction pattern was indexed with the orthorhombic cell proposed by Kawaguchi 

and Doi [22]. The structure was refined with the atomic positions given by Brückner et al. [23] 

in space group P212121. The cell parameters were obtained from the Rietveld and Loopstra 

method [24]. The estimated crystallite size (286 nm) agrees with a semi-crystalline material. For 

the X-ray pattern of BDF, the phase is crystalline though the diffraction peaks are relatively 

broad. The Pawley method [25] was used to determine the space group and cell parameters of 

BDF. The diffraction lines can be fully indexed with a monoclinic space group P2. 

The estimated crystallite size (71 nm) agrees with a crystalline material. The calculated density 

(1.282) of BDF deduced from the chemical formula C24H30O8 (M=446.5 g) and the cell volume 

obtained by the Pawley method (V=1156.7 Å3) is in good agreement with the measured one 

(1.277), assuming Z=2. The diffraction pattern of the PHB70BDF30 is also shown as prepared (1 

day) in Figure 2. The pattern can be described by a combination of the two single phases BDF 

and PHB, though BDF looks much less crystalline than the pristine material. All diffraction peaks 

can be accounted, and the sample can be seen as a physical mixture of the two phases without 

significant chemical reactions between them. It can be stated that introducing 30 wt% BDF 

lowers the melting temperature of PHB by 10°C, which allows to decrease the processing 

temperature of the samples by extrusion. It is possible that BDF not only acts as a chain spacer 

in the amorphous phase of PHB but plays the same role during the melting and extrusion 

process. By spacing the chains, BDF can reduce the polymers viscosity and melting point, leading 

to lower overall processing temperatures. This is beneficial as the heat extrusion effect on the 

polymer degradation is reduced. For the remaining of the investigation, a concentration of 30 

wt% of additive in the blends was considered. 

Mechanical properties showed that the incorporation of the ferulic acid-based additives induces 

a substantial increase in the elongation at break of the material which was measured three hours 

after extrusion in the case of PHB70GTF30 and PHB70BDF30. For PHB70GTF30, it jumps from 11 % for 

pure PHB to 178 % (Figure 3, Table 1). This increase is paralleled by a decline of the Young’s 
modulus E and of the stress at break σr. Indeed, σr decreases from 29.7 for pure PHB to 5.8 MPa 

for PHB70GTF30. This means that both GTF and BDF act also as mechanical plasticizers, yielding 

toughened PHB formulations. For PHB70PDF30, no increase of the elongation at break could be 

detected compared to pure PHB. Additionally, it was found that during storage at room 

temperature, some oily sub-stance exuded from the samples.  Unlike BDF and GTF, PDF is a 

liquid at room temperature which explains that this behavior is not observed for these 

compounds. For those reasons, PDF could not be considered as a good candidate for improving 

the toughening mechanical properties of PHB or for medium-long term packaging applications 

contrary to BDF and GTF. 
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Figure 1. X-ray diffraction patterns of (from bottom to top) PHB (black), BDF (blue), PHB70BDF30 

as-prepared (one day), and PHB70BDF30 after one week. Dotted lines are a guide for the eyes. 

Table 1: Mechanical Properties of PHB and blends three hours after extrusion. 

 Young’s modulus [MPa]  Stress at break [MPa]  Elongation at break [%] 

PHB100 1169 ± 38 29.7 ± 1.6 11 ± 2 

PHB70BDF30 417 ± 38 11.4 ± 1.1 42 ± 14 

PHB70PDF30 510 ± 82 12.3 ± 1.7 12 ± 6 

PHB70GTF30 211 ± 93 5.8 ± 0.8 178 ± 49 

 

 

Figure 2. Strain-stress curve of PHB/additive samples, three hours after extrusion: PHB70BDF30, 

PHB70PDF30, PHB70GTF30 and pure PHB. 

PHB mechanical properties are known to quickly evolve with time after solidifying. After three 

hours, PHB properties are usually mostly settled but can still slightly evolve. The evolution of the 

mechanical properties was therefore followed over time and to see if this phenomenon is 

reversible, the samples were subjected to thermal treatments at 120°C, i.e. above the Tm of BDF 

but well below the Tm of PHB. It turns out that three anneals at 120 °C for 5 minutes were 
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necessary for the sample to recover its initial properties, i.e. an elongation at break of 260%, as 

shown in Figure 6. Five minutes after extrusion, PHB samples already have low elongation at 

break around 11%, while for PHB70BDF30 it is twenty-five times higher, at 253%. This value 

decreases rapidly, and after one hour it is already down to 27%. Simultaneously the BDF was 

observed to crystallize in the sample as the normalized fusion enthalpy increases steadily to a 

plateau around 65 J/g. Even though the two phenomena seem connected, they do not happen 

concomitantly. Indeed, the decline in elongation at break occurs marginally before the increase 

of ΔHm. After one week, the samples were annealed 5 min at 120 °C. Elongation at break 

increased by 3 %, five times higher than annealed PHB. Following three anneals, properties like 

the fresh samples could be recovered. 262 % of elongation at break was measured five minutes 

after annealing, and 190 % after one hour. Compared to the non-annealed samples, the drop in 

εr was about ten time slower, while, at the same time, the crystallization kinetic was slightly 

faster. These results are shown in Figure 3. 

 

Figure 3. Follow up of polymer deformation at break for PHB (gray) and PHB70BDF30 (red) a) 

after extrusion and b) after annealing at 120°C. Blue dashed line represents the fusion enthalpy 

of BDF in the PHB70BDF30.  

BDF is a phenolic compound that exhibits two phenol groups per molecule. As such, some 

radical-scavenging property is expected. Accordingly, by blending BDF and PHB the resulting 

material is anticipated to exhibit antioxidant behavior. Radical scavenging activity (RSA) can be 

measured by reduction of DPPH in solution. The DPPH radical scavenging assay is widely used to 

assess the antioxidant activity of phenolic compounds [26-27]. At 517 nm, this relaxation and 

swelling control radical has an absorbance maxi-mum. When this molecule reacts with a 

hydrogen donor such as an antioxidant, the absorbance decreases and a change in color of the 

solution from purple to yellow is observed. Concentrations as low as 5 wt% was found to reduce 

81 % of DPPH in solution. With 20 wt% and above, 94 % radical scavenging activity can be 

obtained. This behavior makes BDF a promising additive for applications where antioxidant 

properties are sought after. 

Figure 4 shows the loss of mass as a function of temperature as measured by TGA. This loss of 

mass is due to the loss of volatile fragments following the important degradations of polymer 

chains leading to small molecules. The temperature at which 20% mass loss is observed is 280°C 

for PHB and 360°C for BDF. The introduction between 5 and 40 wt% of BDF increases the thermal 

stability by 10°C and the 20% mass loss is now observed at 290°C. Pyrolysis combustion flow 

calorimetry (PCFC) tests were performed according to ASTM D7309 to evaluate the flammability 
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of PHB100, PHB80BDF20 and PHB70BDF30 samples [28]. Pure PHB shows a highly flammable 

character demonstrated by an intense pHRR 1074 W/g at 305 °C. The presence of BDF in PHB 

significantly changed the flammability behavior of PHB. The slope of HRR curves were decreased 

by increasing the percentage of BDF. Moreover, the pHRR was meaningfully decreased and 

reached 723 W/g and 659 W/g for PHB80BDF20 and PHB70BDF30, respectively. Furthermore, the 

temperature at pHRR was increased from 305 °C for pure PHB to 310 °C for PHB70BDF30, while 

for PHB80BDF20 it remained similar that of pure PHB, at 305.5 °C. It was also noticed that there is 

quite no change in THR for samples containing BDF compared to pure PHB. 

 

Figure 4. Thermal stabilities of different PHB-BDF blends measured by TGA. 

3. Conclusion 

Among the three ferulic acid derivatives, only BDF and GTF showed a plasticizing effect of PHB 

with a clear increase in elongation at break unlike PDF. However, the mechanical properties of 

the mixtures vary with time due to the crystallization of the additives. This effect is very 

important in the case of GTF because the specimens become so brittle after one week that it is 

no longer possible to handle them. The BDF is very promising because it increases the elongation 

at break from 11% for PHB to 260% for the PHB70BDF30 blend. Although this value is not stable 

over time, it is possible to recover this property after a short five-minute heat treatment of PHB 

at a temperature much lower than the melting temperature of PHB but just above the melting 

temperature of BDF. For this purpose, an X-ray diffraction study has allowed for the first time to 

specify the crystal structure and the lattice parameters of BDF. This derivative which had already 

shown its properties as plasticizer for PCL and PLA confirms here all its interest during the 

formulation of PHB.  The reversibility of the mechanical properties according to the temperature 

combine with the antioxidant properties and the resistance to the flammability will undoubtedly 

allow to consider new applications for the PHB. The incorporation of BDF decrease the 

hydrophobicity of PHB surface as it was shown by the values of contact angle with water from 

70° to 63.5° in presence of BDF. The effect of ferulic acid-based derivatives on the kinetics of 

enzymatic and hydrolytic degradations required a further study to precise the long-term 

behavior of these biodegradable polyesters.  
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Abstract: The Chitosan is a natural, cationic polysaccharide with many properties, incl. 

biocompatibility, bactericide and fungicide, it is non-toxic, biodegradable and hemostatic. This 

polymer is used in various sectors, especially in medical, pharmaceutical, dental and veterinary 

applications. Chitosan is also used as a carrier component of organic drug delivery systems 

(mainly nanoparticles - NPs) for loading and releasing compounds of plant extracts eg Ginkgo 

biloba extract. Ion gelation is one of the most frequently used NPs production procedures in 

which the matrix is chitosan, which has the ability to act as a polyelectrolyte. The sizes of 

nanoparticles range from 1 to 1000 nm in diameter, which ensures a high surface to volume 

ratio and correlation with the structural size of biological components: they are small enough 

to pass through biological barriers. Moreover, the encapsulation of NPs in the structures of 

another polymer, e.g. alginate, provides a good basis for the development of a slow release 

system of the active substance (microparticles with nanoparticles encapsulated in them). 

 Keywords: nanoparticles; microparticles; Ginkgo biloba extract; drug release  

1. Introduction 

Since ancient times, Ginkgo biloba leaf extract (GB) has been used in the prevention and 

treatment of many diseases due to its low side effects. It is used as one of the most commonly 

consumed dietary supplements that improve memory and concentration [1]. It has also been 

shown that GB effectively improves blood microcirculation in the brain and in the limbs by 

increasing the supply of oxygen and nutrients, prevents the formation of clots, strengthens 

capillary walls and protects nerve cells against damage with limited oxygen in the environment 

[1,2]. GB is a source of various compounds: flavonoids, terpene lactones, terpenoids, 

polyphenols, organic acids, carbohydrates, EFAs, inorganic salts, amino acids and others [3-5]. 

As a result of biological studies, it has been shown that the therapeutic activity is caused by the 

fraction of flavone glycosides and terpene derivatives [5, 6]. 

In recent decades, a trend has been observed to enclose plant extracts and medicinal 

substances in microcapsules (MCs). Microencapsulation is an effective method that enables 

long-term storage, protection of the properties of sealed substances and the extension of their 

release time at the application places. MCs are obtained in various ways: emulsion methods, 

extrusion methods, spray drying, fluidized layer coating, drum coating, hot melt dispersion, 

interfacial polymerization and coacervation in an aqueous or anhydrous environment [7]. 

Recently, researchers have also focused on the development of therapeutically active 
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nanoparticles (NPs) with a size in the range of 1-1000 nm, in order to improve the penetration 

of drugs by various ways, including by alimentary (active endocytosis), respiratory, injection or 

transdermal [8]. Therefore, NPs are more promising as carriers of medicinal substances than 

microcapsules. NPs based on various polymers are usually prepared using ionic or covalent 

cross-linking methods, precipitation methods, polymerization or self-assembly [9]. The matrix 

of polymer NPs and MCs usually consists of natural polymers (chitosan, gelatin, alginate, etc.), 

synthetic polymers (PLA, PCL, PLGA, cyclodextrin, etc.) and their blends [10, 11]. 

The most frequently studied nanoparticles from natural polymers for dermal applications are 

NPs based on chitosan [11-13]. This cationic polymer is biocompatible and has anti-

inflammatory, antibacterial and homeostatic properties and can bind with negatively charged 

active substances due to electrostatic interactions, thus increasing cell bioavailability and 

internalization [9, 14]. Several mechanisms of drug release from NPs and MCs are known, such 

as: polymer swelling, bound drug diffusion, drug diffusion through the polymer coating, 

polymer erosion or degradation, and a combination of erosion and degradation. The initial 

process of the release of the active ingredient from NPs clearance from MCs is due to either 

polymer swelling, pore formation, or drug diffusion from the polymer surface. Fick's first law is 

a mathematical reflection of the diffusion process taking place [15]. 

Karavelioglu et al. in their research developed chitosan nanoparticles with Ginkgo biloba 

extract, which due to their small sizes (<200 nm) are suitable for crossing the blood-brain 

barrier and may have a potential neuroprotective effect [1]. Nanocarriers as transdermal 

systems are used in the transdermal administration of vaccines, antihypertensive drugs, anti-

parkinsonian drugs and chemotherapeutic agents [8]. 

The aim of the presented work was to obtain and characterize nanoparticles with Ginkgo 

biloba extract – Ch(GB)NPs, microcapsules containing the above-mentioned nanoparticles -  

Al(Ch(GB)NPs), and microcapsules with Ginkgo biloba extract – Al(GB). Chitosan was used as 

the shell material in Ch(GB)NPs and alginate was used for Al(Ch(GB)NPs) and Al(GB). The rate 

of release of the core material from Ch(GB)NPs, Al(Ch(GB)NPs) and Al(GB) was tested in 2 

research media to check which test system allows for constant and slow release of the active 

substance over time. 

2. Materials and methods 

 

2.1 Materials 

The following materials were used: chitosan (Primex, Chitoclear fg 95, average MW ~ 234.55 

kDa, DD=86.8%, 99.17 cP viscosity measured for 1% water solution in 20°C, Iceland), acetic acid 

(Avantor, 80%, pure, Poland), Sodium tripolyphosphate pentabasic-TPP (Sigma-Aldrich-Merck, 

purum p.a., ≥98.0%, Cat. No.: 72061), commercial medicinal product Tinctura Ginkgo bilobae - 

water-ethanol extract from green leaves of Ginkgo biloba (Phytopharm, 10%, Poland), 

Poly(vinyl alcohol) – PVA, (POCh, average MW 20000, Poland), sodium alginate Manucol DH 

(FMC Biopolymer UK, 56 cP viscosity measured for 1% water solution in 20 °C, Ireland), calcium 

chloride (Chempur, pure, Poland), sodium chloride (Chempur, pure, Poland), methyl alkohol 

(Stanlab, 99.5%, pure, Poland), distilled water. 

2.2 Methods 

2.2.1 Preparation of Ch(GB)NPs 

Ch(GB)NPs were prepared based on the ionotropic gelation method developed by Calvo et al. 

[16] and Porras-Gómez et al. [17] with a small modification. Briefly, chitosan was dissolved at 
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0.5% w/w in 0.5 % v/w acid acetic solution. TPP was dissolved in distilled water to obtain a 

0.5% w/w concentration. PVA was dissolved in distilled water to obtain a 1% w/w 

concentration. 1 ml of GB was added into 10 ml of chitosan solution and then 4 ml of 1% PVA 

solution (as a surfactant) was added and later 2,5 ml of the TPP solution was added drop-wise 

to the chitosan and GB solution and homogenized for 1 h. The final suspension was centrifuged 

at 12,000 rpm for 20 min.  

 

2.2.2 Preparation of Al(Ch(GB)NPs) and Al(GB) 

Al(Ch(GB)NPs) were prepared by coacervation method Sodium alginate 5 % (w/w) was 

dissolved in distilled water and then mixture of 1 g of Ch(GB)NPs and 2 ml methanol (to 

prevent complexing) was added into this solution and stirred. Sodium alginate solutions with 

Ch(GB)NPs were dropped through a syringe and blown with compressed air into a calcium 

chloride solution (5% w/w) for obtaining Al(Ch(GB)NPs) respectively. Composed microcapsules 

were incubated in calcium chloride solution for hardening about 45 min. Then, the 

Al(Ch(GB)NPs) were filtered. The microcapsules were dried in a vacuum oven at 50 °C for 5 h. 
The method of obtaining Al(GB) is similar with the only difference that 5 ml of extract are 

added into alginate solution. 

 

2.2.3 Characterization of Ch(GB)NPs and Al(Ch(GB)NPs) 

The size analysis of Ch(GB)NPs 

Mean diameter and polydispersity index (PDI) of the nanoparticles were analyzed by the 

Zetasizer Nano ZS (Malvern, UK) instrument.  Measurements were made at 25 
o
C in water.  

In order to determine the particle size and PDI values, 1 ml of sample was placed in the 

ZEN0040 cuvette (Malvern, UK), and the results were measured using the dynamic light 

scattering (DLS) technique. In order to analyze the influence of nanoparticle aggregation on 

the size and polydispersion, measurements were carried out for nanoparticle solutions without 

preliminary sonication and after 5 and 10 minutes preliminary sonication. Each sample has 

been measured 3x11 times and the results were analyzed by Malvern Instruments Ltd. 

software. 

 

The morphology of Ch(GB)NPs and Al(Ch(GB)NPs) 

The surface structure and shape of the obtained microcapsules and nanoparticles was 

analyzed using microphotography obtained by means of a scanning electron microscope-SEM 

(FEI, USA, Quanta 200 model, with the Q150R S vacuum sputtering machine) in 1500, 12000, 

20000 and 100000 x magnification.  

 

2.2.4. The rate of release of GB from Ch(GB)NPs, Al(Ch(GB)NPs) and Al(GB) 

3xThe Perkin Elmer UV-Vis spectrophotometer with Lambda 2 software was used to study the 

kinetics of the core material release (GB). Ch(GB)NPs, Al(Ch(GB)NPs) and Al(GB) samples were 

prepared in the form of tablets for the study of release kinetics. 0.05 g of each sample was 

pressed into a tablet with a diameter of 12 mm and poured over 5 ml of the test medium (the 

tests were carried out in water and saline). The flasks with the tested samples were closed 

tightly and placed in an incubator at 33 °C. Absorption studies were performed at the rutin 
wavelength in the range of 257-270 nm. Measurements were made at specified intervals by 

collecting 2 ml of the medium containing the above-mentioned samples, and the same volume 

of fresh medium was supplemented with the tested systems to the baseline volume. 
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3. Results and discussion 

Characteristic of nanoparticles and microcapsules 

Chitosan-coated nanoparticles were obtained by ion gelation as a result of the reaction 

between positively charged amino groups of chitosan and negatively charged TPP groups. 

Ginkgo biloba extract was dissolved in a 0.5% chitosan solution, and then TPP crosslinker was 

added to allow the active ingredient to be encapsulated. Brown-colored Ch(GB)NPs were 

obtained, proving that the Ginkgo biloba extract was effectively sealed. The shape and 

morphology of Ch(GB)NPs were observed by scanning electron microscopy (SEM; Figure 1). As 

can be seen, all nanoparticles were quite spherical and uniform in shape.  

 

  

Figure 1 SEM pictures of Ch(GB)NPs at 12000x  and 100000x magnification 

 

The hydrodynamic diameter in water and the corresponding polydispersity index (PDI) of the 

nanoparticles were observed by the DLS method, and the results are presented in Table 1. 

 

Table 1: Particle size and polydispersity index of Ch(GB)NPs (with and without initial sonication 

for 5 and 10 minutes). 

Sample Sonification (min) Size (nm) PDI 

Ch(GB)NPs 

Ch(GB)NPs 

Ch(GB)NPs 

- 

5 

10 

436.7 

374.9 

358.9 

0.512 

0.512 

0.474 

 

The average diameter of the nanoparticles tested in the sample was 436.7 nm. A high PDI 

polydispersity index indicates the presence of nanoparticles of various sizes. The Ch(GB)NPs 

fraction was observed with an average diameter of 19.6; 102.5; 568.8 and 835.3 nm. Initial 

sonication of nanoparticle solutions changed the diameter of the tested particles and their 

polydispersion, which would suggest the formation of small agglomerates of nanoparticles in 

the aqueous environment. Therefore, we can note that the material obtained contains Ginkgo 

biloba extract, which, after application, will be able to penetrate the body, e.g. through skin 

appendages, as demonstrated by Patzelt et al. These researchers observed that for 

nanoparticles with a size ranging from 122 nm to 1000 nm in in vitro tests on the skin of the 

pig's ear, NPs with a diameter of 643 nm was transported the furthest through the hair follicles 

[18]. 
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Alginate microcapsules containing Ch(GB)NPs: Al(Ch(GB)NPs) or Ginkgo biloba extract - Al(GB) 

were obtained by the coacervation method. A 5% solution containing Ch(GB)NPs nanoparticles 

was added dropwise to the solution of calcium chloride crosslinker. The obtained 

microcapsules with nanoparticles had a light brown color. Based on the SEM images (Figure 2), 

it can be observed that Al(Ch(GB)NPs) microcapsules have a spherical shape with a smooth, 

homogeneous surface.  

  

Figure 2 SEM pictures of Al(Ch(GB)NPs) at 1500x  and 20000x magnification  

Al(Ch(GB)NPs) microcapsules with an average transverse dimension of 11.7 µm were obtained. 
  

Kinetics of core material release 

The release of Ginkgo biloba extract in water and in saline from the obtained Ch(GB)NPs, 

Al(Ch(GB)NPs) and Al(GB) at the temperature of 33 °C was carried out. The concentration of 
the released core material was determined by UV-Vis spectroscopy, examining the absorption 

at a wavelength in the range of 257-270 nm characteristic for rutin. 

 
Figure 3 The rate of release of Ginkgo biloba extract from Ch(GB)NPs in water (a)  

and in saline (b) 
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Figure 3 shows the release curves of Ginkgo biloba extract from Ch(GB)NPs obtained in the ion 

gelation process. Based on the results presented in Figure 3, it can be concluded that 

nanoparticles containing Ginkgo biloba are characterized by a different release rate of the core 

material depending on the medium used. We can see that after 24 hours the amount of 

released core material does not change significantly in both water and saline. 

 
Figure 4 The rate of release of Ginkgo biloba extract from Al(GB) in water (a) and in saline (b) 

 

In the case of Al(GB) capsules, which contain Ginkgo biloba extract, there is also a rapid release 

of the core material, which decreases slightly in the following hours of the test (Figure 4). Also 

in this case, more intense releasing of the extract in the saline solution can be observed. It is 

probably related to the better solubility of Ginkgo biloba extract in saline than in water. 

 
Figure 5 The rate of release of Ginkgo biloba extract from  Al(Ch(GB)NPs in water (a) 

and in saline (b) 

Based on the results presented in Figure 5, it can be observed that the process of releasing the 

Al(Ch(GB)NPs) extract has an upward trend throughout the study. It is presumed that this is 

related to the passage of the extract first through the chitosan shell and then through the 
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Al(Ch(GB)NPs) alginate shell, so that the extract is released in a steady and slow manner. The 

intensity of core material releasing, similar to that of Ch(GB)NPs and Al(GB), is higher for 

saline. Based on the research on the kinetics of the release of the core material from 

Ch(GB)NPs, Al(Ch(GB)NPs) and Al(GB), it can be concluded that in all cases the release of the 

active substance takes place by passive diffusion. The active substance penetrates from the 

inside of the polymer matrix into the surrounding environment, and the polymer coating 

constitutes a diffusion barrier, hindering and slowing down the rate of penetration of the 

extract into the test medium. In the case of release from Ch(GB)NPs and Al(GB), the extract 

has only one barrier to overcome, therefore the release of the extract at the beginning is 

greater and stabilizes over time. On the other hand, in the case of Al(Ch(GB)NPs) there are two 

diffusion barriers (chitosan and alginate), which allow for a constant, slow release of the 

extract from polymer coatings. The use of a material with two diffusion barriers will allow you 

to control the release of the active substance, and small amounts of the released substance 

will prevent the irritating effect of the released core material. 

 

Conclusion 

Ginkgo biloba extract was encapsulated in chitosan nanoparticles, alginate microcapsules and 

chitosan nanoparticles which were then encapsulated in alginate microcapsules. The release of 

Ginkgo biloba extract in water and in saline from the obtained nanoparticles – Ch(GB)NPs, and 

microcapsules - Al(Ch(GB)NPs) and Al(GB), at the temperature of 33 °C was carried out. Based 

on the research on the kinetics of the release of the core material from Ch(GB)NPs, 

Al(Ch(GB)NPs) and Al(GB), it can be concluded that in all cases the release of the active 

substance takes place by passive diffusion. The active substance penetrates from the inside of 

the polymer matrix into the surrounding environment, and the polymer coating constitutes a 

diffusion barrier, hindering and slowing down the rate of penetration of the extract into the 

test medium. It was possible to obtain a material (Al(Ch(GB)NPs)) which allows for a slow and 

steady release of the active substance. Controlled release of the active substance applied to 

the skin, for example, prevents irritation. 
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