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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
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Abstract: This study aims to develop and implement actual carbon fibre-reinforced polymer 

(CFRP) solutions for realising structural fuses in real components. To this end, we have developed 

various concepts for structural fuses, applied to generic idealised components and aimed at 

engaging different in-plane and through-the-thickness damage propagation mechanisms.  

Micro-cut patterns (MCPs) / crack path combinations have been engraved on thin-ply CFRP 

prepregs (by using a laser cut machine) for manufacturing CFRP specimens. Afterwards, we have 

carried out a series of experimental studies to evaluate the fracture properties of various MCPs 

under three-point bending (3PB). Then, 3PB results were used to refine and down-select our 

concepts, for use in our generic idealised component design to test them under indentation test 

using a cantilever beam rig. The test results demonstrated that MCPs can provide significant 

control over the fracture locus and path, additionally allowing the failure initiation load and 

energy dissipation to be tailored. 

Keywords: Microstructure design; Carbon fibre-reinforced polymer (CFRP); Structural fuse; 

damage-control; crack path 

1. Introduction 

Carbon fibre-reinforced polymer (CFRP) composites are being increasingly used in various 

industries such as aeronautics due to their high performance to weight ratio. Nonetheless, 

because of their inherently brittle nature, CFRPs are susceptible to sudden uncontrolled failure, 

which can endanger the integrity of entire CFRP components [1]. When a CFRP component 

separates into two parts due to fracture, typically, the actual fracture path is a consequence of 

the geometry of the component and of the loading, rather than a characteristic designed into 

the component. However, in many applications (e.g. fan blade-off events) there are significant 

advantages in controlling the fracture path via a form of structural fuse (e.g. to reduce the 

portion of the blade ejected) to reduce the energy transmitted into the casing. 

Thin-ply CFRPs provide greater design possibilities, improved homogenization and more possible 

stacking sequences than conventional thick plies-based counterparts [2]. As extensively studied 

in the literature, the ply thickness affects the initiation and propagation of micro-cracks as well 

as delamination [3]. It is known that translaminar fracture depends on the microstructure (in 

particular on the crack path shape) [4] and that applying micro-cut patterns (MCPs) on thin-ply 

CFRP prepregs is a powerful tool for developing engineered CFRP micro-structures with 
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enhanced fracture performance [5]. In a previous study, we demonstrated that applying MCPs 

can increase the fracture toughness of the laminates up to 180% compared to that of QI 

laminates in a compact tension (CT) test [5]. However, new tests and concepts are needed to 

examine the behaviour of engineered micro-structures when applied as structural fuses for real 

CFRP components. Hence, the main goal of this study is to propose innovative designs of 

engineered crack paths with tailored properties for practical applications. To this end, we have 

proposed an innovative microstructure design through various studies and down-selected 

potential MCP concepts to create a predictive controlled failure along a chosen (crack) path, 

while retaining the strength and toughness of the structure (compared to that of the baseline 

(quasi-isotropic (QI)) material. These engineered crack paths can be used to promote or prevent 

selected failure mechanisms. 

2. Experimental Procedure 

Unidirectional thin-ply SkyFlex USN20A prepregs (a 20gsm UD fabric of TR30S, high strength 

carbon fibres from Mitsubishi with K51 epoxy resin from SK Chemicals) with an uncured 

thickness of 0.05 mm are used in this study. To manufacture panels, we have cut each thin-ply 

prepreg at the desired angle (using an automated cutting table) and placed on top of each other 

ply with the help of alignment holes to guide the layup (Figure 1, a). While laying up, micro-cut 

patterns (MCP) (see Figure 1, e-f) were engraved using the Oxford Lasers Diode Pumped Solid 

State micro-machining system with specific patterns in each ply (Figure 1, b) to manufacture 

CFRP specimens with the stacking sequence of [(0,45,90,−45)16, 01/2]s. Then, we cured the 

panels at 125 ℃ under 5 bar pressure in an autoclave machine. After curing, we cut the 

specimens via the abrasive waterjet cutting method and tested them under three-point bending 

(3PB) as well as indentation tests (Figure 1, c-d). 

To assess the optimum geometrical properties of MCP, we investigated a large range of MCPs 

to evaluate the variation of fracture parameters in a compact tension (CT) test [6]. An example 

of ST MCP is illustrated in Figure 1, e-f. The rationale behind selecting various MCPs / crack path 

combinations is mainly based on: (1) studying the ability of the MCP to deflect the crack away 

from the inherent (critical) stress path; (2) promoting desirable failure mechanisms, mainly 

delamination; (3) protecting uncut plies so that they act as crack stopping barriers; and (4) 

designing MCP properties so that the specimen does not fail under other unwanted failure 

modes (namely compressive failure). With these in mind, we have carried out multiple studies 

in terms of various MCP parameters / crack path combinations (as shown in Figure 2 and Table 

1) and presented some of which here to address the aforementioned objectives. 
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Figure 1: Design, manufacture, and test of engineered structural fuses made of CFRP 

composites 

 

Figure 2: Schematic of a shark teeth (ST) MCP and associated parameters 

 

 

 

 

 

 

3/1211 ©2022 Kazemi 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 

Table 1. Various parameters of micro-cut patterns (MCPs) investigated in this study 

Study Parameter Specimen 

number 

1 Jump size  Sp1-Sp4 

2 Ramp up and Jump Size Sp5-Sp8 

3 Deflection and amount of fibres cut Sp9-Sp12 

4 MCP height and type Sp13-Sp16 

5 Using 45°/-45° plies Sp17-Sp20 

 

3. Results and discussion 

Study 1 investigates the effect of jump size from 1.0 mm to 2.0 mm on the fracture path as well 

as delamination size/jump. For study 1, we observed that increasing the jump size from 1.0 mm 

to 2.0 mm results in more significant delamination, see Figure 3-b. By comparing the fracture 

paths of Sp2-Sp4 (see Figure 3-a, b) with those of the baseline material (Sp1) without micro-cut 

patterns (MCPs), we have noticed that MCPs give microstructures the ability to guide the crack 

along its engineered path, while the baseline material without MCPs lacks such characteristic 

and shows an uncontrolled brittle path after failure, Figure 3-a,b. In addition, measured strength 

and energy dissipation are still close to those of the non-engineered material, although Sp4 still 

shows a 15% and 13% decrease in work of fracture and peak stress compared to those of the 

baseline material, respectively, Figure 4, a-b. 

Study 2 (through Sp5-Sp8) investigates the effect of ramp-up and jump value on the fracture 

properties. By comparing the results to those of study 1, we conclude that ramping up is a 

successful tool that promotes failure in 90° plies and shows a potential for improvement of 

delamination jump. It is also concluded that the baseline ramp is a good balance of a few cuts 

and also can guide the crack. Test results demonstrate that adding targeted partial cuts in the 

45°/-45° can help guide the crack. However, applying Teflon or silicon spray to weaken the 

interface to promote delamination does not seem to affect the behaviour. Moreover, the 

challenge with this particular MCP is that the crack does not alternate sign and create 

delamination in every block (similar to non-engineered material). Hence, the MCP could be 

modified so that it would alternate every two or three blocks to make sure the crack always 

follows the pattern and increases delamination, Figure 3-c. Nonetheless, by comparing to Study 

1, we can observe that normalised work of fracture and peak stress values improve slightly, see 

Figure 4. a-b.  
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Figure 3: Fracture surfaces of the failed specimens in different studies 
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Figure 4: Normalised (a) work of fracture and (b) peak stress values of engineered crack path 

specimens under three-point bending (3PB) 

To demonstrate one of the promising design concepts, the force-displacement curves for study 

3 specimens (Sp9-Sp12) are depicted in Figure 5-a. We have examined the variations of 

deflection and amount of fibres cut, showing that this particular design is successful to deflect 

the in-plane crack, see Figure 3-c and Figure 5,c-d. Moreover, partially cut MCPs can still guide 

the crack and increase strength and energy dissipation (see Sp 12 values in Figure 5, b). The test 

results suggest that there is a potential for a partial cut of MCPs in 0° plies. In the fourth study, 

we investigate the roles of MCP height and type on fracture performance. Regarding the type of 

MCPs, in addition to ST MCPs, we also apply mogul field (MF) MCP to examine its feasibility and 

performance. By analysing Figure 3-d and Figure 4 a-b, we can observe that changing a MCP type 

can have a positive effect in deflecting the crack, while retaining fracture properties. By 

comparing the results in Figure 4-a,b, we can confirm that slightly higher shark-teeth (ST+) 

patterns can be used, though it does not significantly increase the fracture properties. As a 

result, we can conclude that there is still some room for using longer features in the MCPs if 

needed; however, the limited effect of the MCP used should be examined to that of ramp/crack 

jump height. 
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Figure 5: (a) Force-displacement curves of study 3 specimens and corresponding MCP 

schematics, (b) their percentage of variation (in terms of work of fracture and peak stress) with 

the baseline, and (c-d) fracture surface of one of the samples in study 3 (Sp9) 

In the last study, we examined using MCPs on 45°/-45° plies on the fracture performance. The 

fractographic analyses of failed specimens (Figure 3-e) show that using MPCs on the 45°/-45° 

may be somewhat less effective at controlling the crack position in those plies. Comparing the 

work of fracture and peak stress values reveals that using MCD on 45°/-45° plies does not 

improve the performance significantly compared to previous studies. In addition, we did not 

observe any strong knock-off of the strength/work of fracture despite micro-cuts being present 

in every two plies (versus every four plies in Sp4). This concept is perhaps less promising than 

MCPs in 0° plies to control the crack; however, targeted MCP in 45° still can be used to help 

deflect the crack.  

To further evaluate the feasibility of applying these engineered crack paths to real applications, 

such as blade-off events in engines, engineered crack paths are applied to more realistic 

specimens and will be investigated under indentation test using a cantilever beam test, which 

its results will be provided at the conference. 
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4. Conclusion 

In this paper, we carried out multiple studies to design concepts of structural fuses made of thin-

ply carbon fibre-reinforced polymer (CFRP)  for generic idealised components. A series of micro-

cut patterns (MCPs) and crack path combinations were engraved on multiple CFRP specimens 

and we tested them under three-point bending (3PB). It was concluded that: 

1- carefully-designed micro-cuts can be applied to create engineered crack paths in thin-

ply composite structures, which can deflect the crack away from the inherent (critical) 

path and steer it along chosen planes; 

2- MCPs can be used to promote desired failure mechanisms, namely delamination, to 

retain energy dissipation, not necessarily present in the baseline material;  

3- engineered crack paths can be applied so that the specimen does not fail under 

unwanted failure modes (namely compressive failure); and 

4- by applying engineered crack paths, uncut plies are protected so that they can act as 

crack stopping barriers. 

These results motivate ongoing work where we are investigating this structural fuse concept in 

more complex structures. 
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Abstract: Fractography is a useful research tool which enables engineers to bridge the gap 

between numerical modelling and experimental testing, support material design development, 

and aid in the failure investigation of in-service (and laboratory-based) failures. This paper 

presents the current issues and direction of research for the fractography of polymer composites 

and highlights the future challenges. These include: fretting failures between delaminated 

neighbouring plies, gleaning environmental effects (i.e. the influence of moisture and/or 

temperature on fracture morphology), and the sequencing of physically isolated failures. The 

latter is addressed by the proposed new methodology in which fractography and numerical 

modelling are synergistically coupled. This methodology is becoming increasingly important 

across a range of industries as the uptake of composites becomes wider. 

Keywords: fractography, failure investigation, fretting, hygrothermal, FEM (finite element 

modelling) 

1. Introduction 

Fractographic analysis of polymer composites gives a deep insight into composite failure 

mechanisms and has supported the development of test methods and predictive tools in 

composite engineering. It is also an invaluable tool for post-failure investigation of components 

and in-service failures [1]. However, fractographic techniques need to keep abreast of the 

advances in new composite material architectures, constituents, processing routes, and 

applications. In this paper, the current state-of-the-art in polymer composite fractography is 

presented alongside the challenges which lie ahead. Some of these are highlighted by the need 

to link semi-qualitative analysis, relating to the specific conditions of failure and loading history, 

to the fracture morphologies. Other challenges concern the influence of environmental factors 

(hygrothermal effects: temperature and moisture uptake) and cyclic loading (where fretting 

damage is induced), both of which are particularly pertinent in primary aerospace structures. 

Furthermore, as new composite interleave and interlaminar reinforcement technologies are 

developed, the requirement to fully characterise their failure modes becomes critical in the 

validation and certification of full structural components. 

Another important issue arising from the investigation of in-service failures is the global 

sequencing of physically isolated failures. For example, the failure of composite forks and a seat 

tube during a bicycle accident, or multiple stiffeners debonding and fracturing from the skin in 

a stiffened wing section, where both failures often occur during a single event but are not 

physically connected. Such physically isolated failures are often impossible to sequence through 

purely fractographic analysis since they are not physically connected by a common local failure 

initiation site. Thus, a new methodology has been proposed to incorporate Finite Element 

Modelling alongside traditional fractographic methods. This paper will outline this methodology 
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which can be applied to both laboratory experiments (where instrumentation is unable to 

capture events) and in-service failures. 

 

2. Fretting and environmental conditions 

2.1 Fretting 

It should be noted that fretting is differentiated from fatigue, which has been discussed in detail 

fractographically in polymer composites by Greenhalgh [1]. Fatigue failure results from cyclic 

loading whereas fretting failure is a morphological process of wear where previously failed (or 

un-failed) surfaces are damaged through frictional loads in an oscillating mode II fashion. 

Fretting can occur between two undamaged surfaces, or as more often observed in composite 

structures and pertinent to failure investigations, between two previously delaminated 

neighbouring plies. Such preexisting damage can occur through means unassociated with the 

fretting load, such as impact or buckling, but the driving force for fretting to extend these 

delaminations often originates from a resonance or other cyclic load. The fractography of 

fretting in composites is particularly applicable to failure investigations, where the extent of 

fretting (i.e. number of cycles) can be matched to the resulting fracture morphologies. This 

morphological correlation, although noticed in failed composite parts (Figure 1), has not yet 

been covered by research, particularly within polymer composites. Early work by Daoud [2] and 

Schulte et al. [3] have outlined mechanical test rigs to induce fretting damage on glass fibre and 

carbon fibre composites, respectively (Figure 2). Both rigs utilised normal clamping loads to 

produce varying levels of frictional force. Unfortunately the fractography of fretting damage on 

composite-composite interfaces was not presented. 

          

Figure 1. Scanning Electron Microscope images of fretted polymer composites, post-failure [4] 

Although previous fretting research has been conducted on metal-metal and metal-composite 

interfaces, very little, if any, fractography has been conducted on fretted composite-composite 

interfaces. Composite on composite fretting becomes crucial as they become more widely 

utilised in primary structures. 

 

a) b) 
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Figure 2. Fretting rigs developed by a) Daoud [2], and b) Schulte et al. [3] 

Recent work by at Imperial College London investigated cycling a 3-point bending specimen 

(previously partially delaminated mid-thickness in both mode I or mode II) to study the effects 

of mode II fretting on a T700/M21 composite laminate [5]. It was noted that the fretting damage 

after an initial mode I type delamination resulted in no morphological changes due to fibre 

bridging caused by the mode I crack which held the surfaces apart and disallowed any friction 

between them. It was also noted that fretting after a mode II delamination caused rounding on 

the pre-existing cusps and produced some debris, Figure 3. Due to the nature of the test set-up 

(i.e. 3-point bending), it was deemed that a variable compressive through-thickness force was 

imperative in producing the required friction associated with in-service fretting load cases. Thus, 

a new test rig has been designed to account for this. An electric motor is used in conjunction 

with a fixed base plate and uniaxial top plate, where previously delaminated specimens are 

placed. Weights can be applied to the top plate to adjust the frictional forces during the fretting 

process. 

      

Figure 3. T700/M21 self-fretting after a mode II delamination after a) 0 cycles, and b) 5x105 

cycles [5] 

 

2.2 Environmental conditions 

It is well known that the hygrothermal (moisture and temperature) conditions can affect the 

mechanical performance of composites under various loading modes [6], and especially those 

dominated by the integrity of the fibre/matrix interface [7]. As new composite matrix 

toughening systems are developed, the effect of the environmental conditions on the 

a) b) 

a) b) 
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mechanical performance of composite systems is critical in composite design for high 

performance applications, particularly in demanding environments. 

Recent work by Katafiasz et al. [8] has shown that the mode I interlaminar facture toughness of 

a moisture saturated highly toughened CF/epoxy system is severely degraded at -55°C. Moisture 

saturation within a primary aerospace structure would typically arise whilst remaining stationary 

on a runway at a hot and humid country whereby moisture ingresses into the epoxy system. 

Then, as the flight reaches cruising altitude (typically at -55°C), and since the toughening 

particle/epoxy interface is degraded due to the moisture and the matrix system embrittles due 

to the cold temperature, the particles are seen to be plucked from the surrounding resin, hence 

reducing the overall mode I interlaminar fracture toughness, Figure 4. 

Other processes noticed in the same work showed that at 90°C both the epoxy and toughening 

particles become highly ductile, and moisture degrades the fibre/matrix interface, both 

increasing the mode I fracture toughness compared to those tested at room temperature and 

at -55°C, Figure 5. Although the level of moisture and the failure temperature cannot be 

quantifiably deduced from the fracture morphologies, a first step has been taken towards this 

goal. Realistically, the in-service moisture content of composites varies through the thickness 

(unless fully saturated and in a state of equilibrium), therefore care must be taken when relating 

laboratory-based morphologies to in-service failures. More research is needed for temperatures 

closer to the Tg of the matrix, or where the in-service temperatures are particularly extreme. 

Further fractographic work on the effect of temperature and moisture on other polymeric 

composite systems will also provide understanding to which environmental degradation 

processes are material specific and which are general to polymeric composites. 

 

Figure 4. Micrographs showing toughening particle/epoxy debonding under mode I 

interlaminar fracture in the wet/cold condition [8] (Courtesy of Rolls Royce) 
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Figure 5. Micrographs showing the effect of both moisture and temperature on the mode I 

interlaminar fracture toughness of a highly toughened CF/epoxy system [8] (Courtesy of Rolls 

Royce) 

 

3. Sequencing physically isolated failures 

3.1 Challenges 

Fractography can be used to sequence failures within failed composite components by, amongst 

other morphological features, mapping the: interlaminar crack directions from the mode II shear 

cusps (Figure 6a), tensile translaminar fracture directions from DAFFs (Directly Attributable Fibre 

Failures) (Figure 6b), and compressive translaminar fracture directions from kink banding (Figure 

7a) and arrow heads (Figure 7b) [9]. This has led to the fractography post-failed components 

being a vital tool in supporting future design to mitigate failure, and in some cases, providing 

evidence for failure investigation. 

 

           

Figure 6. a) Mode II shear and crack growth directions in a failed aerospace component, b) 

Directly Attributable Fibre Failures showing the tensile translaminar growth direction [9] 

a) b) 
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Figure 7. a) Optical microscopy showing kink banding, b) Compressive arrow heads indicating 

compressive translaminar growth direction [9] 

Challenges arise when multiple failures within one structure or component are physically 

isolated, such that pristine material exists between two or more areas of failure. Examples of 

these include seat tube and fork failures in a bicycle accident, or multiple stiffener debonding in 

a stiffened wing section (Figure 8). 

 

Figure 8. Multiple stiffeners debonding from a panel under compression [1] (courtesy of 

Ministry of Defence) 

To sequence these failures high speed video footage is needed but often unavailable or 

unfeasible. Thus, a new methodology is required. 

 

3.2 Methodology 

The methodology outlined here considers Finite Element Modelling coupled with fractographic 

observations. First, the physically isolated failures are identified and characterised 

experimentally using traditional fractographic methods. Then, a wholly elastic FE model is 

a) b) 
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constructed for the entire structure or component. The damage associated with the isolated 

failures are then implanted into the elastic model to make up separate models, each with one 

local failure informed by the fractographic evidence. The separate models are then run 

independently and the resulting stress distributions are compared to the experimental 

fractography. Whichever FE model produces stress concentrations in the applicable mode at one 

(or more) of the other sites of failure can be assumed to have occurred first. This process, shown 

diagrammatically in Figure 9 below, can then be iterated for the further failures (if there are 

more than two). This methodology must be developed further and verified before being used 

reliably. 

 

 

 

Figure 9. Outline of the FE/fractography methodology for a stiffened panel 

 

4. Summary 

This paper has outlined some of the challenges associated with the future of polymer composite 

fractography. These have been categorised into three general topics: composite-to-composite 

fretting, hygrothermal effects, and the sequencing of physically isolated failures. As polymer 

composites become more widespread throughout multiple industries, and increasingly diverse 

composite systems are developed, fractography provides a useful tool in determining how new 

material systems fail, post-failure analysis, and in aiding composite design to mitigate in-service 

failures. 
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Abstract: Carbon fiber reinforced polymer (CFRP) composites have been applied into many 

applications due to high specific strength and modulus. However, CFRP composites have very low 

failure strain, along with unexpected fracture, which is a disadvantage in engineering design. In 

this study, mechanical behavior of hybrid composites with various carbon fiber/glass fiber 

patterns were investigated to implement the composites that compensates for disadvantages of 

each material. Traditionally, while it is difficult to manufacture hybrid composite in intralayer 

level, 3D printing technology could make various complicated hybrid patterns by micro scale. 

Hybrid composites specimens were fabricated by intrayarn level using 3D printing. Tensile test 

and three-point-bending test were performed to investigate the mechanical behavior of HFRP 

composites. Consequently, hybrid composites with higher dispersion showed improved tensile 

strength and modulus. Flexural strength and modulus could be increased by 71.3, 84.8, and 56% 

in hybrid composite than glass fiber reinforced polymer (GFRP) composites.  

Keywords: Hybrid composite; intrayarn; Carbon fiber reinforced polymer (CFRP); Glass fiber 

reinforced polymer (GFRP); 3D printing 

1. Introduction 

Recently, as the regulations of carbon emission have been strengthened due to growing 

attraction of environment protection, the weight reduction is one of the critical issues in 

automotive industry field [1]. To meet these criteria, the carbon fiber reinforced polymer (CFRP) 

composites have been widely applied to the automotive components [2-4]. Since the CFRP 

composites have high specific strength and modulus, it can be achieved up to 40~60% of weight 

reduction in automotive field along with excellent mechanical properties [5]. However, CFRP 

composites have very low failure strain characteristic, abrupt and premature failure often occurs 

which is the disadvantages in engineering design [6]. To improve the weakness, the studies of 

hybrid composites have been increasing due to their complementary advantages of each 

material such as CF with high strength and GF with high failure strain. Hybrid composites could 

be classified by 3 types: Interlayer, Intralayer, and Intrayarn hybrid composites as shown in Fig.1 

[7]. The interlayer hybrid composites have been most widely studied since it was relatively easy 

to handle by varying the stacking sequence and angle with different ply materials [8-10]. 

Although hybrid composites on the intralayer level is more difficult to fabricate than previous 

case, it shows more improved mechanical properties such as out-of-plane strength and fatigue 

behavior due to high dispersion [6,11]. Mixing fiber level called “intrayarn” would be expected 
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to show further enhanced mechanical behavior due to mutual influence between different 

materials. However, conventional fabrication process faces problem with manufacturing 

intrayarn hybrid composite because of its time consuming and difficulties with delicate 

arrangement of fiber. Nowadays, due to the development of three-dimensional (3D) printing 

technology, the hybrid composites with various and complicated patterns could be 

implemented on fiber level [12]. 

In this study, mechanical behavior of hybrid composites with various carbon fiber/glass fiber 

patterns in intrayarn level were investigated to implement the composites that compensates for 

the disadvantages of each material. The hybrid composites with various combination patterns 

were fabricated through 3D printing method. Tensile and three-point-test were performed to 

investigate the mechanical behavior with respect to the hybrid patterns. The fracture surfaces 

were taken by digital microscope to observe failure mode after flexural test.  

 

Figure 1. The constituent unit of hybrid composites: (a) interlayer, (b) intralayer, and (c) 

intrayarn. 

2. Experiments 

2.1 Materials 

As indicated in Fig. 2 (a-b), the two types of filaments were used to fabricate the hybrid 

composites: continuous carbon fiber (CCF) filaments and high strength high temperature (HSHT) 

glass fiber filaments (Markforged®, USA). Table 1 shows the mechanical properties of each 

filament provided by manufacturer [13]. The continuous fibers of each filament are pre-

impregnated in nylon 6 with a melting point of about 220℃. The diameter of carbon fiber 

filament is 0.34 - 0.38 mm, and HSHT glass fiber’s either. 

 

Figure 2. Continuous fiber filament of Markforged: (a) carbon fiber filament, and (b) HSHT glass 

fiber filament (c) Desktop 3D printer (composer A3, Anisoprint) 
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2.2 Specimen fabrications 

The mechanical test specimens were 3D printed using composer A3 (Anisoprint LLC) as shown 

Fig. 2 (c). All continuous fiber filaments were 3D printed with the nozzle temperature of 235℃. 

There were types of fiber reinforced composites: carbon fiber reinforced polymer (CFRP) 

composites, glass fiber reinforced polymer (GFRP) composites, and hybrid fiber reinforced 

polymer (HFRP) composites. Since the 3D printing generally proceeds with one material per layer, 

intrayarn hybrid composites with various combination patterns in a layer were implemented by 

editing G-code of 3D printer. Fig. 3 shows hybrid composite patterns in the cross-sectional 

direction, where blue color denotes CF and orange color means GF. The volume fraction 

between CF(C) and GF(G) was the same for all specimens as CF 50 : GF 50 (see Table 2).   

Table 1: The mechanical properties of constituent materials [13] 

Material 
Tensile strength 

(MPa) 

Tensile modulus 

(GPa) 

Flexural strength 

(MPa) 

Flexural modulus 

(GPa) 

Carbon fiber 800 60 540 51 

HSHT glass fiber 600 21 420 21 

 

Table 2: The volume fraction of hybrid composite according to the patterns. 

Pattern case Volume fraction ratio (C : G) 

Carbon fiber 100 : 0 

HSHT glass fiber 0 : 100 

C-G-C 50 : 50 

C-G-C-G-C 50 : 50 

CG-CG-CG-CG 50 : 50 

 

 

Figure 3. Combination patterns: (a) CFRP; blue (B) GFRP; orange, (c) HFRP case 1, (d) HFRP 

case2, and (e) HFRP case 3  
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The specimens were 3D printed in the thickness direction by 8 layers in a [0]4𝑠 for tensile test. 

The dimensions of tensile specimen are 1 mm in thickness, 10 mm in width, and 200 mm in 

length (see Fig. 4 (b)). For flexural test, specimens were printed by 16 layers in a  [0]8𝑠 with 

thickness of 2 mm, and width of 20mm. The length is same as 200mm with tensile test specimen 

(see Fig. 5 (b)). 

2.3 Mechanical tests 

Tensile test was performed according to ASTM D 3039 with the displacement loading rate of 

2mm/min using a universal tensile machine (RB 301 UNITECH-M, R&B, South Korea) (see Fig. 4 

(a)). 

 

Figure 4. (a) Tensile test equipment and (b) test specimen according to the printing pattern  

To investigate the flexural properties, three-point-bending (3PB) test was conducted based on 

the ASTM D790 using a universal tensile machine either (see Fig. 5 (a)). Displacement loading 

was applied with the speed of 2mm/min and radius of supports and loading jig are 20mm. 

Fracture surfaces of specimens were analyzed after mechanical properties test using digital 

microscope (AM4113ZT, Dino-Lite, Taiwan). 

  

Figure 5. (a) Three-point-bending test equipment (b) flexural test specimens according to the 

printing pattern 
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3. Results and discussion 

3.1 Tensile properties 

The hybrid effect was defined from the rule of mixtures (ROM). It presents that enhancement 

or decline of hybrid composite’s mechanical properties comparing by ROM and it could be 

calculated as follows [14]: 𝜆 = 𝜎𝑇𝜎𝐻 − 1                         (1) 

where, 𝜆 is the hybrid effect for tensile properties, 𝜎𝑇 is the tensile strength or modulus of the 

hybrid composite, and 𝜎𝐻  means tensile strength or modulus of the hybrid composites 

calculated from the ROM. The Hybrid effects is presented as a positive or negative deviation, 

calculated hybrid effects for tensile properties are given in Table 3. As shown, the hybrid effects 

for both tensile strength and tensile modulus are negative. The degree of dispersion increases 

in the order case 1, 2, and 3, and the hybrid effect for strength and modulus is near at 0 as the 

dispersion increases. It is noteworthy that in hybrid composites, higher dispersion leads higher 

tensile properties. 

Table 3: Tensile properties of HFRP composites according to the combination patterns. 

Specimen 
Tensile  

Strength (GPa) 

Hybrid effects for 

Strength 

Tensile  

Modulus (MPa) 

Hybrid effect for 

Modulus 

Case 1 399.0 -0.198 37.4 -0.160 

Case 2 375.1 -0.246 41.2 -0.074 

Case 3 401.3 -0.193 42.5 -0.045 

 

3.2 Flexural properties 

Fig. 6 shows load-displacement curve as results of flexural test, and the significantly different 

flexural behavior was observed according to the HFRP type. The catastrophic failure was 

observed in CFRP (see Fig.6(a)), whereas no sudden load drop was found in (see Fig.6(b)). Rather, 

the load was maintained even under large deformations. In case of HFRP composites, both CF 

and GF properties were exhibited as shown in Fig. 6(c-e). The more load drops appeared in HFRP 

case2 than that of HFRP case1. Since the HFRP case 2 has more interfaces between CF and GF 

layer, they prevent crack propagation with no rapid load drop. However, the maximum load of 

case2 was lower than that of case1 because the ratio of CF fibers on the compressed surface, 

that is, the outer layer, was less in case2 than in case1 [10]. The case3 shows completely 

different LD curve behavior compared to the case1 and 2 as shown in Fig. 6(e). There was no 

sudden load drop which was similar to the GFRP behavior, and the maximum load was similar 

to case1. In case3, CF and GF were 3D printed alternately with highest dispersion. As a result, it 

was found that the higher dispersion of the hybrid composite, the higher strength characteristics 

and the smooth LD curve behavior such as GFRP. As shown in Fig. 7, the highest flexural strength 

was found in case1 compared to other HFRP due to the more CF layer on outer surface. Although 

there was less carbon fiber layer at the compressive side in case3 compared to the case2, the 

higher flexural strength appeared than that of case2 even with same volume fraction due to the 
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higher dispersion. Consequently, HFRP case2 showed 84.8% higher flexural modulus than that 

of GFRP composites. 

 

Figure 6. LD curve (a) CFRP (b) GFRP (c) HFRP case1 (d) HFRP case2, and (e) HFRP case3  

 

Figure 7. Flexural test result according to the composites type; (a) Flexural strength and (b) 

Flexural modulus- 

3.3 Fracture surface 

In CFRP composites, the crack was initiated in tensile side and cracks has grown as strain incresed. 

As shown Fig. 8 (a), that fractures occured slowly in tensile side, and broken single fiber was 

observed in fiber fracture area. After the cracks have grown to some extent, complete failure 

occurred abruptly. After compressive failure in an instant, fracture surfaes were formed 

relatively smoothly. The GFRP composite showed completely different fracture mode with CFRP 

composite. In GFRP composite, a few fiber fractures were shown, while cracks at compresive 

side did not lead to complete fracture until 20 mm in displacement (see Fig. 8 (b)). For HFRP case 

1 and 2, the compressive fiber failure were found at surface layer similar with CFRP, but the 

delamination occured dominatly along with the interface between CF and GF as indicated in Fig. 

8 (c) and (d). Microbuckling, a kind of compressive fracture, lead to delaminaton. In Case3, 

carbon fibers have broked, whereas no fracture could be seen in glass fiber. This is related to 

the LD curve behavior of it which was similar with the GFRP composites (see Fig.6 (e)).   
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Figure 8. Optical images of fracture surface as a result of flexural test: (a) CFRP, (b) GFRP, (c) 

HFRP case1, (d) HFRP case2, and (e) HFRP case3. 

4. Conclusion 

In this study, mechanical behavior of intrayarn hybrid composite were investigated to 

complement disadvantages of composite that use one kind of fiber. To fabricate intrayarn hybrid 

composite, carbon fiber filaments and glass fiber filaments were used, and HFRP composites 

specimens were fabricated by 3D printing. Tensile test and flexural test were conducted. Then, 

fracture surfaces were observed by digital microscope to analyze flexural behaviours. As a result, 
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hybrid caes3 showed highest tensile hybrid effect due to the high dispersion. Moreover, the 

higher the hybrid dispersion, the better the disadvantages of each material were compensated, 

and the complementary properties of each material were realized much better. 
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Abstract: 3D woven composites can be of great benefit in increasing delamination resistance. 

With fiber reinforcement through-the-thickness, 3D composites prevent delamination cracks 

from impact fracture, thereby reducing the occurrence of matrix separation damages of laminate 

structures. When a novel design as 3D weaving is implemented for special geometries 

composites in I, T, and C forms, optimization studies need to be performed. This study aims to 

investigate how the load-carrying capacity of I-beams changes when the vertical load carrying 

wall has different weaving patterns. A comparison was performed between regular weaving 

pattern has a cross-link point of load bearing wall (LB-X) and a novel design without cross-link 

point of load bearing wall (LB-II). I-beam composites were manufactured with 3D-weaved I-beam 

LB-X and LB-II fabrics by vacuum infusion process (VIP). Void content analysis was studied to 

examine the composite quality after VIP. The mechanical properties of LB-X and LB-II were 

studied with 3-point bending tests. The results presented a significant change in bending loads 

of LB-X and LB-II with 793 N and 1421 N presenting the increased load carrying capability when 

a novel weaving pattern has been implemented. Void contents were presented for LB-X and LB-

II with 2.64% and 1.70%, respectively. 

Keywords: 3D weaving; structural composite; woven preform; flexural strength; composite 

quality. 

1. Introduction 

Laminated structures commonly used in the aerospace industry consist of 2D woven ply 

reinforcements and thermoset resins. 2D laminated structures completely provide excellent 

mechanical properties, light-weight properties, and easy production (1). However, the poor 

interlaminar and intralaminar properties in 2D lamina structures, the presence of matrix and 

fiber cracks under transverse load, poor damage tolerance, and low delamination resistance 

limit the load-bearing properties of lamina structures through the thickness. This limitation has 

a particularly profound effect on composite structures having I shapes, such as ribs, stringers, 

and spar. The exposure of these structures to radial and shear forces throughout the thickness 

leads to delamination and early undesired failures (2). Delamination damage is one of the most 

common types of damage in composite materials. The formation and growth of delamination 

cracks in composite laminates can lead to serious structural problems, such as reduced 
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structural stiffness, subjecting the structure to internal stresses, and resulting fracture of the 

material, which can lead to eventual failure (3). Many researchers reported that these failures 

can be solved by using the 3D weaving method, which increases damage tolerance and 

delamination resistance (4–6).  

Unlike traditional in-plane 2D laminated composites, 3D woven composites improve the 

interlaminar properties of composites by preventing delamination since the presence of yarns 

is oriented along the thickness direction. Another advantage of 3D weaving is to enable the 

production of preforms with complex architecture, near to net shape (7). Furthermore, 3D 

fabrics exhibit much higher wettability capability than stacked 2D laminated structures, resulting 

in increased matrix infusion rates and reduced infusion time during the fabrication of structures. 

The higher wetting ability of 3D woven preforms provides ease of production in complex 

structures (8,9). Several engineering components such as I, T, C beams are widely used in 

aerospace structures(10). Hence, weaving studies of spacer (hollow) fabric are essential to 

create such preforms will avoid the possibility of forming composites without any joining. 

Behera et.al. have studied the weaving of 3D spacer fabrics and their composites on various 

shapes including I beams (4–6,11). These investigations indicated how the mechanical property 

and failure behavior of 3D woven composites are influenced by the different geometries and 

vertical wall patterns. In their weaving patterns, at the vertical walls of I beams cross-linking 

point forming the X profile is present similar to several studies from literature (11). The aim of 

this study is to examine the effect of a novel weave design on the load-bearing capacity of a 3D 

woven I-beam with and without this cross-linking point. Vertical load bearing walls with cross-

linking point (LB-X) and without cross-linking point (LB-II), are presented in Figure 1.  

 

Figure 1. 3D I-beam composites a) LB-X design with crosslink point b) LB-II design without 

crosslink point. 

3D I beam composites were manufactured by vacuum infusion process (VIP). The quality 

assurance of all composites is performed by void content analysis through image processing. 

The mechanical properties were examined with 3-point bending tests to study the behavior of 

vertical wall when LB-X and LB-II designs are present. 

2. Experimental 

2.1. Weaving of I-beam preforms 

3D woven rectangular spacer fabric is produced by weaving with a custom-built 2D weaving 

machine. The 3D woven rectangular spacer fabrics have a flange width of 7 cm, a vertical wall 

height of 2 cm, and a width in the weft direction is 20 cm. To obtain I-shaped fabric structures, 
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fabrics are cut from half of the flange to obtain LB-X and LB-II I-beam fabrics with a width of 7 

cm, a wall height of 2 cm, and width of weft direction of 14 cm. 

The production of LB-X and LB-II I-beam fabrics varies according to the weaving plan by changing 

the fiber orientation on vertical walls. The weaving process of LB-X I-beams is provided by using 

2 beams as mentioned in the literature and by pulling one of the beams to form the vertical 

walls (6,11,12). In LB-II I-beam weaving, four warp beams are employed differently from the 

weaving process and LB-II beams are obtained through pulling three different beams of floating 

fabrics sequentially. In LB-X and LB-II I-beam preforms, the fabrics forming the upper and lower 

surfaces have a warp density of 20/inches and a weft density of 4/inch, and the vertical walls 

consist of layers with a weft and warp density of 4/inch. 

2.2. Fabricating of I-beam composites 

The 3D LB-X and LB-II I-beam composites were fabricated via a vacuum infusion process (VIP). A 

two-component thermoset epoxy resin (HEXION MGS L160/H160) was mixed at a mixing ratio 

of 4:1 and cured for 24 hours at room temperature. To manufacture 3D I beam composites, a 

molding was performed from wooden blocks wrapped with non-porous PTFE-coated fiberglass 

fabrics. The molds were inserted to the hollow preforms and then the resin was infused followed 

by a vacuum process to avoid the formation of excess of void content. The vacuum infusion 

process was applied on the glass plate and infusion mesh was placed for the I-shaped fabric to 

ease impregnation of the resin and peel plies were placed on the top and bottom of the preform 

for easy demolding. 

In addition, to obtain a homogeneous vertical wall thickness, aluminum plate pieces of 2 mm 

thickness and 1 cm2 area were placed between the molds in the production of LB-X and LB-II I-

beam composites. After the production of LB-X and LB-II I-beam composites, the fiber volume 

fraction was appointed by weighing composites before and after infusion, and calculated as %34 

and %40, respectively. 

2.3. Characterization 

The LB-X and LB-II I-beam composites were tested with 3-point bending to investigate their 

flexural performance by SHIMADZU AGS-X 50 kN Universal Testing Machine with three rollers of 

supports diameter of 60 mm. Also, the testing speed of the crosshead was 1 mm/min. The span 

length of 80 mm was kept constant for all I-beam composites, while the dimensions of the 

specimen were at 20x60x140 mm for each structure. The force to stroke values obtained 

resulting from the test were converted into flexural stress to flexural strain values solving 

equations (1) and (2). 𝜎𝑓 = 3𝑃𝐿/2𝑏𝑑2                  (1) 𝜀𝑓 = 6𝐷𝑑/𝐿2                                              (2)  

Another parameter that has a crucial effect on the difference in mechanical properties of LB-X 

and LB-II I-beam composites and the quality of I-beam composites was void content. Since, it is 

critical to produce reliable and high-quality 3D I beam composites, the void content of the 3D 

structures was studied by an image processing through ImageJ software. The results were 

correlated with the mechanical properties to also discuss the quality of composite 

manufacturing process with the custom-built molding tools as presented in here. The pictures 
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of the vertical walls of both LB-X and LB-II were taken by optical microscopy and processed 

through ImageJ software. The amount of voids were calculated as follows: 𝑉𝑣 = 𝑇ℎ𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑣𝑜𝑖𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑝𝑡𝑖𝑐 𝑚𝑖𝑐𝑟𝑜𝑠𝑐𝑜𝑝𝑒 𝑖𝑚𝑎𝑔𝑒𝑇ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑝𝑡𝑖𝑐 𝑚𝑖𝑐𝑟𝑜𝑠𝑐𝑜𝑝𝑒 𝑖𝑚𝑎𝑔𝑒 × 100 

3. Results and Discussion 

3.1. Void Content analysis 

Void content of composite structures is very critical to achieve the required mechanical 

characteristics. The increase in void content causes the composite to fail at lower strength than 

it supposed to be. Hence, such in 3D I beam composites the wetting of resin and curing stages 

should be well controlled to have lower void contents. With such a complex geometry than a 2D 

laminated structure, higher void content will cause stress concentrations around the void which 

will facilitate the formation of matrix-fiber cracks. Optical microscope images of I-beam 

composites with 600 TEX LB-X and LB-II vertical walls were fabricated at ambient conditions and 

with similar parameters in Figure 4. The results presented an average of 2.20% void for LB-X I 

beam composites, and 1.65% void for LB-II I beam composites. All imaging was performed at the 

vertical walls of the 3D I beam composites. The results were further studied for the mechanical 

property investigation with 3-point bending tests.  

 

Figure 4. The optical microscope image of a) LB-X and b) LB-II 3D I-beam composites with void 

content analysis 
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3.2. Three-point-bending test results 

The load-bearing capabilities and flexural stress values varying according to the vertical wall 

weaving pattern were studied. The flexural stress and load-bearing forces are given in Figure 2. 

Higher flexural stress has been observed with the advantage of the LB-II geometry arising from 

the design of the vertical wall. All 3D I beams composites were manufactured from 600 TEX yarns 

hence a minimal fiber weight fraction changes have been observed during the composite 

manufacturing. The LB-X weave pattern with a cross-linking point is susceptible of creating stress 

accumulation at the intersection point. Hence, the changes in the vertical wall design resulted 

an approximately 20% more efficient and durable mechanical property when LB-II was 

considered.  

 

Figure 2. The 3-point bending test results of 600 TEX LB-II and LB-X I-beam composites produced 

by vacuum infusion process a) Flexural stress-flexural strain graph b) Load Bearing Force-Stroke 

graph 

The flexural stress to strain results presented in the figure 2., the stress value at which the first 

fracture occurs in the LB-X design is 12.71 MPa whereas this was 14.91 MPa in the LB-II I-beam 

composites. The maximum stress and load bearing force values obtained resulting from the 3-

point bending tests performed on LB-X and LB-II I-beam composites are given in Table 1. 

Table 1: Maximum load bearing force and flexural stress 

Production Method Weaving Pattern Load Bearing Force [N] Flexural Stress [MPa] 

VIP LB-X 2773 12.71 

VIP LB-II 3310 14.91 

Failure mode situations that occur according to the difference in weaving patterns are clearly 

shown in the Figure 3. The local failure of LB-X and LB-II I beam composites the vertical wall was 

apparently given in Figure 6a and 6b. Under the loading condition, it has been observed that 

fractures occur at lower forces due to the fact that the I-beam composite with LB-X weaving 

pattern has a stress accumulation region with the increase in stress and strain values. Fractures 
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reaching the cross-point region continue to increase and thusly cause buckling and distortion of 

the structure. 

 

Figure 3. Failure modes of LB-X and LB-II I-beam composites under flexural loading conditions 

4. Conclusion 

3D I-beam composites with a novel weaving pattern of LB-II presented a higher load carrying 

capability compared to more widely studied weaving designs of the vertical wall as LB-X in an I 

beam structure. To examine the mechanical properties and resin permeability of LB-II 3D I-beam 

composites, void content and 3-point bending test analysis were applied to the composites. It 

was also presented that LB-II woven patterned composites provide lower void content. The 

results clearly demonstrated that such a novel weaving design of LB-II 3D I-beam composites 

were more durable than LB-X I-beam composites. Since the flexural stress of the LB-X I beam 

composites was increased after eliminated of crosslink point on the vertical wall, the failure 

mode of I-beam composites under bending load changed and the mechanical performance 

increased by 20%. 
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Abstract: The quantification of matrix cracking during in-plane tensile experiments is 

challenging, particularly when opaque composites with complex lay-ups are concerned. In this 

study, experimental damage characterizations are performed for multidirectional laminates 

made of Glass/Polypropylene tapes under uniaxial tension loadings. Stereo Digital Image 

Correlation is implemented to measure strain fields and crack evolutions on the front and the 

edge surfaces of flat coupons. A damage detection methodology is developed to detect matrix 

cracking in the off-axis plies based on displacement discontinuities. Four multidirectional 

laminates with [02/90]2s, [902/02]s, [0/45/0/-45]s, and [0/45/90/-45]s lay-ups are characterized to 

investigate the effects on crack initiation and growth. To validate the experimental 

measurements, post-mortem in-situ microscopy and a recent physics-based modelling technique 

are considered that can predict ply cracking, delamination and fibre breakage evolution and 

estimate the effects of damage modes on laminate properties. Good agreements are observed 

between the experimental and modelling results. 

 

Keywords: Thermoplastic composite; multidirectional laminates; damage characterization; in-

situ instrumentation; physics-based modelling 

1. Introduction 

The observation of damage modes in multidirectional composite laminates without stopping the 

test is a cumbersome task. Visual inspection methods, such as photographs or advanced 

illumination techniques can provide useful insights into crack characteristics for transparent 

composites (e.g. glass/epoxy). Unfortunately, a broad range of composites is rather opaque, as 

is the case for Glass/Polypropylene (glass/PP). Recently, Digital Image Correlation, an optical-

based instrumentation technique, has been used to assess matrix cracks in multidirectional 

carbon/epoxy laminates under bending loads [1] and in glass/epoxy laminates under in-plane 

loadings [2] with good agreement to post-mortem microscopy. 

In the current research, we aim to perform a comprehensive damage characterization under 

uniaxial quasi-static tensile loading for multidirectional glass/PP laminates as this composite is 

an interesting alternative in large batch applications. To do so, a consistent manufacturing 

process based on hot-press moulding is implemented to produce glass/PP plates with reliable 

material properties, e.g. same fibre volume fraction for different stacking sequences. Four lay-

ups, [02/902]s, [902/02]s, [0/45/0/-45]s and [0/45/90/-45]s are investigated to study the effects of 

laminate stacking sequence and ply thickness on the mechanical performance, crack initiation 
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and progression. The effective mechanical performance and damage quantification are 

measured by two Stereo Digital Image Correlation (3D-DIC) systems. One 3D-DIC system is 

devoted to measuring full-field strains with validation by an extensometer in the axial direction. 

The other 3D-DIC system is designed for in-situ damage measurements on the specimen’s edge 

surface with validation by post-mortem microscopy. For each laminate, the axial and transverse 

strains together with crack density in different off-axis plies are determined. The experimental 

results are further validated using a recently developed physics-based modelling technique [3, 

4] based on the variational approach [5] and energy-based [6] failure criteria. To provide the 

required elastic properties for modelling inputs, basic laminates, [0]8, [90]8 and [±45]2s are 

manufactured and tested.  

2. Material and experimental methods 

2.1 The manufacturing process and sample preparation 

Unidirectional glass fibre reinforced polypropylene (glass/PP) tapes, namely UDMAXTM GPP 45-

70 (SABIC FRT Tapes) are used for the production of uni- and multidirectional laminates by hot-

pressing. The initial tape fibre volume fraction is 45 % with a nominal ply thickness of 0.25 mm. 

A maleic-anhydride modified isotactic polypropylene is used in the glass/PP tapes to improve 

the fibre-polymer adhesion and mechanical performance. All laminates are produced in a closed 

mould with (i) a heating phase to 210 °C with 4.5 K/min under 0.5 bar pressure, (ii) a holding 

phase of 10 minutes to ensure homogeneous temperature distribution, and (iii) a cooling phase 

to 50 °C with -8.5 K/min while applying 37 bar pressure for unidirectional and 45 bar for 

multidirectional laminates, respectively during consolidation. The pressure profiles are adjusted 

to achieve comparable plate properties and fibre volume fraction (see Table 1) without having 

voids in multidirectional laminates (see Figure 1) caused by the shrinkage behaviour of PP.  

 

Figure 1. Microstructures for some lay-ups by applying different maximum pressure profiles. 

Rectangular samples, 200 mm x 20 mm, were cut from the produced plates by a water-cooled 

diamond disc and 50 mm long tabs were prepared of [±45]2s glass/PP laminates. Poor adhesion 

was obtained when using adhesives to bond the tab material onto the PP surfaces. Therefore, 

tabs are welded onto the glass/PP specimen by ultrasonic vibration welding.  
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Table 1: Plate properties for used maximum pressure and stacking sequences (five repetitions), 

selected consolidation pressure and properties are in bold 

 

 

2.1 Testing methodology and details of crack detection by using 3D-DIC 

All tensile tests are performed on a servo-hydraulic INSTRON 8801 with a load cell of ±100 kN 

using a testing speed of 2mm/min. All multidirectional laminates for the study of damage 

behaviour are tested up to 2.4 % axial strain, controlled by an extensometer. The final failure 

was avoided to allow matrix crack inspection after the experiment for validation purposes. In all 

experiments, strains are measured on the front surface by 3D-DIC that were later post-

processed to obtain the axial stiffness reduction by using the secant modulus and Poisson’s ratio 

evolution. The damage detection is performed on the polished edge surface by the second 3D-

DIC system. An automated damage algorithm is developed to quantify matrix cracking based on 

the measured axial displacement field. Therefore, the post-processed axial displacement field 

by ViC-3D software is exported to the Matlab software for the crack detection approach. The 

criterion to define a crack in the off-axis ply is based on displacement discontinuities caused by 

the separation of crack surfaces [2]. Several crack detection paths are considered and equally 

spaced over the off-axis ply thickness to include also crack growth over the thickness. Post-

mortem microscopic observations were performed after every single experiment by a Keyence 

microscope to identify cracks and to validate the crack detection algorithm to provide finally the 

crack progression during the performed tensile experiment. 

3. Results and Discussions 

3.1 Cross-ply [02/902]s laminate with embedded off-axis ply 

The measured mechanical performance and average crack density evolution together with 

modelling results of [02/902]s glass/PP laminates are illustrated in Figure 2. In figure 2a) are the 

measured axial and transverse strains illustrated, in b) the evolution of Poisson’s ratio and in c) 

the axial stiffness reduction versus the applied load for three samples, respectively. These results 

are measured by 3D-DIC on the front surface of every sample and validated by an attached 

extensometer. Excellent agreement is observed between both axial strain measurements. Very 

small scatter between the tensile performance of three samples can be seen, although in-plane 

fibre waviness cannot be denied for glass/PP. The detected cracks in the embedded 90 ply were 

obtained by performing 3D-DIC on the edge surface.  An average crack density (Figure 2d) is 

used to consider the observed crack pattern (Figure 2e) by reporting the average of the crack 

numbers detected in every single path over the maximum crack distance. The majority of cracks 

are not fully propagated through the ply thickness caused by crack arresting phenomena due to 

localized matrix yielding in polymer-rich areas.  

Stacking sequence multidirectional Unidirectional 

Applied pressure [bar] 35 45 40 35 37 

density [g/cm3] 

(acc. ASTM B962) 

1.69 

± 0.02 

1.71 

± 0.03 

1.74 

± 0.01 

1.69 

± 0.01 

1.71 

± 0.01 

fibre vol. [vol%] 

(acc. ASTM D3171) 

- 49.56 

±0.48 

51.01 

± 0.56 

49.01 

±0.19 

49.68 

±0.24 

microscopy  voids void-free  
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Figure 2. Quasi-static tensile behaviour of glass/PP [02/902]s laminate, measurements and 

modelling results. a) stress-strain performance, b) Poisson's ratio evolution, c) axial stiffness 

reduction, d) crack density evolution, microstructure after e) testing and f) sectioning 

The first observation is that the model can be calibrated to predict a similar crack density growth 

as measured in the experiments for an average ply cracking fracture energy of 120 J/m2 without 

consideration of residual stresses. This value is taken as a statistical value using a normal 

distribution with a standard deviation of 25% when performing four simulations using the 

variational approach [5]. Secondly, the model can accurately predict the axial and transverse 

strain evolutions while delivering very good predictions for the Poisson’s ratio and axial stiffness 

reduction using the measured elastic material properties of E11 = 38.97 GPa, E22 = 5.39 GPa, G12 

= 2.04 GPa and ν12 = 0.3 from testing basic laminates. Thus, when testing [0]8 laminates, minor 

stiffness reduction of approx. 5% starting from 1 to 2 % axial strain was measured and included 

in the model. The latter observation confirms consistency between the observed damage 

modes, the reported average crack densities and a small amount of fibre breakage, and the 

measured laminate properties verifying the accuracy of both experiment and modelling. Finally, 
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it is noteworthy that the observation of ply cracks is performed on the laminate edge surface 

and one might ask whether the same damage pattern exists inside the laminate. Sample 

sectioning by grinding and polishing over a depth of 4 mm from the edges was therefore 

performed (Figure 2f). The same number of cracks is observed as it was measured by 3D-DIC and 

manually counted in post-mortem microscopy before. However, due to the fibre waviness and 

matrix yielding effects, cracks are not exactly at the same location as before on the edge surface. 

3.2 Cross-ply [902/02]s laminate with external off-axis ply 

To observe crack propagation through the sample width, the [902/02]s cross-ply laminate is 

investigated with external 90 off-axis plies. The study of the results showed that an individual 

crack initiated at the edge and does not completely propagate through the sample width. 

However, there is almost always the same crack density measured at each considered detection 

path placed along the axial direction. This effect is mainly due to the presence of fibre waviness 

and polymer-rich areas inside the individual off-axis ply causing crack arresting by local matrix 

yielding, while there is another crack at a site very close by (Figure 3).  

 

Figure 3. Crack detection on an externally attached 90 ply in a [902/02]s glass/PP laminate, a) 

axial strain map at 2.2 % global axial strain, b) comparison of average crack densities 

measured on the front and edge surface, c) damaged microstructure. 

The mechanical performance and the detected average crack densities are in very good 

agreement between experiments and modelling using the same modelling inputs. The measured 

crack evolution on the top and the edge surface for the upper and lower 90 plies are very similar 

(Figure 3b). Although the 3D-DIC observation window (Fig. 3c) on the edge surface could only 

partially capture both 90 plies, no differences were observed by counting cracks manually.  

3.3 [0/45/0/-45]s laminate with embedded 45 and -45 off-axis plies 

The orientation of the off-axis plies can induce internal shear stresses which might affect the 

crack propagation. Figure 4 shows the mechanical performance (a-c), the measured average 

crack density evolution for the thick -45 ply (d) and the damaged microstructure after the test 

(e) and after sectioning (f). Cracks are present in both off-axis plies, but the thin 45 plies could 

not be fully captured by 3D-DIC and have been excluded from the measurements. The modelling 
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has been performed using the same input material parameters as before. In summary, there is 

good agreement between the modelling and experimental results for both the effective 

mechanical properties and the microscopic matrix crack evolution. This states that although in 

the modelling, ply cracks are assumed to be fully propagated through the ply thickness, it has 

small effects on the effective laminate properties. Furthermore, the measured average crack 

density is a suitable parameter to characterize the damage extent. 

 

Figure 4. Quasi-static tensile behaviour of glass/PP [0/45/0/-45]s laminate, measurements and 

modelling results. a) stress-strain performance, b) Poisson's ratio evolution, c) axial stiffness 

reduction, d) crack density of -45 ply, microstructure after f) testing and g) sectioning. 

3.4 Quasi-isotropic [0/45/90/-45]s laminate 

It is useful now to characterize the mechanical behaviour of a more complex quasi-isotropic 

[0/45/90/-45]s laminate. Figure 5 shows the mechanical performance (a-c), the measured 

average crack density evolutions for -45 ply (d) and both 90 plies (e), the damaged 

microstructure after the test (g) and after sectioning (h).  
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Figure 5. Quasi-static tensile behaviour of glass/PP [0/45/90/-45]s laminate, measurements 

and modelling results. a) stress-strain performance, b) Poisson's ratio evolution, c) axial 

stiffness reduction, crack density of d) -45 ply, e) both 90 plies, microstructure after f) test and 

g) sectioning 

There is a rather good agreement between modelling and experimental results for the effective 

laminate properties but the crack densities are slightly over predicted. This can be explained by 

the assumption of fully propagated ply cracks through the thickness, while in reality more load 
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is needed to propagate those cracks through the thickness. Another issue is that cracks in -45 

ply are propagating under a mixed-mode condition and different oriented neighbouring plies as 

was the case previously. However, the same average fracture energy of 120 J/m2 is assumed. 

The microscopic observations show that the entire interfaces of the 90 plies are delaminated 

and even some transverse cracks merged with delaminations (Fig. 5e) and caused large crack 

openings. Considering this aspect in the model requires measurements of the initiation and 

propagation of delaminations and the displacement opening of single cracks. The assumed 

average fracture energy of 120 J/m2 can reasonably well predict the initiation and propagation 

of ply cracks in glass/PP off-axis plies and more importantly their effects on effective laminate 

properties for different lay-ups. Therefore, a physics-based damage modelling approach based 

on energy failure criteria can potentially predict the mechanical performance in the presence of 

different interactive damage mechanisms. 

4. Conclusion 

A novel instrumentation technique consisting of optical measurements by 3D-DIC is developed 

to measure quantitatively average crack densities in embedded and external off-axis plies 

including validations by microscopy for opaque multidirectional glass/PP laminate. The 

measured average number of cracks on the edge surface is validated by post mortem 

microscopy and sample sectioning confirmed the same number of cracks inside. The observed 

damage modes in multidirectional glass/PP laminates are in agreement with commonly reported 

damage modes, although localized matrix yielding and fabrication-induced fibre waviness 

influence the damage progression. Overall, a very good agreement between the experiments 

and modelling was obtained for all investigated multidirectional laminates by using the same 

modelling input parameters. 
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Abstract: Fibre coating (sizing) is a key component for controlling interface integrity and 

functionality, as well as governing long-term performance characteristics of glass fibre 

composites. Silane coupling agent is the crucial component in glass fibre sizing contributing to 

interfacial adhesion, and its role needs to be fully understood in order to develop efficient sizing 

formulations. This study investigates the effect of a number of different silanes, typically used in 

glass fibre sizings, on the interfacial shear strength (IFSS) when combined with different 

thermoplastic polymers. IFSS was measured using the microbond test for both bare and silane 

sized glass fibres. The results showed that IFSS increased by sizing the fibres with silane. This 

improvement was observed for Polypropylene (PP) in all the applied silanes, whereas maleic 

anhydride grafted polypropylene (MaPP), polyamide 6 (PA6) and polybutylene terephthalate 

(PBT) did not show significant improvement in some of the applied silanes.  

 

Keywords: Microbond, Interface, Silane, Glass Fibre, Thermoplastics 

 

1. Introduction   

Glass fibre reinforced polymers are the most widely used polymeric composites due to the 

specific mechanical characteristics and low cost of glass fibre. In recent years, the development 

and applications of fibre-reinforced thermoplastic polymer composites have increased in 

different industries such as automotive and aerospace. Glass fibre thermoplastic composites are 

emerging technology that is being researched significantly these days as they usually exhibit a 

higher range of toughness and recyclability and have less complex processing requirements in 

comparison with thermosets [1]. 

Fibre, matrix, and the fibre–matrix interface properties are important parameters affecting the 

thermoplastic composites properties. To have desirable composite properties, the fibre-matrix 

interface should have the ability to effectively transfer stresses across the interface. During 

manufacturing of glass fibre, a thin surface coating (called Sizing) of mainly polymeric materials 

is applied on the surface of fibre. Sizing is a key component for controlling the interface integrity 

and functionality of glass fibre thermoplastic composites.  

Organofunctional silanes are key components of sizing, which are usually referred as coupling 

agents. These silanes are reported to improve the interfacial strength and hydrothermal 

resistance of the interface [2]. The general structure for a silane coupling agent is [X-Si(OR)3], 

where R is a methyl or ethyl group and X is a chemically reactive group that can interact with 

the composite matrix and/or the film former [2]. The interaction is usually known to be a 

chemical one, where the matrix is a thermoset polymer and the X group on the silane reacts 

with the matrix elements. It is not well understood whether a high molecular weight 

thermoplastic polymer matrix would have the same chemical interaction [3]. There are only a 

few studies on interfacial properties on glass fibre thermoplastics compared to glass fibre 

thermosets [3].  
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This study investigates the effect of a number of different silanes typically used in glass fibre 

sizings, namely γ-aminopropyltriethoxysilane (APS), γ-glycidoxypropyltrimethoxysilane (GPS) 

and γ-methacryloxypropyltrimethoxysilane (MPS), on the interfacial shear strength (IFSS) when 

combined with different thermoplastic polymers. Microbond testing, which is a wildly accepted 

method in polymer composites research has been used to evaluate the IFSS [4]. Microdroplets 

have been created from different thermoplastics i.e., PP, MaPP, PA6, PBT on unsized and silane 

sized glass fibres. The significance of differences in the averaged IFSS for the investigated 

systems is evaluated by two-tailed Student’s T-Test [5]. An example of SEM observations of 

debonded fibre matrix is illustrated. Furthermore, compatibility of the thermoplastics with 

different silane sized fibres is reported and discussed. 

 

2 Materials and method 

 

2.1 Materials  

The experiments were conducted using bare (water-sized) E-glass fibres taken from a large 

roving supplied by Sisecam. The thermoplastic polymers used were, PP (PETOPLEN EH102), 

MaPP (Polybond® 3200), PA6 (Tecomid® NB40 NL) and PBT (Tecodur® PB30 NL) supplied by 

Petkim, Addivant and Eurotec respectively. APS, GPS and MPS were purchased from Sigma 

Aldrich. The bare fibres were coated with 1% solutions of APS, GPS and MPS. The silane sized 

fibres used for the investigation are summarized in Table 1.  

 

Table 1: Glass fibre summary. 

Designation Sizing Mean fibre diameter (μm) 

BF Bare (water size) 17.5 

APS γ-aminopropyltriethoxysilane 17.7 

MPS γ-methacryloxypropyltrimethoxysilane 18.6 

GPS γ-glycidoxypropyltrimethoxysilane 17.9 

 

 
2.2 Silane treatment  

The process of applying the silane coatings started with calibrating a pH meter using buffer 

solutions of pH 4, 7 and 10. For adjusting the pH of deionised water to 5-5.5, a dilute acetic acid 

solution was used. This is to promote hydrolysis of the GPS and MPS in water. 1 mL of silane was 

mixed with 100mL of acidified deionised water then left to hydrolyse for 24 h in a sealed plastic 

container (Figure 1). APS solution was made at pH 7, as that’s the optimised pH level for APS [2]. 

30 cm BF bundles were completely immersed in the silane solutions, as shown in Figure 1 for 15 

minutes, then removed and dried in an oven for 30 minutes at 110°C.  
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Figure 1. Silane solution (left), immersed fibre bundles in the silane solution (right) 

 

1.2 Microbond test 

Sample preparation was done similar to a previous publication by Nagel et al. [6]. Steel washers 

were employed as the sample holders for the microbond test. Individual fibres were removed 

from bundles and applied on a steel washer, attached first with double-sided tape then secured 

with superglue. Long fibres were extruded from thermoplastics pellets and then they were used 

to make a knot around the fixed glass fibre on the washer. The samples were then proceed at 

220°C for PP, 200°C for MaPP and 260°C for PA6 and PBT in a vacuum oven under nitrogen flow 

and left to reach the ambient temperature under nitrogen. The droplets were examined under 

an optical microscope (200x). Only axisymmetric droplets were chosen for the test. Figure 2 

shows an example of a fine PP droplet that is prepared for the test. The fibre diameter, length 

of the droplet (embedded length) and droplet diameter were measured using the image 

processing software package ImageJ. A total of 30 samples were prepared for each batch and 

were subjected to microbond test using an Instron 3342 universal tensile testing machine as 

shown in Figure 4. The droplet was brought to just below the blades and the blades were closed 

until touching the fibre. The details of the sample were then inputted into the Instron software 

and the test began at a rate of 0.1mm/min using a 10N load cell. Eq. (1) formulates the 

calculation method for the IFSS. 

     𝜏 =
!!"#

"#$	%%
                                                                                                                               (1) 

Where τ is the interfacial shear strength, Fmax is the maximum load, Df is the diameter of the fibre 

and Le is the embedded length.  
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Figure 2. An example of a PP droplet 

 

Figure 3. Microbond set up 

 

 

3. Results	and	discussions	

Although it is not fully accepted whether micromechanical testing methods provide realistic 

approximations of the true interfacial properties, the microbond test is widely used by many 

researchers as an effective method for screening and comparing various sizings and it allows 

testing almost any combination of fibre and matrix [7, 8].  

The microbond testing results were based around bare and three different silane coated fibres 

(APS, GPS, MPS) with four different thermoplastics. The plot of maximum load against 

embedded area provides information on the spread of the data to be easily assessed. Figure 4 

shows a typical plot, exhibiting the scatter in data characteristic in the microbond test.  

 

Figure 4. Maximum load vs embedded area for APS with PP matrix. 
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Figure 5 shows the IFSS results obtained by the microbond tests on PP, MaPP, PA6 and PBT 

systems. All the IFSS and Student T.test results are also summarized in Tables 2 and 3. Overall, 

the PBT system has the highest IFSS values of all the investigated fibre/matrix systems. MaPP 

has the second highest IFSS value, followed by PA6 and PP. 

For PP systems, the application of any form of sizing contributed to an improved IFSS compared 

to a bare fibre. The silane sized fibres generally exhibited IFSS in the region of around 8 MPa, 

which shows the improvement in IFSS compared to BF. The p values obtained from the two-

tailed Student’s T-Test, see Table 3, between Bare and Silane sized fibres show that the 

difference in average apparent IFSS values for these systems are significant at the 95% 

confidence level, while there is a small difference when comparing the silane sized fibres with 

each other.    

It can be seen that IFSS for MaPP systems are much higher than PP systems for BF and silane 

sized fibre, this is in agreement with previous observation by Nygård et al. [9]. The results show 

that APS had the highest IFSS value of 21.9 MPa among all the samples in the MaPP system, and 

there is a little difference between the MPS and GPS. The T.test results in Table 3 also certifies 

these results.  

The IFSS results for PA6 systems show that APS has the highest IFSS value of 19.8 MPa, whereas 

Bare and GPS has the lowest value 16.7 MPa and 17.1 MPa respectively. However, the T.test 

results indicate that the differences in average apparent IFSS values for these batches are not 

significant.  

Microbond results for PBT systems stand as the highest value (approximately 30 MPa for BF and 

MPS, and 32 MPa for APS and GPS) among all the systems. However, there is only a small 

improvement in silane sized fibres compared to BF.  

 

 

Figure 5. IFSS results for the investigated systems. 
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Table 2. Summary of Microbond Testing Results 

Designation 
IFSS (MPa)  

PP 

IFSS (MPa)  

MaPP 

IFSS (MPa)  

PA6 

IFSS (MPa)  

PBT 

BF 5.1±0.6 18.3±2.6 16.7±2.9 30.0±3.5 

APS 7.2±0.8 21.9±1.7 19.8±4.2 31.9±3.9 

GPS 8.7±1.2 18.7±1.9 17.1±4.3 32.3±4.5 

MPS 7.5±0.8 19.4±2.6 18.8±4.9 30.5±3.7 

 

 

 

Table 3. Two-tailed Student’s t-Test between Bare and Silane sized fibres 

Paired samples p value in different Thermoplastic systems 

  PP MaPP PA6 PBT 

BF/APS 0.003*  0.02*  0.30 0.29 

BF/GPS 0.0002*  0.82 0.82 0.28 

BF/MPS 0.0006*  0.29 0.43 0.60 

APS/GPS 0.07 0.005*  0.27 0.89 

APS/MPS 0.62 0.14 0.74 0.59 

GPS/MPS 0.12 0.16 0.51 0.53 

* Significant at 0.05 level, 95% confidence limit 

 

From the results, the application of silane has some improvement in the IFSS of the 

thermoplastic composites. Given that there is not a significant difference between the IFSS 

results using different silane sizing, it is reasonable to suggest that the improvement might be 

due to both physical and chemical bonds in the interface.  

Figure 8 shows SEM images of a debonded PP micro-droplet sample. The SEM observations 

confirm the validity of the test, as the debonding can be seen clearly without any damage to the 

matrix or fibre. 

 

 

 

Figure 8. SEM image of debonded PP droplet. 
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4. Conclusion  

This study investigated the effect of different silane coatings and the adhesion of glass fibres 

with different thermoplastic matrices including PP, MAPP, PA6 and PBT. The microbond test was 

used to evaluate the effectiveness of silane coupling agents for coating glass fibres to improve 

the interfacial properties. In addition, SEM observation was used to study the morphology of 

the debonded droplets. SEM observations revealed the successful nature of debond, confirming 

the test accuracy. In most of the studied polymers, silane only increased average IFSS by small 

amounts which were generally not significant at 95%CL. There were some exceptions as IFSS 

improved for PP in all the silane sized fibres and MaPP in APS sized fibres. Previous studies 

suggest that this increase might be associated with the improvement of a chemical bond 

because of silane reacting with the matrix components. However, the IFSS increase observed in 

this study may instead be of a physical nature as the increase in the IFSS does not significantly 

vary by changing the matrix-reactive group on the silane. This conclusion needs to be supported 

with more technical analysis to better understand the bond nature to pave the way towards 

improved glass fibre reinforced thermoplastic materials. As a result, it is suggested that further 

analysis such as surface morphology measurement using atomic force microscopy and surface 

energy evaluation using contact angle measurements are required to carefully differentiate the 

contribution of physical and chemical nature of interfacial bonds.  
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Abstract: Knowing that carbon-flax hybrid composites combine both the properties of carbon 

(C) and flax (F) fibers, several stacking sequences of unidirectional (0°, 45°, 90°) epoxy-based non-

hybrid and hybrid carbon-flax composites were produced using vacuum infusion: [C6], [CF2]s, 

[F2C]s, [F6]. Ageing treatments in hot (60°C) or room-temperature water were achieved to study 

water absorption depending on both stacking sequence and water temperature. Tensile, 

bending, drop-weight and creep tests were processed on both unaged and aged samples. With 

standard deviations, an effect of the stacking sequence on the composite properties was 

highlighted. Carbon fibers were also fluorinated in order to increase their hydrophobic properties 

and potentially improve the adhesion between carbon fibers and matrix. 

Keywords: Carbon fiber; Flax fiber; Hybrid composite; Ageing  

1. Introduction 

Natural fibers are increasingly used as composite material reinforcement for several reasons, 

e.g. their good specific properties, their low price, their damping properties, and their ecological 

aspect. Among others, flax fibers are particularly interesting, as their specific properties 

compete with the ones of E-glass fibers, and that France is their biggest producer. However, 

natural fibers have drawbacks, e.g. hydrophilicity, poor adhesion with most of polymer matrices, 

or hardly-predictable mechanical properties, which may disqualify them to reinforce composite 

materials for structural applications [1]. 

Hybridization of natural fibers with synthetic ones, e.g. carbon or glass, is a way to obtain the 

advantages of both fibers while reducing their intrinsic drawbacks. Carbon-flax fiber reinforced 

composites were already studied, and are well-known for their good balance between damping 

and mechanical properties, with a lower water absorption than flax fiber reinforced composites. 

In this study, flax and carbon fiber fabrics were mixed in order to keep the lightness, damping 

properties and ecological aspect of flax fibers, while carbon fibers were used to increase both 

the mechanical and water-ageing properties of the composite materials. The study of tensile 

mechanical properties highlighted an evolution of elasticity and shear moduli and of Poisson’s 
ratios with the stacking sequence, modifying the whole compliance matrix. 

As fluorination of carbon fibers is known as a way to increase their hydrophobicity under 

judicious conditions [2], carbon fibers were fluorinated at various temperatures in this study. A 

future objective is to use them as composite reinforcement, in order to increase the resistance 

to water of these composite materials. 
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2. Materials and methods 

2.1 Fabrication of composite samples 

Composite materials were epoxy-based and reinforced with carbon and flax fibers. Carbon fiber 

fabric is a 12K HiMaxTM FCIM 313 from Hexcel. Flax fiber fabric is a unidirectional FlaxPlyTM 

fabric from Eco-Technilin. The resin used is the 1050 epoxy resin from Resoltech, combined with 

their 1056S hardener in 100:35 proportions. 

Composite materials were fabricated using vacuum resin infusion. 40 cm x 4 cm bands of fibers 

were first introduced in a waxed PMMA mold closed with clamps. Felt was stuffed into the mold 

entry and output holes to slow the resin flow. The mold was then connected to the vacuum 

system. The mix {resin + hardener} was also vacuumed for 5 minutes to avoid future porosities. 

The mix was then put to ambient air and aspirated by depression into the mold. The vacuum 

system was stopped once the fibers in the mold were completely impregnated with resin. 

The following 6-ply stacking sequences were made, where F and C stand for Flax and Carbon: 

[C6], [CF2]s, [F2C]s, [F6]. For each stacking sequence, three fiber orientation were investigated: 0°, 

45°, and 90°, leading to 12 unidirectional sequences. Pure resin samples were also fabricated. 

Glass-epoxy composites were fabricated to be used as tabs for tensile tests. The same protocol 

was used, with a 30 cm x 30 cm x 3 mm mold and Resoltech 1055S hardener. 4 plies of double-

ply +45°/-45° glass fabric were used, leading to the stacking sequence [+45/-45/+45/-45]s. 

After demolding, composite plates were left 14 days at room temperature (RT) to achieve post-

reticulation. Specimens were cut using a diamond saw with a water jet, and dried shortly after. 

2.2 Fiber fluorination 

Carbon fiber samples (consisting in 8 10 cm-long bundles) were treated with static fluorination. 

Fluorination apparatus consists of a reactor linked to a pure fluorine gas and a nitrogen gas 

bottles. A soda lime trap is set up at the reactor output, in order to trap residual F2 molecules. 

Fibers were put in a passivated-nickel basket in the reactor, which was then closed, and 

vacuumed (10-3 bar). The pump valve was then switched off, meaning the reactor was a closed 

system. Different fluorination temperatures were applied: RT, 230°C, 280°C, 330°C, and 380°C. 

N2 was first introduced up to a pressure of 0.03 MPa and then molecular fluorine up to 0.06 

MPa. Atmospheric pressure (0.1 MPa) was reached with N2. 20 minutes were then timed. The 

reactor was then flushed for at least 2 hours with N2 (flux of 600 mL/min) to eliminate both the 

remaining fluorine and side products through the trap. Fibers were then removed from the 

reactor, and their contact angle with water was measured using the method described in [2]. 

2.3 Water ageing and mechanical tests 

Water ageing was performed to study the influence of the stacking sequence on water 

absorption. The fiber orientation of aged composite materials was 0°. Two water ageing were 

implemented: for the first one, specimens were immerged for 3 months in 60°C demineralized 

water in a WeissTechnik climatic chamber. For the other one, specimens were immerged for 1 

year in RT demineralized water. For both ageing methods, tensile, bending and creep specimens 

were aged. In order to maximize water uptake, edges were not protected during ageing. 

Specimens were regularly weighted. To do so, specimens were got out of water, quickly dried 
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with absorbent paper, weighted and immediately replaced into water. Once steady state was 

reached, samples were dried at 60°C in 0% relative humidity until their weight was constant. For 

each stacking sequence, ageing method, and nature of specimen, 4 specimens were tested. 

Fick’s law, given in Equation (1), was used to study the water uptake of composites [3]: log (𝑀𝑡𝑀𝑠) = log(𝑘) + 𝑛 log(𝑡)                 (1) 

In this equation, Mt is the water weight in the sample at a given time, Ms the water weight at 

steady state, k a constant describing the relationship between the sample and water molecules, 

and n a constant describing the water absorption mode. In a Fickian or pseudo-Fickian diffusion 

model (n ≤ 0.5), the diffusion coefficient can be expressed as in Equation 2, where D is the 

diffusion coefficient, m the initial slope of Mt/Ms vs. time t1/2, and h the sample thickness: 𝐷 = 𝜋 (𝑚ℎ4 )2                   (2) 

Tensile tests were performed as much as possible in compliance with ASTM D3039 standard. 

Specimen dimensions were 170 mm x 15 mm x 3 mm. Tabs, whose dimensions were 50 mm x 

15 mm x 3 mm, were stuck with two-component glue to the specimens. 

The elastic region was investigated through tensile tests using a ZwickRoell UTS20K equipped 

with a 20 kN load cell, manual-clamping jaws, and a gauge acquisition station. Tests were 

performed at a 1 mm/min speed at RT. For unaged composites, FCAB-2-11 0°-90° strain gauges 

from TML were used to acquire both longitudinal and transversal deformations. Displacements 

of aged composites were measured using an extensometer with a stroke of 2.5 mm. To allow 

comparison, the 0° orientation of unaged composites was also tested with the extensometer. 

For each sequence, ageing method and fiber orientation, 4 specimens were tested. 

Compliance matrices of unaged samples were determined assuming that non-hybrid stacking 

sequences ([C6], [F6]) were transversely isotropic, hybrid sequences ([CF2]s, [F2C]s) were 

orthotropic, and pure resin samples were isotropic. Based on Kirchhoff-Love plate theory, the 

elements of the compliance matrix linked to the normal direction (Poisson’s ratios νx3, shear 

moduli Gx3, and E33 modulus) were neglected. To ease interpretation, only moduli and Poisson’s 
ratios were given, matrices being obtainable with these values. It should be noted that the 

matrices may not be symmetric, which could be due to standard deviation. Moreover, the 

obtained moduli may differ depending on the measurement system (gauges or extensometer).  

Once elastic properties were acquired, specimens were tested on a Schenck Hydropuls PSB250 

machine, equipped with a 100 kN load cell and hydraulic jaws. Jaw pressure was set at 100 MPa, 

and specimens were tensile tested until rupture at a speed of 1 mm/min, displacements being 

measured with a 1 mm extensometer. For each stacking sequence and composite ageing, 4 

specimens were tested. 

Three-point bending tests were realized as much as possible in compliance with ASTM D790 

standard. Specimen dimensions were 120 mm x 18 mm x 3 mm. Tests were performed on a 

ZwickRoell UTS20K equipped with a 20 kN load cell. The speed was set at 1 mm/min speed and 

tests were made at RT. Displacements were acquired through the traverse displacement. For 

each stacking sequence and composite ageing method, 4 specimens were tested. 
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Creep tests were performed on a VA2000 MetraVib viscoanalyzer as much as possible in 

compliance with ASTM D7337 standard. Specimen dimensions were 50 mm x 15 mm x 3 mm. A 

constant load of 30 N was applied for 4500 s at RT. For each stacking sequence and composite 

ageing method, 4 specimens were tested. 

Creep parameters J0, J1 and η1 were determined using Inokuchi’s method [4], while the 

equivalence between generalized Maxwell and Kelvin-Voigt models, Maxwell relaxation 

function and Laplace-Carson transform were used to determine the damping factor tan(δ), using 

the same method than [5]. 

Drop-weight impact tests were performed on specimens whose dimensions were 80 mm x 80 

mm x 4 mm, with the following stacking sequences: [C8], [C2F2]s, [F2C2]s, [F8]. A CEAST 9310 

droptower impact system from Instron was used. Two energy levels (11 J and 22 J) were 

investigated to compare the behavior of each material depending on the chosen energy. If the 

specimen is not broken, a damage degree µ can be defined as the ratio of the absorbed energy 

by the impact energy. As absorbed energy is the area under the strength-displacement curve, it 

can be obtained by integrating this curve. Both energies can also be read on the energy-time 

curve. For each stacking sequence and energy level, 2 specimens were tested. 

3. Results and discussion 

3.1 Carbon fiber fluorination 

Contact angles of water drops with fluorinated fibers are given in Table 1, with 

polytetrafluoroethylene (PTFE) as reference value. As already shown in literature, fluorination 

appears as a mean to increase the hydrophobicity of carbon fibers. Here, it appears that 

sufficiently high fluorination temperatures do not impact the treatment quality. In the case 

where mechanical properties of the fibers were maintained, such fibers could be integrated in 

composite materials to increase their resistance to water sorption. 

Table 1: Contact angles with water depending on the fluorination temperature 

Fluorination temperature (°C) Non-fluorinated 20 230 280 380 PTFE 

Contact angle with water (°) 50 ± 9 114 ± 4 131 ± 10 131 ± 8 127 ± 1 108-114 [6] 

 

3.2 Water ageing 

Water absorption curves are given in Figure 1. For both ageing temperatures, the influence of 

the stacking sequence is similar. The more there are flax fibers outside, the higher the water 

absorption is, highlighting the hydrophilicity of flax fibers. Higher water temperature leads to 

faster and higher water absorption, independently of the stacking sequence. It should be noted 

that RT-aged samples did not reach steady state due to time constraint. 

Fick’s law parameters were calculated and are given in Table 2. For both ageing temperatures, 

values of D for [CF2]s and [F2C]s were expected to be between the ones of [C6] and [F6]. However, 

the following order has been reached: [CF2]s < [C6] < [F6] < [F2C]s. This highlights the high positive 

([CF2]s) or negative ([F2C]s) effect that hybridization has on the diffusion coefficient. Moreover, 

the higher the ageing temperature, the higher the diffusion coefficient and the closer n is to 0.5, 

showing that diffusion kinetics strongly depends on the chosen temperature. Concerning n, 
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increasing the flax fiber proportion on the outside of the material leads to a transition from a 

pseudo-Fickian (n < 0.5) to a Fickian diffusion behavior (n = 0.5). 

 

Figure 1. Water absorption curves depending on the stacking sequence and ageing 

temperature: (a) RT, (b) 60°C 

Table 2: Fick’s law parameters depending on the stacking sequence 

  D [m²/s] (10-14) n 

Sequence RT ageing 60°C ageing RT ageing 60°C ageing 

[C6] 7.5 ± 0.4 150 ± 30 0.34 ± 0.03 0.43 ± 0.02 

[CF2]s 6.7 ± 0.1 130 ± 10 0.42 ± 0.02 0.46 ± 0.01 

[F2C]s 11.0 ± 0.2 290 ± 20 0.43 ± 0.01 0.52 ± 0.02 

[F6] 9.8 ± 0.7 220 ± 10 0.46 ± 0.03 0.53 ± 0.02 

Matrix - 210 ± 20 - 0.445 ± 0.005 

 

3.3 Tensile and bending properties 

Tensile and bending properties of unaged and aged materials are given in Figure 2. Tensile 

properties of hybrid materials are between those of non-hybrid ones, with equivalent properties 

for [CF2]s and [F2C]s. Thus, the effect of stacking sequence is not primordial for tensile properties, 

which might be explained by the fact that all fibers are similarly stressed, independently of their 

localization in the composite section. 

It can also be noted that hybridization of carbon fibers with flax ones reduces the strengthening 

and stiffening of tensile [C6] samples after ageing. Except for the [C6] sequence, ageing barely 

affects the composite tensile properties, which acts in favor of hybridization with flax fibers. 

Parameters to obtain the compliance matrix of each stacking sequence are given in Table 3. The 

scattering of the values with the sequence is noticeable: [C6] > [CF2]s ≈ [F2C]s > [L6] for moduli, 

and the opposite for Poisson’s ratios, highlighting both the reinforcement provided by carbon 
fiber addition through the shear and elasticity moduli, and the higher transversal contraction of 

pure flax-reinforced material in both directions (0° and 90°) under tensile stress.  
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Figure 2. Mechanical properties depending on the stacking sequence and ageing conditions, (a) 

tensile, (b) bending 

Table 3: Moduli and Poisson’s ratios depending on the stacking sequence 

Sequence E11 (GPa) E22 (GPa) E45 (GPa) ν12 ν21 G12 (GPa) 

[C6] 99 8.5 14.1 0.24 0.03 6.2 

[CF2]s 46 6.5 8.1 0.32 0.04 3 

[F2C]s 45 5.8 7.6 0.38 0.06 2.8 

[F6] 22 5.4 6.1 0.34 0.11 2.2 

 

As for tensile properties, ageing only has few effect on the bending properties of all materials. 

However, the stacking sequence is much more important here, as [F2C]s has properties close to 

[F6], while the ones of [CF2]s are much better, which could be due to the creation of tensile and 

compressive stresses in the material outer layers by bending test. As seen in Figure 2, as the 

tensile properties of [C6] are higher than the [F6] ones, it can explain that bending properties are 

higher for [CF2]s than [F2C]s.  

3.4 Creep properties 

Creep compliances of unaged and aged materials are given in Figure 3. If compliance J0 is roughly 

scattered with the stacking sequence (with [F2C]s > [F6], which was not expected as [F6] tensile 

modulus was higher than [F2C]s one), the values of J1 are much less dependent on the stacking 

sequence. Concerning the ageing, if J1 is rather decreased for aged materials, J0 highly increases 

with both ageing temperatures, which is surprising as it highlights a stiffness decrease not 

evidenced by tensile tests. 

Damping properties η1 and tan(δ) were calculated and are given in Table 4. Standard deviations 

are high, meaning that all results should be carefully considered. For both values, an opposite 

evolution with the stacking sequence is found: [CF2]s < [F2C]s < [F6] < [C6] for η1, and the opposite 

for tan(δ), highlighting the benefits of hybridization on these values. Ageing also has opposite 

effects, as it tends to increase η1, while it decreases tan(δ). However, in both cases, RT ageing 

has a stronger effect than 60°C ageing. 
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Figure 3. Creep compliances depending on the stacking sequence and ageing conditions 

Table 4: Creep properties depending on the stacking sequence and ageing conditions 

 η1 (106 [MPa.s]) tan(δ) at 20 Hz (10-6) 

Stacking sequence Unaged RT-aged 60°C-aged Unaged RT-aged 60°C-aged 

[C6] 2.3 ± 1.8 2.8 ± 3.1 1.6 ± 1.6 8.1 ± 2.9 1.4 ± 0.4 2.2 ± 0.9 

[CF2]s 1.3 ± 0.2 3.3 ± 2.3 1.0 ± 1.4 32.5 ± 8.0 6.7 ± 4.4 24.8 ± 7.1 

[F2C]s 1.50 ± 0.01 3.9 ± 0.9 1.3 ± 1.2 21.8 ± 1.8 1.2 ± 0.1 16.2 ± 8.5 

[F6] 1.8 ± 0.5 6.3 ± 1.2 3.5 ± 0.5 17.0 ± 2.6 0.8 ± 0.2 2.5 ± 0.1 

Matrix 4.4 ± 1.3 - 5.6 ± 0.7 4.1 ± 1.2 - 0.9 ± 0.3 

 

To conclude this section about creep properties, hybridization appears to confer better damping 

properties than non-hybrid materials. A possible assumption may be that some energy-

dissipative phenomena take place at the interface region between different natures of fibers. 

3.5 Drop-weight impact properties 

Drop-weight impact properties of unaged materials are given in Figure 4. Only the [F8] composite 

has a different behavior than the other ones, with a lower peak force but high displacements. It 

can be noted than hybrid sequences have lower post-test displacements than non-hybrid ones. 

 
Figure 4. Drop-weight impact properties depending on stacking sequence and impact energy, 

(a) 11 J, (b) 22 J 
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Damage degrees for each sequence are given in Table 5. Hybrid sequences are stronger than 

non-hybrid ones, as they were less damaged by the 11 J test. Moreover, the [C2F2]s sequence 

was the only one that was not halved by the 22 J test, highlighting its better impact absorption. 

Bold values underline the perforation of the sequences, as the damage degree cannot decrease 

with increasing impact energy. Hybridization is thus an asset for impact properties.  

Table 5: Damage degree depending on the stacking sequence 

Impact energy µ [C8] (%) µ [C2F2]s (%) µ [F2C2]s (%) µ [F8] (%) 

11 J 94 ± 1 83 ± 1 77 ± 3 98 ± 3 

22 J 74 ± 1 96 ± 1 94 ± 6 66 ± 2 

 

4. Conclusion 

Carbon fibers were fluorinated under various temperatures, and an increase of their contact 

angle with water was found. Flax and carbon fiber based non-hybrid and hybrid composite 

materials were fabricated and characterized. Their water sorption behavior was investigated 

and linked to the stacking sequence. Tensile, bending and creep properties were also studied, 

and the moduli and Poisson’s ratios of each stacking sequence were determined and discussed 

as a function of the stacking sequence. Finally, drop-weight impact tests outlined the interest of 

hybridization of composite materials. The next step of the study is the use of fluorinated carbon 

fibers as composite reinforcement. A potential enhancement of resistance to water is expected. 
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Abstract: Vitrimers are a new category of polymers with a dynamic covalently cross-linked 

network. This gives to vitrimers the chemical resistance and high mechanical properties of 

thermosets as they have a cross-linked structure, and the re-processability of thermoplastics 

thanks to the dynamic character of their network bonds. Such a unique combination of features 

makes vitrimers interesting for composite applications. However, the research on manufacturing 

and reprocessing of vitrimer composites is limited. In this work, a new epoxy-based vitrimer was 

used for the production of fibre-reinforced composites. Glass-Fibre-Reinforced Vitrimers (GFRVs) 

were produced by Vacuum Assisted Resin Infusion (VARI) and their quality was visually evaluated. 

The re-processability of the composite was assessed by means of thermoforming after curing and 

the quality of the thermoformed specimens was evaluated by digital microscopy. 

Keywords: Glass-fibre; vitrimer composites; manufacturing; covalent adaptable networks; 

thermoforming;  

1. Introduction 

Fibre reinforced composites are essential for applications in industry such as aerospace, wind 

energy, automotive, sporting goods. For fibre-reinforced materials two polymer categories are 

most commonly used as matrices; thermosets and thermoplastics. The use of thermoset 

composites is predominant at the moment due to their high mechanical properties and chemical 

resistance. However, their end-of-life scheme is not ideal as thermosets are most commonly 

landfilled or incinerated [1]. On the other hand, thermoplastics can be recycled but most of them 

exhibit low chemical and creep resistance while others that are chemically resistant and have 

superior mechanical performance, have also restricting prices for high volume production 

industries [2]. Thus, as the demand for sustainability and circular economy is increasing, there is 

a need for a new recyclable composite material [3].  

In 2011, Leibler et al. discovered a new generation of polymeric materials comprising of a 

crosslinked network structure with dynamic covalent bonds [4]. This unique network provides 

structural properties similar to thermosets in combination with the malleability of 

thermoplastics, bridging the two types of polymers. The dynamic covalent bonds of the network 

can undergo an associative exchange when heat is introduced to the system without 

compromising the cross-links’ density. As a result of this heat triggered associative exchange, 

the viscosity of this material is gradually decreasing with increasing of temperature following 

the Arrhenius Law; a characteristic that until then was distinctive only for vitreous silica. Thus, 

the new material was named Vitrimer [5]. Since the work of Leibler and his co-workers, many 
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different chemistries have been used to produce a wide range of vitrimer materials, including 

but not limited to transesterification, transamination, transalkylation, siloxane exchange, 

disulfide exchange and imine-amine exchange reactions. All are exhibiting three common 

features that are also the criteria for a material to be characterised as vitrimer [4-9]:  

• After curing the polymer’s viscosity drops due to an increase of temperature following 

the Arrhenius Law; 

• When immersed in solvents below its degradation temperature, the material cannot be 

dissolved; 

• The material exhibits two transition temperatures: a glass transition temperature Tg 

characteristic to all polymer networks, and a second transition temperature Tv that 

indicates the material’s transition from a viscoelastic solid to a viscoelastic liquid. The 

latter is related to the speed of the covalent bonds exchange reactions. The Tv is set 

when  the material viscosity is equal to or higher than 1012 Pa.s.   

In theory, these unique and interesting vitrimer characteristics should also be transferrable to 

fibre-reinforced composites made with vitrimers as their matrix. Some of the dynamic 

chemistries in literature have been used to produce composites in smaller scales and show some 

re-processing capabilities [9, 10, 11]. However, these published researches, while being good 

examples of proof-of-concept, they usually lack in-depth technical information regarding 

manufacturing of fibre-reinforced vitrimers by industrial composite-manufacturing methods at 

an acceptable scale. Furthermore, to the best of our knowledge and until now, there are no 

publications that characterise vitrimer composites in terms of their quality and mechanical 

performance, either before or after reprocessing. 

In this work, a novel low viscosity (< 500 mPa.s at room temperature) vitrimer based on epoxy 

with a relative high Tg of 85 °C and a high characteristic stress relaxation time (τ* ≈ 6 sec), was 

used to manufacture continuous-glass-fibre reinforced composite plates [12]. The low viscosity 

of less than 500 mPa.s at room temperature, and long pot-life that this vitrimer resin exhibits, 

are essential for continuous fibre infusion processes such as VARI, which was also chosen in 

order to produce the composites. In addition, a Tg higher than 80°C is also targeted for composite 

applications in automotive, wind energy and sports equipment, which was a contributing factor 

for selecting the vitrimer chemistry [13].  

In the following paragraphs, the materials and experimental procedures followed are described. 

Then, the thermoforming of the cured vitrimer composite is described and the microscopy 

images of the thermoformed samples are analysed. In the last part, some conclusions are drawn 

regarding the demonstrated properties and the related future work is described.  

2. Experimental Procedures 

2.1. Materials 

Bisphenol A diglycidyl ether (DGEBA, D.E.R.™ 332) was purchased from Sigma Aldrich and used 

as epoxy resin for the vitrimer polymer system in combination with a dynamic hardener and a 

catalyst that provided the polymer with its re-processing characteristics. Regarding the fibre 

reinforcement, Interglas 92626 Glass-Fibre Fabric of 8H Satin Weave was purchased from 

MCTechnics and used for the composite manufacturing.  
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2.2. Synthesis of Epoxy-based Vitrimer system 

The synthesis of the vitrimer material was performed at the Polymer Chemistry Research Group 

of Ghent University, in Belgium. After mixing, the vitrimer system showed viscosity of 300 mPa.s 

and a long pot-life at 25 °C of at least 90 min. The system was cured 14h at 120 °C to ensure the 

completion of the cure as well as achieve a higher Tg above 80 °C. Furthermore, this vitrimer 

system exhibited a fast stress relaxation time (τ* ≈ 6s, determined by stress relaxation 

experiments using the Maxwell model of single exponential decay), in comparison with other 

vitrimer chemistries presented in literature [5 - 12]. The above characteristics make this system 

suitable to be considered for composite applications in wind energy, maritime, sports 

equipment, as well as some applications in the automotive industry.    

2.3. Manufacturing of GFRVs 

Composite plates of both [0°]8 and [± 45°]2s were manufactured by using the vitrimer system. 

The warp (0°) direction of the fabric was set along the length of the composite laminate plate. 

The process is illustrated in Figure 1. The composites were cured under vacuum for 14h at 120°C. 

The blue perpendicular and parallel lines on the plate are the guiding lines for the warp and weft 

direction of the glass fabric that was infused.  

 

Figure 1 Manufacturing by VARI of the vitrimer composite plates; a) VARI schematic set-up and 

lay-up of consumables b) Image of infusion process by VARI c) Final cured GFRV plate   

2.4. Thermoforming of GFRVs 

A thermoforming process was used to examine if the reprocessing behaviour of the vitrimer 

polymer is transferred to the final composite. The process was considered as a first assessment 

of the thermoforming characteristics of the glass-fibre vitrimer composite. Specimens of 50 mm 

x 50 mm were cut from the pristine vitrimer composite plates. To reshape these specimens a 

steel-zigzag mould was used that was attached on an Instron tensile machine with 100 kN load-

cell fitted with a heating chamber (shown in Figure 2a). The specimens were hot-pressed by 

applying different sets of thermoforming parameters to evaluate their effect on the quality of 

the vitrimer composite (shown in Table 1). A second cycle of thermoforming was performed on 

the reshaped specimens in order to return them to their original flat shape. In this second 

thermoforming two flat-compression plates attached to the same Instron tensile machine were 

used and the same sets of thermoforming parameters were applied (Figure 2b). 

a) b) c) 
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Figure 2. Thermoforming set-up mounted on a tensile machine; a) 1st Thermoforming set-up of 

zigzag mould. b) 2nd Thermoforming set-up of flat compression plates  

Table 1. Thermoforming parameters of specimens VC1 and VC2 

Specimen 

ID 

Pressure 

(bar) 

Temperature 

(°C) 

Pre-heating Time 

(min) 

Closing Speed 

[mm/min] 

Thermoforming Time  

(min) 

VC1 15 180 10 0.5 10 

VC2 30 190 10 0.5 10 

 

3. Results and Discussion 

3.1. Quality of Manufactured Composite plates 

As the composite is reinforced with glass fibres and the vitrimer resin has a clear colour the 

quality of the plates was visually evaluated. In Figure 3 we can see the produced high quality 

GFRV plate with lack of air bubbles or defects that was later on verified by microscopy.  

 

Figure 3. Image of one of the high-quality final [0°]8 lay-up composite plate  

3.2. Thermoforming 

The pristine vitrimer composite specimens VC1 and VC2 were successfully thermoformed into 

an omega-profile shape of a stiffener after curing, as shown in Figure 4, illustrating the reshaping 

capabilities of these epoxy-based vitrimer composites. After thermoforming, a change of colour 

a) b) 
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of the material is evident. It is hypothesised that this is due to a partial oxidation of the system. 

Further tests are needed to evaluate if this discoloration also indicates an effect of the 

thermoforming process on the material properties.  

 

Figure 4. First cycle of thermoforming of specimen VC1 20 min at 190 °C, 30 bar of pressure 

The thermoformed specimens were later on cut into two specimens each, perpendicular to the 

0°/warp direction. Specimens VC1-2 and VC2-2 were reshaped back to their original flat shape 

through a 2nd thermoforming cycle following the parameters from Table 1, respectively . The 

specimens are depicted in Figure 5. Finally, the edges perpendicular to the 0°/warp direction of 

all specimens were examined by microscopy to evaluate the quality of the thermoforming 

(Figure 6 and Figure 7).  

 

 

 

Figure 5. Specimens VC1-1 AND VC2-1 after the first thermoforming cycle and specimens  

VC1-2 and VC2-2 after the second thermoforming 

From the microscopy images we can see that higher temperature and pressure values improve 

the reshaping process of the GFRVs as the final thermoformed specimen shows less fibre 

buckling compared to the ones produced by lower temperature and pressure. After the second 

thermoforming matrix cracking was visible for both specimens. However, these cracks were less 

and smaller for the specimen thermoformed at 190 °C with 30 bar. Fibre buckling and 

microcracking during thermoforming is an issue arising often during thermoplastic composites’ 
thermoforming and it is not limited to our case. It has been shown to be affected by fabric weave 

patterns, composite lay-up and thermoforming parameters [14,15]. These trials demonstrate 

that the thermoforming of vitrimer composites is possible and can be improved by tuning the 

thermoforming parameters of temperature and pressure. Hence, the results of this study agree 

with literature on thermoplastic composite thermoforming and demonstrate that regarding  

re-processability vitrimer composites behave in a way similar to thermoplastic ones. 
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a)  

b)   

Figure 6. Thermoforming of vitrimer composite at 180 °C and 15 bar of pressure for 20 min; a) 

Depiction of extensive fibre buckling after the 1st thermoforming b) Depiction of extensive 

matrix cracking after the 2nd thermoforming 

a)  

b)   

Figure 7. Thermoforming of vitrimer composite at 190 °C and 30 bar of pressure for 20 min; a) 

Depiction of minor fibre buckling after the 1st thermoforming b) Depiction of minor matrix 

cracking after the 2nd thermoforming 

4. Conclusions 

An innovative epoxy-based vitrimer material was evaluated for its applicability as a matrix for 

glass-fibre reinforced composites. The selected vitrimer chemistry resulted in promising 

thermomechanical properties, as it exhibited a relatively high Tg and low viscosity coupled with 

fast stress relaxation time. 

In a following step, the vitrimer polymer synthesis was used to impregnate continuous-glass-

fibre fabric of different lay-ups by means of industrially available processes (VARI). The resulted 

composite plates were of high-quality with no visible defects.   

Finally, it was verified by means of thermoforming that the reprocessing capabilities of the 

matrix are transferred to the pristine composites when sufficient temperature and pressure are 

applied. The thermoformed samples were analysed by digital microscopy after their first and 

second thermoforming cycle. The microscopy results showcased that a fine tuning of the 

reprocessing parameters, especially for the first thermoforming cycle, can provide high quality 
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GFRVs that are re-processable. This indicates future possibilities regarding repairability and 

mechanical recycling. 

Taking the above into consideration, it can be concluded that this particular vitrimer chemistry 

is promising and could be considered for repairable, recyclable and thermoformable epoxy-

based composites with glass-fibre reinforcement. However, further investigation and 

optimisation is needed to evaluate the mechanical performance of such composites. 
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Abstract: This study investigates the influence of the most commonly used Z-pin type, i.e., 

carbon-fibre composite Z-pin on the four-point bending strength of curved laminates through 

experiments. The layup has been carefully designed through performing finite element analysis 

(FEA) to reduce the probability of edge delamination. Three types of samples have been 

manufactured: unpinned, and Z-pinned with 0.27% and 0.54% areal densities. HexPly® IM7/8552 

carbon/epoxy unidirectional prepreg and 0.28 mm diameter T300/BMI pins were employed to 

manufacture the specimens. It was found that the through-thickness tensile strength decreased 

by 26% and 37% for 0.27% and 0.54% Z-pinned samples respectively. The surface bonding-

frictional force between the pin and laminate interface is not enough to resist the damage 

initiation, and the pins cause additional disturbance to the laminate, leading to the strength 

reduction. 

Keywords: Z-pin; curved laminates; delamination; four-point bending. 

1. Introduction 

Fibre-reinforced polymer composite laminates have an inherent weakness in their out-of-plane 

direction relative to in-plane strength. As a typical example, when a curved laminate structure 

is subjected to a bending moment, delamination is observed to be the dominant failure mode 

due to the prevalent through-thickness tensile stress [1,2]. Thus, several through-thickness 

reinforcement technologies have been proposed to upgrade the delamination resistance of 

composite laminates.  

Z-pinning has been developed as an effective and discrete through-thickness reinforcement 

technology. Almost all the mechanical applications of Z-pins [3–5] were demonstrated on 

resisting delamination propagation in flat laminates, and there is much less research on the 

application of Z-pins for suppressing or delaying delamination in irregular geometries [6].  

Ju et al. [2] studied the delamination strength of curved laminates with grooved stainless-steel 

Z-pins. The pin surface was treated by physical and chemical methods to increase the friction 

force between the pins and their embedded laminate intentionally. It was found the curved 

beam strength was increased by 21, 27 and 42% for 0.3 mm diameter pins and 8.7, 12 and 32% 

for 0.5 mm ones, at the areal densities of 0.5, 1 and 2% respectively. 

Different from the work in Ref. [2], this study investigates the most commonly used Z-pin type, 

i.e. carbon-fibre composite Z-pin at two different aerial densities. There is no treatment applied 

to the pin surface, thus the surface is relatively smooth and the pin/laminate interface bonding-

frictional force is expected to be lower than the aforementioned grooved metal pins [3].  
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2. Sample design and preparation 

In the previous research of Xu et al. [1], two pristine cases without deliberately introduced 

wrinkles have been studied in terms of the layup effect on the failure mode, experimentally and 

numerically. By dispersing the differently oriented plies at the surface, the delamination location 

has changed from the inner radius to the middle. Similarly, to avoid the undesirable 

delamination caused by free-edge effect at the inner radius, finite element analysis (FEA) was 

carried out for the layup design at the beginning of this study. The newly designed layup is [0, 

(+45/0/-45/0)2 (+452/-452/02)3]s. There are 54 plies for each laminate, and the thickness is 6.75 

mm. 

The sample geometry is shown in Fig. 1 (a). HexPly® IM7/8552 carbon/epoxy unidirectional 

prepreg and T300/BMI pins were used. The pin diameter is 0.28 mm. Three types of samples 

have been manufactured, i.e., unpinned, 0.27% and 0.54% Z-pinned. The aerial density is 

calculated based on the mid-plane of the curved area. As the laminates have an unconventional 

curved shape, a zigzag configuration has been designed to minimise the pin touching at the inner 

radius as shown in Fig. 1 (b, c). The manufacturing process mainly includes the following steps: 

• Layup the prepreg onto a steel mould by aligning centrelines of the prepreg and mould. 

• Debulk inside a sealed bag for 15 mins after every four plies. 

• Heat the laminate in an oven to soften the resin, then insert the pins manually through 

the thickness of the curved section.  

• Cure the laminate in an autoclave, following the material cure cycle [7]. 

• Cut individual specimens from the cured laminate. 

 

(a) Sample geometry 

  

(b) 0.27% Z-pinned sample (c) 0.54% Z-pinned sample 

Figure 1. Specimen geometry and photos 
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3. Test setup and result discussion 

The test method follows the ASTM D6415/D6415M – 06a standard [8]. The four-point bending 

test set-up is shown in Fig. 2 (a). A hydraulic-driven Instron 8872 with a load capacity of 25 kN 

was used for the loading. The specimen was loaded under a displacement control with a rate of 

1 mm/min. A video gauge and a high-speed camera were set in front of the specimen to capture 

the crack events. The tests were stopped manually when the load drop was over 50%.  

 
 

(a) Test set-up (b) Set-up details [8] 

Figure 2. Four-point bending test of curved beam 

Fig. 3 shows that the load-displacement curves increase linearly until critical delamination 

happens. The final load drops of the three different types of samples are all due to the 

catastrophic delamination in the middle. Five specimens were tested for each group, and three 

of them that showed similar failure modes are presented here. For the unpinned samples, small 

cracks appeared in the upper radius at the beginning, which were caused by manufacturing 

defects and didn’t cause a load drop (Fig. 3 (a)). There was no inner radius failure observed, and 

the final failure was in the middle. In terms of the 0.27% Z-pinned ones, the first drop mainly 

appeared near the inner radius, but the drop amount was more than 10% but less than 50%, the 

structure could still carry some loads until the mid-part failed (Fig. 3 (b)). Most 0.54% Z-pinned 

samples only had one failure at the end, and no cracks were observed before that (Fig. 3 (c)).  

 

 

(a) 
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(b) 

 

(c) 

Figure 3. Load-displacement curves and observed failures during the test 

The Curved Beam Strength (CBS) and through-thickness tensile strength 𝜎Ⅰ𝑚𝑎𝑥 can be calculated 

with the following equations according to the ASTM D6415/D6415M – 06a standard:  𝐶𝐵𝑆 = ( 𝑃2𝑤 cos(𝜑))( 𝑑𝑥cos( 𝜑) + (𝐷 + 𝑡) tan(𝜑))                    (1) 𝑑𝑦 = 𝑑𝑥 tan(𝜑𝑖) + 𝐷+𝑡cos(𝜑𝑖) − ∆                              (2) 

𝜑 = sin−1(−𝑑𝑥(𝐷+𝑡)+𝑑𝑦√𝑑𝑥2+𝑑𝑦2−𝐷2−2𝐷𝑡−𝑡2𝑑𝑥2+𝑑𝑦2 )               (3) 

𝜎Ⅰ𝑚𝑎𝑥 = 3∙𝐶𝐵𝑆2𝑡√𝑟𝑖𝑟𝑜                   (4) 

The detailed set-up and some parameters are shown in Fig. 2 (b). 𝑃 is the failure load, defined 

as the ultimate load before 10% load drop. 𝑤 and 𝑡 are specimen width and thickness, which 

equal 25 mm and 6.75 mm respectively. 𝐷 = 20 𝑚𝑚 is the roller diameter. 𝜑 is the angle from 

horizontal to the specimen legs in degrees, and 𝜑𝑖 = 45° is the initial value of 𝜑, representing 

the beginning of the test. 𝑑𝑥  and 𝑑𝑦  are the horizontal and vertical distances between two 

rollers. 𝑑𝑥 equals to 16 mm. ∆ is the vertical relative displacement. 𝑟𝑖 and 𝑟0 are the inner and 
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outer radii of the specimen, which are 10 mm and 16.75 mm. The calculated result is 

summarised in Table. 1.  

Table 1: Summary of experimental results 

 Unpinned 0.27% Z-pinned 0.54% Z-pinned 

ID 
P 

 [kN] 

CBS 

[kN] 

𝜎Ⅰ𝑚𝑎𝑥 

[MPa] 

P 

 [kN] 

CBS 

[kN] 

𝜎Ⅰ𝑚𝑎𝑥 

[MPa] 

P 

 [kN] 

CBS 

[kN] 

𝜎Ⅰ𝑚𝑎𝑥 

[MPa] 

1 3.90 4.35 74.70 2.95 3.43 58.96 2.06 2.52 43.34 

2 4.08 4.54 77.96 2.81 3.29 56.54 2.61 3.09 53.08 

3 4.12 4.55 78.11 2.70 3.20 54.96 2.38 2.85 49.00 

Mean 4.03 4.48 76.92 2.82 3.31 56.82 2.35 2.82 48.47 

 

The comparison of CBS and 𝜎Ⅰ𝑚𝑎𝑥 for Z-pinned and unpinned specimens are plotted in the bar 

chart with error bars in Fig. 4. By inserting pins, the through-thickness tensile strength has 

decreased by 26% and 37% for 0.27% and 0.54% Z-pinned samples respectively. The pins have 

shown resistance on crack propagation in the previous research [3–5], due to the bonding and 

friction forces between pins and laminate, while the curved beam under four-point bending test 

is in principle a crack initiation case. The bonding-frictional forces between traditional carbon 

fibre pins and the laminates are not large enough to delay the crack initiation. The additional in-

plane damage and stress concentration around the pins might be the reasons that caused the 

delamination initiation at a lower load than in unpinned laminates. 

  

Figure 4. Comparison of test results for three different types of samples 

4. Conclusions 

The effect of Z-pins on the four-point bending test of curved beams has been studied 

experimentally. The traditional carbon fibre pins have been inserted in the curved area with a 

zigzag configuration at two aerial densities. Compared with the grooved metal pins in previous 

research [2], the carbon fibre pin has a relatively smooth surface. The through-thickness tensile 

strength was found to decrease by adding the composites pins, which implies that the bonding 

and friction force between the pin and laminate interface is not enough to delay the crack 

initiation. On the contrary, additional disturbance has been added to the laminate. In the future 
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work, a different type of pin with greater surface roughness will be employed to increase the 

interface friction force.  
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Abstract: High performance thermoplastic composites for aerospace primary structures are 

increasingly studied in the last years. However few articles report the properties of the PEKK/CF 

composite material for structural applications. In this paper the Interlaminar Shear Strength of 

laminates obtained with different stacking sequencies of unidirectional layer obtained from a 

PEKK/CF prepreg tape was evaluated. A modification of the ASTM D2344 standard is proposed 

for obtaining a valid failure mode, considering the less brittle behaviour of the thermoplastic 

matrix compared to thermosets. Furthermore, this testing campaign was carried out performing 

a 2D Digital Image Correlation. Results show how, the modified testing parameter are crucial to 

obtain shear failure mode for the considered carbon fibre reinforced thermoplastic composite. 

Keywords: TPC; PEKK; ILSS; Composites; DIC 

1. Introduction 

Polymer matrix composites (PCM) are more and more used for the development of primary 

structures in the aerospace industry due to their high strength-to-density and stiffness-to-

density ratios and superior physical performances that enables a weight reduction of the 

aircrafts’ overall weight, without the reduction in the structure’s performance [1]. In the last 

decade, the usage of thermoplastic polymers for the matrix composition has drawn the 

attention of researchers and industries due to some advantages given by the nature of these 

materials. The main advantages of these polymers are related to their production process that 

is faster and cheaper. Indeed, since nowadays most of the used matrix are thermoset resins, 

where a long cure process is needed with associated high production costs. The thermoplastic 

composites do not need a curing step making the production process faster and simpler. For this 

reason, it is considered of great importance to study the performances of these materials 

obtained through out-of-autoclave production processes as thermoforming or automated tape 

layering [2]. 

Even if thermoplastic matrices are usually tougher than their thermoset counterparts [7], 

thermoplastic based composites (TPC) are subjected to the phenomenon of delamination too.  

Delamination can be also caused by a poor adhesion between the fibres and the matrix, a 

potential source of lower overall mechanical properties in TPC [3]. Due to this fact, in literature 

there are many experimental data regarding the performances of TPC about the inter-lamina 

fracture toughness with exception to the ones composed by poly-ether-ketone-ketone (PEKK) 

matrix where few data are available. 

PEKK is an aerospace grade semicrystalline polymer with a wide operational temperature range 

and capable to withstand high mechanical loads. It is therefore an aim of this work to provide 
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information regarding the interlaminar properties of the carbon fibre reinforced PEKK 

composites, in particular on the Interlaminar Shear Strength (ILSS) of the component produced 

by thermoforming. 

 

2. Material 

For the testing campaign, it has been used APC PEKK-CF from Solvay, a prepreg tape whose 

typical applications include aircraft structures, space components and other structural 

engineering parts. The prepreg is characterized by a 60% of fibre content in volume. The 

laminates were processed through hot-press moulding. The lay-up of the different prepreg 

sheets was wrapped up using Kapton foils to avoid the flow of the matrix and to maintain the 

desired geometry of the laminate. The package was then heated up to 370 °C without pressure 

applied, once reached the final temperature it has been applied a pressure of 10 bar for 

20 minutes. Finally, the lamina was left to cool down in air with and the pressure was released 

once the temperature was lower than the expected glass transition (about 159 °C). 

Three laminates were produced varying the stacking sequences to study the interlaminar 

properties changes with the variation of the fibre orientation along the thickness. Three 

representative sequencies were selected: Unidirectional 0°, [90°/0°]8S and [0°/90°/45°/-45°]4S. 

All the three laminates are symmetric. Subsequently, the three laminates of dimensions 

120x120x4 mm have been cut through waterjet to obtain the Short Beam Test specimens. 

 

3. Method 

For the evaluation of the Interlaminar Shear Strength (ILSS), it has been followed the ASTM 

standard D2344/D2344M, initially using cylinders of diameters of 6 mm and 3 mm for the 

loading nose and supports, respectively, as specified in the normative. As described in 

ASTM D2344, the tests were conducted on specimens nominally 4 mm thick, 8 mm wide and 24 

mm long and the span between the support rollers was set to 16 mm. The rate of the loading 

nose’s movement was set to 1 mm/min as specified in the standard.   

To obtain a valid failure mode caused by interlaminar shear, in the case of [90°/0°]8S specimens, 

the dimension of the cylinders has been increased to avoid localised crushing on the specimen 

given by the stress concentration that arise in the interfaces between specimen and 

support/loading rollers. This aspect may underestimate the ILSS value caused by a compressive 

damage that may occurs before shear failure [4-6]. The diameter of the support rollers was then 

set to 4.5 mm while the diameter of the loading nose was incremented until a correct failure 

mode was obtained. Tests were conducted with a diameter of 8 mm, 10 mm, 12 mm, 16 mm 

and 20mm. This test method, in the case of unidirectional specimens, is useful also to determine 

the shear behaviour of the material through the creation of stress stain curves [6]. 

The strain field on the lateral surface was reconstructed using the 2D digital image correlation 

(DIC). For this aim, the surface of the specimen was preliminary coated with an opaque white 

water-based spray paint and subsequently a random pattern of black dots on the white 

background was created with a black paint as it is shown in Figure 1. 

The tests were recorded using a Canon EOS 70D camera with a resolution of 1920×1080 pixels 

and 24 photograms per second. The images were calibrated manually obtaining a scale of 

0.033 mm/pixel. For the analysis, the commercial software GOM Correlate version 2020 was 

used. 

The shear strain values, obtained through the DIC analysis, were validated performing a SBS test 

with a strain gauge of grid dimension of 0.6x1 mm, placed at 45° in the midway between the 

loading nose and the support roller. The strain gauge was applied in the thickness midplane, on 

the opposite face with respect the one recorded by the camera. 
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After the test, the failure modes on the specimens were analysed with the optical microscope, 

Nikon model Eclipse LV105N. 

 

 

Figure 1. Picture of the test validated through strain gauge 

4. Results and discussion 

As specified in the ASTM D2344 standard, the short beam strength is evaluated using the 

classical beam theory which states that the shear stress varies parabolically through the 

thickness of the specimen reaching, in the midway plane, the maximum value given by Eq. (1) in 

the case of a beam with rectangular cross section: 𝜎𝑥𝑦 = 34  𝑃𝑀𝑏∙ℎ                                                                                                                                                   (1) 

where PM is the maximum value of the reaction force experienced by the test machine during 

the test, b is the width of the specimen and h is its thickness. Despite the simplicity of the theory 

used it has been shown that provides a good approximation of the real state of stress 

experienced by the specimen [6]. 

Values obtained with the different stacking sequencies can be seen in Figure 2. As it was 

expected, the unidirectional specimens have a higher value of ILSS. Indeed, in the case of layers 

with the same direction, during the production process of the laminate the fibres from adjacent 

plies tend to interlace between them making the laminate more homogeneous. The distinction 

between plies is faded and fibre bridging phenomenon can occur [3]. 

The specimen with a stacking sequence of [0°/90°/45°/-45°]4S are the ones with the lowest value 

of ILSS. It has been also noted a higher standard deviation on the values of the short beam 

strength. The reason of the higher variability on the ILSS values could be the fact that usually the 

non-zero ply interfaces are characterised by a higher level of variability regarding the thickness 

of the matrix region between plies, causing a high variability on the interlaminar fracture 

toughness [7]. As it can be seen in Figure 3, multiple delamination occurs along the thickness of 

the specimen, in some cases the interlaminar fracture branches and some smaller intralaminar 

fractures of the matrix are observed in the non-zero direction plies. 
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Figure 2. ILSS values of the different lay-up sequencies 

Regarding the [90°/0°]8S specimens, it has been observed a failure mechanism not valid for the 

determination of the ILSS. As can be observed in Figure 3, the failure is triggered by a 

compression buckling failure next to the loading nose position. The cause of this behaviour could 

be the ductile nature of the thermoplastic matrix that experience an extensive compression 

yielding below the loading nose position [8]. Stress concentration in this region leads to intensive 

deformation of the matrix. the result of the elevated deformation gradient with respect the 

region on the side of the loading nose position leads to the matrix cracking in the plies with a 

90° direction and to a tensile failure of the carbon fibres in the 0° plies. 

The presence of this failure behaviour prior to the delamination can give an underestimation of 

the ILSS. Since this problem is caused by the stress concentration due to the contact of the 

loading nose on the specimen’s surface, the dimensions of the loading nose and the support 

rollers were increased to assure a larger contact area and reducing the local stress values. The 

same technique was adopted in other research works on different materials [5-6]. The 

compressive failure was avoided using a loading nose diameter of 20 mm and a diameter for the 

support rollers of 4.5 mm. 

The test was repeated with this configuration and as expected, higher values of short beam 

strength were obtained (see Figure 2). It is worth noting how the variability of the results with 

the new configuration has increased significantly, indeed as in the case of the [0/90/45°/-45°]4S 

specimens, the ILSS for non-zero ply interface is characterised with a high variability, and this is 

not true for the compressive failure mode experienced by the specimen tested with the standard 

ASTM dimension of the rollers. 

As it is possible to see in Figure 3, the fracture is interlaminar but there is also present 

delamination migration inside the 90° plies. This happens because of the shearing directions that 

tends to drive the fracture upward or downward, inside the laminate until it reaches the 

interface with the ply with the fibers directed in the delamination growth [8]. The presence of 

the fibers along the length of the specimen avoids the propagation of the fracture along the 

direction of the thickness, while in the 90° plies the fracture is free to grow in the matrix. 
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Figure 3. Fracture morphology in a [0°/90°/45°/-45°]4S specimen (a), [90°/0°]8S specimen tested 

with standard roller dimensions (b) and [90°/0°]8S specimen tested with modified roller 

dimensions (c). 

In Figure 4 is reported the result of the DIC regarding the shear distribution exhibited by a 

unidirectional specimen during the test. The strains refer to a frame taken during the linear part 

of the loading curve. The distribution of the shear strain along the thickness is in accordance 

with the theory and the maximum values are in the midplane thickness, in the region between 

the loading nose and the support rollers. In this region, where most of delamination occurs 

(indicated in the figures with the red boxes), the shearing contributions are predominant, and 

the low gradient allows to evaluate the maximum shear strain by spatial averaging the strain 

values obtained through DIC. 

a 

b 

c 
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Figure 4. Shera stain field evaluated through DIC on a unidirectional specimen 

5. Conclusions 

From the results obtained with the short beam strength test campaign it is clear how a 

modification on the ASTM standard regarding the loading roller dimensions should evaluated 

considering the nature of the polymeric matrix.  For matrices that tends to experience a higher 

plastic response, as most of the thermoplastic polymers, the dimensions of the rollers need to 

be increased. 

The results of the DIC can also be used for the assessment of the shear stress-strain strain 

constitutive law of the material and to model the interlaminar and intralaminar fracture 

behaviour. Due to the nature of the thermoplastic matrix, the composites can exhibit plastic 

behaviour in the directions perpendicular to the fibres’ direction. A correction on the Eq. (1) may 

be necessary for the evaluation of the maximum shearing stress experienced by the specimen 

at higher loads where non-linearities cannot be neglected. 
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Abstract:  The  methodology  of  designing  aeronautical  structural  components  made  with 
advanced  polymer‐based  composite  materials  is  quite  mature  and  well  stablished  for  static 
loads,  and  even,  for  fatigue  loads.  However,  for  intermediate  and  high  dynamic  loading 
conditions,  the methodology  is not clear and  the  test methods are often  limited to academic 
research levels without any type of standardization. The Clean Sky project “Development of a 
methodology to characterize the behaviour of composite structures under dynamic loading” is 
focused, in part, on the definition of well‐suited experimental tests at the coupon level for a whole 
characterization of polymer‐based composite materials under dynamic loading. A definition is 
purposed at each of the large number of material properties that must be characterized to later 
simulate a composite structure. In the present communication, an overview of the test methods 
considered for the dynamic characterization and additional analysis of composite materials will 
be described within the framework of the project.  

Keywords: high-strain rates; dynamic loading; polymer-based composite  

1. Introduction 

When advanced polymer-based composite materials are to be used in aeronautical structural 
components, a design development program is generally initiated during which the performance 
of the structure is assessed prior to its use. Typically, the process of design starts with the 
analysis of a large set of simple small specimens and, when sufficient knowledge is acquired at 
this level, it is changed over to a more complex structure but carrying out fewer tests. This 
methodology is quite mature and well stablished for static and even for fatigue loads. However, 
for intermediate and high dynamic loading conditions, the methods are still under development 
and often limited to academic research levels, without any type of standardization.  

During their service life, aerospace structures can be subjected to a variety of dynamic loading 
cases. Crash/impact is one of the most concerning cases due to its possible disastrous 
consequences. Impacts on aerospace structures can be produced by the accidental or deliberate 
hit of an object into aircraft. Hailstones, bird strikes, runaway debris, tyre fragments or even 
other fragments from the aircraft structure that could be ejected in case of an accident (i.e. 
uncontained rotor engine failure) are examples that occur in the aerospace sector. Therefore, it 
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is crucial to understand how the materials used in the aerospace sector behaves under dynamic 
loadings. 

Composite materials may exhibit strain rate effects, therefore robust and industrial dedicated 
dynamic coupon and element level tests, analysis and modelling methods are then necessary to 
design and certify composite airframe structures. The analysis tools based on static formulations 
could be far away from the actual material and structural response, and hence a dedicated 
methodology is needed for dynamic loading states. This is what the European project entitled 
Development  of  a methodology  to  characterize  the BEhaviour  of  composite  structures  under 
DYNamic loading, with the acronym BEDYN, will deal with. 

1.1 Project details 

BEDYN is a granted Clean Sky 2 Joint Undertaking (JU) project for call H2020-CS2-CFP10-2019-
01 (Grant Agreement No. 886519), with Dassault Aviation as Topic Manager (TM). The project 
will be carried out by a consortium with different and complementary background and 
capabilities. The consortium is formed by: two universities, AMADE-UdG and UC3M; and a 
company, COMPOXI.  

The topic of the project is collected to Airframe Integrated Technology Demonstrator (ITD), Part 
A WP A-1.4 oriented to “Virtual Modelling for Certification”, and specifically to WP A-1.4-2 on 
“Advanced criteria for rapid dynamic / crash modelling for safety” (see Fig. 1). Globally, WP A-
1.4 focuses on the enhancement of virtual modelling in the design process for certification 
purposes. For the particular case of “Advanced criteria for rapid dynamic / crash modelling for 
safety”, the expected outcome is to increase the PRL (Process Readiness Level) of rapid dynamic 
analyses by developing adapted calculation methodologies and sizing criteria. This will 
contribute to support future certification processes for discrete damage and emergency 
situations (crash, bird strike, etc.) providing validated methods and tools against elementary 
tests. 

 

Figure 1. Airframe Integrated Technology Demonstrator (ITD), Part A WP A‐1.4. 
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2. Project Work Packages 

Basically, BEDYN project can be split into two differentiable sets of works: numerical and 
experimental. In accordance with the objectives of the project, the experimental part 
corresponds to defining the appropriate test methods to fully characterize thermoset-based 
composite materials under dynamic conditions, and to analyse different topics such as flexure 
response, notch effect and bearing response. The numerical part is focused on defining 
constitutive models and a simulation strategy accounting for dynamic effects, aligned with 
industrial purposes and thus a good balance of accuracy and computational analysis times.  

These works are organized into 7 Work Packages (WP), the first 5 dedicated to technical tasks 
and the last 2 focused on management and communication activities. The relationship among 
the different WPs is schematically shown in Fig. 2. The specifications and inputs from TM are 
key-points at each of the WPs.  

 

Figure 2. BEDYN’s Work Packages. 

The project starts and finishes in WP1, which contains the numerical activities to be performed 
(including the review, formulation and implementation of constitutive models and modelling 
strategy), but also, it includes the analysis of experimental results carried in the other WPs, as 
well as the validation of the whole methodology proposed for dynamic analysis.  

All other technical WPs, are focused on experimental activities. On one side, these experimental 
activities deal with the complete characterization of a thermoset composite material under 
dynamic loading, including elastic properties (𝐸 , 𝐸 ,  , 𝐺 ), strength properties (fibre: 𝑋 , 𝑋 ; matrix: 𝑌 , 𝑌 ; shear: 𝑆 ) and fracture toughness (interlaminar: 𝐺 , 𝐺 , 𝐺% ; translaminar 
for a given laminate). The characterization also includes an adhesive bonded joint, thus in 
addition to the dynamic characterization of the associated fracture toughness, the strengths 
must be also described. On the other hand, other topics will be analysed experimentally: flexure 
response, notch effect and bearing. For all tests, specimens, test setups and well-suited data 
reduction methods must be defined based on literature reviews or novel test methods. Since in 
the literature there is no agreement on the effect of dynamic loads on some material properties 
(for both material characterizations: ply and delamination), and in some cases, it has never been 
studied, this topic is a challenge. Finally, simple flat-shaped structures will be manufactured for 
testing under out-of-plane gelatine-impact, as experimental data for the validation of the whole 
methodology. Accordingly, three different specimen types can be identified: “coupon”, for 
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characterizing basic properties of the composite material (ply), interlaminar (delamination) and 
adhesive interfaces; “element”, they include what can be understood as small size 
demonstrator; “structure”, they are devoted for characterizing the behaviour at a 
subcomponent level under out-of-plane dynamic loads. These experimental tasks will be carried 
out in four different WPs: WP2, definition of specimens; WP3, design of test setups and data 
reduction methods; WP4, manufacturing of specimens and new test rigs; and finally, WP5 the 
execution of the experimental test campaign.  

3. Methodology 

For the development of the project, there are several Key Steps (KS) on which the BEDYN 
methodology will rely. The KSs associated with the dynamic testing, which is the topic of the 
present communication, are described below. 

3.1 Dynamic material characterization 

In the Building Block Approach method, different structure levels must be tested to increase test 
complexity while maintaining confidence levels on the experimental and numerical results. In 
BEDYN project, it is proposed to perform a basic material characterization in both, intralaminar 
and interlaminar levels (the last includes co-bonded interface and delamination interface). The 
tests considered are summarized in Table 1 and Table 2. The use of the Split Hopkinson Pressure 
Bar (SHPB) bar will be required for both compressive and tensile configurations. Different 
coupon geometries will be used to obtain the different properties at desired strain rates. 
However, there are still particular properties at which there is no available tests, such as for the 
dynamic interlaminar fracture toughness characterization. AMADE-UdG and UC3M were 
working in the development of this experimental characterization and it will be used for the 
project (limited to pure mode I crack propagation; see sketches of the test rig in Fig. 3). The 
selection of the specimen and test setups will be mainly done by Finite Element simulations. An 
important result to be satisfied is the load equilibrium during the dynamic SHPB tests to properly 
obtain the corresponding characterization without any inertial effect.  

 

Figure 3. Test rig to characterize fracture toughness in pure mode I using a high‐speed servo‐
hydraulic machine (patented with international application number PCT/ES2021/070415 and 

publication number WO/2022/003219). 

For SHPB test, the use of high speed camera will allow to apply Digital Image Correlation (DIC) 
method to obtain displacement and strain rate fields. To obtain the stress state and static 
equilibrium, the SHPB theory will be used.  
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A unidirectional tape of epoxy/carbon fibre prepreg material and an epoxy adhesive film will be 
used (see Table 3). Two different strain rates, plus static tests will be performed. It is worth 
mentioning that the static tests will be based, whenever possible, on standardized test methods. 
The specimen sample considered for each test configuration will be of 3+1 specimens (three for 
testing plus one for reserve). All specimens will be stored and tested at laboratory conditions, 
23ºC and 50%RH. 

Table 1: Coupon specimens I/II. 

Type Tester Reference Results 
Longitudinal compression SHPB-C Ploeckl et al. (2017) [1] 

BEDYN research 
𝐸 ,  , 𝑋  

Transverse and off-axis 
tensile 

SHPB-T Kuhn et al. (2015) [2] 
Quino et al. (2020) [3] 
BEDYN research 

𝐸 ,  , 𝑌  
Failure envelope:  
  -     

Transverse and off-axis 
compression  

SHPB-C Koerber et al. (2010) [4] 
Ploeckl et al. (2017) [1] 
BEDYN research 

𝐸 , 𝑌  
Failure envelope:  
  -    

 

Table 2: Coupon specimens II/II: interlaminar and adhesive bonded joint specimens. 

Type Tester Reference Results 
Double Cantilever Beam 
- Pure mode I (DCB) 

Instron  
servo 
hydraulic 
dynamic  

AMADE-UdG procedure 
(see Fig. 3) 

𝐺 : onset and 
propagation, 
interlaminar and 
adhesive bonded joint 

End Notched Flexure - 
Pure mode II (ENF) 

SHPB-C Lißner et al. (2020) [5] 
Shamchi et al. (2022) [6] 
BEDYN research 

𝐺 : onset and 
propagation, 
interlaminar and 
adhesive bonded joint 

Single Leg Bending Test - 
Mixed-mode 41% (SLB) 

SHPB-C Lißner et al. (2020) [5] 
BEDYN research 

𝐺% : onset and 
propagation, 
interlaminar and 
adhesive bonded joint 

Butt Joint (BJ) SHPB-T Neumayer et al. (2016) [7] 
BEDYN research 

 : pure mode I strength 
adhesive bonded joint 

Single Lap Shear - SLS SHPB-C BEDYN research 
 : pure mode II 
strength adhesive 
bonded joint 

 

Table 3: Material specifications and loading rates. 

Item  Definition 
Composite Material Hexply® M21EV/34%/UD200/IMA/150ATL 
Adhesive FM® 300M 
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Loading rates Quasi-static + 2 dynamic (focus: 20 s-1 and 100 s-1) 
 

3.2 Dynamic structure characterization 

In order to analyse the effect of different properties as the notch effect (size effect), flexural 
behaviour and the bearing effect, element (i.e. small size demonstrator) and structure (i.e. 
subcomponent level) specimens will be considered in the test matrix. The element and structure 
tests considered are collected in Table 4 and Table 5.  

The scope of these tests are: two stacking sequences, two notch sizes and two fastener 
diameters for bearing tests (see Table 6). The use of the SHPB bar will be required for both 
compressive and tensile configurations. It has to be noted that if specimen sizes are not 
adequate, it may be difficult to detect any clear dynamic effect. The specimen sample 
considered for each test configuration will be of 3+1 specimens (three for testing plus one for 
reserve). Also, two different high strain rates plus the quasi-static tests will be performed. To 
avoid any possible size effect, the specimens used for quasi-static testing will be with the same 
features as the ones used dynamically. 

Table 4: Element type specimens. 

Type Tester Reference Results 
Three point bending 
(3PB)  SHPB-C Zhang et al. (2012) [8] 

BEDYN research Flexural strength 

Filled Hole Tension (FHT) SHPB-T BEDYN research Notch effect: 
Remote strength 

Filled Hole Compression 
(FHC) SHPB-C BEDYN research Notch effect: 

Remote strength 

Compact Tension (CT) SHPB-T Hoffman et al. (2018) [9] 
BEDYN research 

Notch effect: 𝐺  translaminar fracture 
toughness. 
A cross-ply laminate is 
considered for 𝐺  

Composite-aluminium 
bolted joint (Bearing) SHPB-T BEDYN research Bearing:  

Remote strength 
 

Table 5: Structure specimens. 

Type Tester Reference Results 
Out-of-plane gelatine 
impact on flat-shaped 
laminates (500 mm x 500 
mm) 

Gas gun BEDYN research DIC - high speed cameras 
Non-destructive 
Inspections 

 

Regarding the testing at the subcomponent level, it will be used the pneumatic launcher from 
UC3M lab in which a bird substitute projectile will impact against a flat panel. The results of 
these tests will be used for the validation and verification of the BEDYN methodology by the TM. 
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A total of 4 specimens will be manufactured, 2 for each stacking sequence to be tested at 2 
different gelatine impact velocities, with 1 repetition for each configuration. All impact tests will 
be recorded with at least 3 high speed video-cameras, allowing also to obtain the strain rate and 
the strain field of the structure. Testing at a component level and beyond will not be considered 
in this proposal. 

Table 6: Summary of specifications for Element type specimens. 

Item  Definition 
Fasteners: FHT, FHC and Bearing  Titanium 
Aluminium plate: Bearing 2024-T3 
Lay-ups for Element and Structure type 
specimens 

Layup #1: [-45/02/45/90/45/02/-45/0]S 
Layup #2: [45/0/-45/90/-45/0/45/90/-45/0/45/90]S 

FHT and Bearing 
(FHC, just Size #1 is tested) 

Size #1: hole 4 mm; width 24 mm (Torque: 2 mN) 
Size #2: hole 8 mm; width 48 mm (Torque: 16 mN) 

 

The total number of tests to be performed including material characterization, elements and 
structures is of 476, 184 quasi-static plus 292 dynamic. 

4. Conclusions 

The BEDYN project will address a methodology to properly characterize the dynamic behaviour 
up to rupture of thermoset polymer-based composite structures submitted to dynamic loading. 
The methodology includes the definition of test methods for the complete characterization of 
composite materials under dynamic loading. The project is challenging since dynamic test 
methods are scarce in the literature, without no standardization and often without consensus 
in the associated works for a given property. Therefore, the project implies the selection of 
specimens, test setups (tester and instrumentation) and well-suited data reduction methods. 
The methodology is completed with the selection of a modelling strategy for industrial purposes 
which will be fed by the dynamic material data cards defined.   
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Abstract: Induction welding is a promising fusion bonding technology for carbon fibre reinforced 

thermoplastic composites. In this process, an alternating electromagnetic field induces eddy 

currents in a composite susceptor. The amount of resultant heat generated is governed by the 

electrical conductivity of the carbon fibre network, making accurate determination of this 

orthotropic property important for physics-based process simulations. This work focusses on 

characterisation of the conductivity in unidirectionally reinforced PAEK using the six-probe 

method. Special attention has been given to the distribution of the current density in the 

specimens during each characterisation experiment. Acquired resistance data was subsequently 

interpreted either analytically or numerically, depending on the current distribution detected. 

The longitudinal component of the conductivity tensor was found in agreement with the rule of 

mixtures and the transverse and through-thickness conductivities matched earlier 

characterisation attempts where a conventional two-probe analysis was employed.    

Keywords: Characterisation; Electrical conductivity; Six-probe method; Induction welding 

1. Introduction 

Thermoplastic composite (TPC) parts are increasingly used as structural components in modern 

aircraft. Initially, their application was limited to clips and brackets to connect the metal or 

thermoset composite aircraft skin to its stiffening frame. These successful early adaptations 

have paved the way for application on a larger scale. Nowadays, both skin and stiffeners are 

considered candidate for manufacturing out of unidirectional (UD) TPC tapes, mainly due to the 

automation opportunities it represents [1]. The assembly of substructures built entirely from UD 

ply-based TPCs is therefore an increasingly relevant subject.  

A key advantage of TPC substructures when compared to their thermoset equivalents, is the 

potential for assembly via fusion bonding, which can negate the need for adhesives. In essence, 

fusion bonding involves the local application of time, heat and pressure to melt and consolidate 

the joint, establishing a weld. The various welding technologies that exist as of today mainly 

differ in how sufficient heat is localised at the joint. Induction welding (IW), one of these 

technologies, is an attractive method because heat is generated directly inside the material, 

instead of being transferred via tooling or directed to the interface by introducing foreign 

materials at the joint. Additionally, the process is very suited for automation.     

The internal heat generation during IW is attained through the electrically conductive network 

of carbon fibres. This network features coil-like characteristics and is therefore receptive to 

electromagnetic flux. Application of an external electromagnetic field emitted by a welding coil 
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will therefore induce opposing current loops in the composite. These so called eddy currents 

generate heat due to the inherent resistance of the carbon fibres (Joule heating) and the 

resistive junctions present between them. It is challenging to inductively generate heat in UD 

reinforced plies. In the transverse direction (and equally true for the through-thickness 

direction) current flow is governed by the coincidence of fibre-fibre contacts caused by 

morphological phenomenon such as fibre waviness and clustering (illustrated by Figure 1) [2-3]. 

The limited number of contacts and small contact areas result in a poor transverse conductivity 

and thus acts as a barrier to the formation of significant intra-ply current loops. In actual UD ply-

based laminates, formation of eddy currents therefore relies on the ply interfaces where 

changes in stacking orientation allow the current to utilise the conductive nature of the different 

fibre directions to form an eddy [4]. Nevertheless, the contact incidence mechanisms remain of 

importance for the distribution of current to and from the ply interfaces. The magnitude and 

distribution of the resultant heat during IW thus remains, among others, a function of the 

electrical conductivity in all three principal directions.   

Despite successful applications of IW technology in industrial settings, such as the woven fabric 

reinforced rudder and elevator of the Gulfstream G650 by GKN Fokker [5], large scale application, 

let alone of UD ply-based reinforcements, has yet to take flight. In current practice, a quality weld 

is preceded by an extensive experimental investigation of the process window, matching the 

power input of the welding rig to achieved weld-line temperatures. And for UD ply-based 

components specifically, the temperature response is very sensitive to variations in material 

behaviour, as the electrical conductivity is partly governed by the amount and quality of fibre-

contacts and, closely related, the volume fraction in which the constituents are present. 

Consequently, improved process control will require quantification of and insight in the 

orthotropic electrical conductivity of UD-ply based TPCs, aiding process modelling capabilities.  

In preceding work by Grouve et al. [4] the orthotropic electrical conductivity of UD reinforced 

PEKK was determined (see Table 1) using a conventional two- and four-probe approach, methods 

typically associated with isotropic material systems. The found conductivities were used as input 

for numerical validation of induction heating experiments performed. Discrepancies between 

numerical and experimental data remained, which might be attributed to an underprediction of 

the conductivities found. The present study will therefore re-evaluate the characterisation 

procedure to gather further insight.  

 

Figure 1: Schematic of longitudinal, transverse and through-thickness current flow in an UD ply  

Longitudinal 

Transversal Through-thickness 
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Table 1: Orthotropic electrical conductivity as obtained from the work of Grouve et al. [4] 

Material Orthotropic electrical conductivity 

 Longitudinal, 𝜎1 Transverse, 𝜎2 Through-thickness, 𝜎3  

Solvay AS4D/PEKK, 59% FVF  22.9 ± 0.05 kS/m 3.37 ± 0.06 S/m 0.40 ± 0.22 S/m 

 

This work addresses the characterisation of orthotropic electrical conductivity in UD ply-based 

TPCs using a direct current (DC) six-probe method. In particular, careful attention is paid to the 

boundary conditions involved in characterisation, that is considering the validity of assumptions 

made about the uniformity of the current distribution during the experiment. For this purpose, 

two morphologically distinct and commercially available UD reinforced PAEK prepregs are 

characterised. There will be reflected on the properties found by comparing the results to 

theoretical values and the results presented in Table 1.  

2. Materials and methodology 

2.1 Six-probe method 

This work will employ the six-probe method as the basis for characterisation. A schematic of the 

method is shown in  Figure 2 in which a DC current 𝐼 is one-sidedly applied over the width 𝑤 of 

a specimen via the outer probes. This creates an electric field that is uniform across the width, 

but non-uniform across the thickness t. Four inner probes are used for sampling the voltage 

response on both sides of the specimen, 𝑉𝑡 and 𝑉𝑏. Besides the in-plane conductivity 𝜎𝑥, this 

allows determination of the through-plane conductivity 𝜎𝑧 in the same run, which can be 

deduced from the difference measured between 𝑉𝑡 and 𝑉𝑏. Additionally, the parallel 

configuration of the voltage terminals to the current flow eliminates lead and contact resistance 

from the measurement data.  

It should be noted that, depending on the distance between the probes, the specimen geometry 

and the degree of anisotropy in the 𝑥𝑧-plane, a fully uniform current can develop between the 

voltage terminals, such that 𝑉 = 𝑉𝑡 = 𝑉𝑏. In  such a case, a simplistic relation can be used to 

determine the conductivity in 𝑥-direction: 𝜎𝑥 = 𝛿𝑤𝑡 𝐼𝑉 = 𝛿𝑤𝑡 1𝑅 (1) 

Figure 2: Schematic of the six-probe method and parameters involved 
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In any other case, the six-probe method relies on assumptions regarding the current density 

throughout the coupon for determination of the anisotropic conductivity from test data. 

However, as a consequence of the heterogeneous architecture of the UD reinforcement, both 

the inherent anisotropy and distribution of the insulating polymer lead to complexities in 

satisfying the assumed current distribution. The conductivity in longitudinal direction is shown 

four to five orders of magnitude higher compared to its perpendicular components (Table 1). 

This implies that local variations in the fibrous architecture and/or poor contact between probe 

and test coupon can amount to clusters of preference paths in the fibre network, acting as a 

short-circuit. In such circumstances, the electrical conductivity will be underpredicted by the 

data analysis since most of the current density is passed through an effective cross-sectional 

area smaller than the coupon cross-section 𝑤𝑡. It is thus important to determine transversal and 

through-thickness conductivity, to the extent possible, uncoupled from current flow in fibre 

direction. This consideration is reflected in the work presented by measuring longitudinal 

conductivity in a separate set of experiments.  

2.2 The rule of mixtures for electrical conductivity 

The rule of mixtures (RoM) provides a theoretical estimate for the principal conductivity in fibre 

direction, given as 𝜎1 =  𝑓𝜎𝑓 + (1 − 𝑓)𝜎𝑚 ≈  𝑓𝜎𝑓 (2) 

in which 𝑓 is the fibre volume fraction and 𝜎𝑓 and 𝜎𝑚 the electrical conductivity of the 

constituents, respectively fibre and matrix, with the latter being negligible compared to the fibre 

conductivity. The RoM will serve as a comparison for the results presented later.  

2.3 As-received prepregs 

Unidirectionally carbon fibre reinforced PEEK (Toray TC1200) and PEKK (Solvay APC) with an 

average consolidated ply thickness (CPT) of 0.14 mm were used for this study. The pre-

impregnated (prepreg) tapes contain carbon fibre from Hexcel (resp. 12K AS4 and 12K AS4D) in 

a volume fraction of 59%, a fibre areal weight of 145 g/m2 and a fibre conductivity of 59 kS/m 

[6]. The prepregs have been selected for their prominent contrast in morphology, depicted in 

Figure 3, where it can be observed the prepregs differ in terms of uniformity of the fibre-matrix 

distribution.   

2.4 Specimen preparation 

Two sets of specimens are used in this study. For measurements of longitudinal conductivity, 10 

slender strips of both prepregs were cut from the roll, dimensioning approx. 250 × 50 mm2, with 

fibres oriented in length direction. The exact width of the strip was measured using a digital 

calliper. The high aspect ratio (length-over-thickness) was chosen for current to develop as 

uniformly as possible over the thickness of the ply. The strips were subsequently pre-treated to 

Figure 3: Micrographs of Toray PEEK (left) and Solvay PEKK (right) as-received prepregs 
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enhance the electrical contact with the current supply terminals. To this purpose, a length of 

approx. 10 mm at both tape ends was subjected to polymer burn-off using a gas torch, exposing 

the fibrous constituent, while the remaining tape was shielded using a metal heatsink (Figure 4).  

For the second category of specimens, a hot press was used to consolidate thick 12 × 12 in2 

laminates with a [0]32s and [0]16s fully UD lay-up using a picture frame mould. An overview of the 

consolidation cycles is given in Table 2. From each laminate, 15 specimens with in-plane 

dimensions of 65 × 45 mm2 were precision milled with the fibres oriented in width direction 

(Figure 4 and 5). The thickness of each specimen was measured with a micrometer in a 6-point 

grid. This set of specimens is used for characterisation of transverse and through-thickness 

electrical conductivity. 

Table 2: Consolidation parameters and average thickness of the parent laminates  

Material Consolidation cycle Thickness [mm] 

 Temperature Pressure Dwell Cooling rate [0]32s [0]16s 

AS4/PEEK 385 °C 20 bar 20 min 5 °C/min 8.99 ± 0.04 4.51 ± 0.04 

AS4D/PEKK 380 °C 20 bar 30 min 5 °C/min 9.15 ± 0.05 4.55 ± 0.05 

2.5 Electrical conductivity measurements  

A six-probe test fixture was manufactured following the schematic depicted in Figure 2. The 

spacing of the inner probes 𝛿 and outer probes 𝐿 were set to resp. 100 mm and 240 mm for the 

longitudinal conductivity specimens (the slender tapes) and resp. 25 mm and 55 mm for the 

transversely oriented consolidated specimens.  

Figure 5: Micrographs of Toray PEEK (left) and Solvay PEKK (right) [0]16s consolidated specimens 

Figure 4: Photograph of a slender prepreg (left) and 64-ply consolidated (right) specimen  

Polymer burn-off 

pre-treatment 
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A Tenma 72-13360 DC power supply was used to perform a pre-programmed current sweep from 

0.1 to 1 A with increments of 0.1 A. A few specimens required modification of this range due to 

power output limitations of the supply. At each increment, current was maintained for 1 second. 

Under these conditions, Joule heating in the specimens was kept at a minimum, hence 

measurements are regarded isothermal. A TiePie HS6D differential oscilloscope was used for 

continuous acquisition (at a 1 kHz sample rate) of the actual supplied current via a connected 

current clamp and the potential difference over the voltage terminals. In further analysis current 

and voltage data was taken as the average over each 1 second interval. Measurements were 

performed twice for the transversely oriented specimens, with the specimen mounted upside-

down in the second run.   

Conductivity measurements on the prepreg tapes were preceded by an analysis of the current 

distribution over the width of the specimens. The contact resistance between the current 

terminal and tape has a significant contribution to the total resistance of the circuit, thus it 

should be verified whether variations in contact resistance cause uneven insertion of current in 

the tape. To this end, tapes were subjected to a 10 A supply current first, such that the increase 

of surface temperature through resistive losses could be monitored using a FLIR A65 infrared 

camera. Such verification is regarded trivial for the transversely oriented coupons, because the 

electrical anisotropy actually promotes the sideways flow of current in this configuration. 

Determination of the electrical conductivity has been approached numerically in cases where 𝑉𝑡 

exceeded 𝑉𝑏. A 2D model of the 𝑥𝑧-plane was constructed in COMSOL Multiphysics, iteratively 

solving for the anisotropic electrical conductivities 𝜎𝑥 and 𝜎𝑧. The data measured with both 

voltage terminals was defined as the objective for the solver for a given supply current as 

boundary condition. With an educated first guess, this approach can be remarkably fast.  

3. Results and discussion 

3.1 Lateral current homogeneity  

Figure 6 shows the thermogram of the typical initial heating response of a PEEK prepreg specimen 

not subjected to the pre-treatment, loaded with a 10 A DC current. As anticipated, lateral 

uniformity of the current density is not satisfied in absence of a pre-treatment, resulting in the 

resistive heating of selective fibre clusters only. The apparent underlying variations in probe-ply 

contact resistance can be attributed to a combination of prepreg roughness and uneven 

distribution of insulating polymer at the wetted surface. The poor transverse electrical 

conductivity of the UD reinforcement is also clearly illustrated by this experiment, as the heating 

pattern does not homogenise further away from the probes. Prepreg specimens treated with 

the local burn-off procedure feature a contrastingly uniform heating behaviour upon current 

application (Figure 6). The polymer removal likely both lowers and homogenises the contact 

resistance at the line contact with the probes, such that lateral uniformity is satisfied.  

Figure 6: Surface heatmaps of a PEEK specimen before (left) and after (right) pre-treatment 

specimens 
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3.2 I-V linearity analysis and data reduction 

The current sweep performed during each characterisation experiment can be used to verify the 

isothermal Ohmic behaviour of the specimens, required for application of the constitutive 

relations involved in data analysis. Figure 7 and 8 show the typical plots of such analysis for a 

prepreg specimen and a consolidated stack respectively. Both figures show a constant 

resistance, the slope of the regression.  

For most prepreg specimens, the resistance over the top and bottom voltage terminals was 

regarded equal (see Figure 7), hence 𝑅 = 𝑅𝑡 ≈ 𝑅𝑏, such that Eq. (1) for a fully uniform current 

density distribution could be applied to determine the longitudinal electrical conductivity 𝜎1. 

The threshold for equality was set as |𝑅𝑡/𝑅𝑏| ≤ 2%, which is based on cases where a negative 

resistance difference was measured, that is when 𝑅𝑏 exceeded 𝑅𝑡 in magnitude. For a select few 

measurements the numerical model had to be employed.   

Figure 8 shows the exemplary 𝐼-𝑉 curves for a current sweep on a 64-ply transversely oriented 

specimen. It can be observed that the chosen probe configuration and specimen thickness(es) 

do accommodate the non-uniformity required in through-thickness current distribution for a 

lower voltage reading at the bottom terminals, while still being sufficiently detectable. More 

interestingly, reversing (flipping) the orientation of the specimen has a large influence on the 

voltage readings. This observation highlights the statistical nature of the fibre contact incidence 

dictating the transverse current flow. Consequently, each specimen response has been further 

homogenised by taking 𝑅𝑡 and 𝑅𝑏 as the closest fit through both measurements, represented 

by the solid lines in Figure 8. For all specimens, the numerical method was subsequently used to 

fit 𝜎2 and 𝜎3 to these averaged trends.  

3.3 Orthotropic electrical conductivity 

Figure 9 shows the characterised longitudinal electrical conductivities of both the PEEK and PEKK 

prepreg specimens. A close agreement is found with the theoretical longitudinal conductivity 

predicted by the Eq. (2) as 35 kS/m, validating its applicability. The error bars in Figure 9 

represent the standard deviation of the dataset. Especially for the PEEK specimens evident 

Figure 8: Current and voltage data of a 64-

ply PEEK consolidated specimen 

Figure 7: Current and voltage data of a PEEK 

prepreg specimen 
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variance is present in the data. This could well be the result of assumptions made about the 

prepreg thickness, which was taken as the average CPT specified by the manufacturer. This lead 

to variations in prepreg thickness not being accounted for in the data processing. 

The characterised conductivities in transverse and through-thickness direction are shown in 

Figure 10. No significant effect of the ply-count is found in the dataset. Between suppliers 

however, the PEEK sample features a greater transverse conductivity compared to the PEKK 

sample. A possible explanation for this behaviour can be found in the morphological differences 

between the two prepregs. The less homogeneous distribution of the constituents in the as-

received PEKK prepreg amounts to polymer pockets that clearly remain present in the 

consolidated specimens, as can be observed in Figure 5. These pockets obstruct transverse 

current flow and, since they are typically continuous in fibre direction, might require a bypass 

via the adjacent plies. Ply-scale transverse conductivity measurements could confirm this 

hypothesis, as in absence of adjacent plies a bypass cannot be facilitated, further increasing the 

resistance.  

Two key observations are notable when comparing the six-probe test results for PEKK with the 

two-probe results (Table 1) on the same material. Regarding the longitudinal conductivity, the 

present study validated the applicability of the RoM, in contrast to the earlier work. In 

retrospect, it seems therefore unlikely that the four-probe characterisation procedure lead to 

the same quality of current uniformity as achieved by the novel pre-treatment presented, thus 

underpredicting the RoM. The transverse and through-thickness conductivities found, however, 

are in agreement with the earlier work. This result hides a remarkable observation. The two-

probe specimens tested in [4] dimensioned 16 mm in width, about three times narrower than 

the six-probe specimens. The fact that, despite this difference, the narrower two-probe 

specimens did not exhibit a significantly lower conductivity, suggests that at the scale tested the 

statistical nature of contact incidence and resulting preference paths has reached it saturation. 

Figure 9: Bar plot of the characterised 

longitudinal conductivities 

Figure 10: Bar plot of the characterised transverse and 

through-thickness conductivities 
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Further research should be performed on a range of six-probe specimen widths to verify this 

hypothesis under similar test conditions.  

4. Conclusion 

Electrical conductivity experiments were performed on UD carbon fibre reinforced PEEK and PEKK 

specimens using a six-probe method. As expected, attention to the distribution of current 

density in the specimen during the experiment is crucial for reliable characterisation of the 

intrinsic properties. The electrical conductivity in longitudinal direction is found in agreement 

with the rule of mixtures. For the transverse and through-thickness directions, a methodology 

is showcased that grants characterisation of both remaining properties in a single experiment 

which are in agreement with measurements from earlier work using a two-probe method. For 

further research, it is recommended to apply the six-probe approach presented to a broader 

range of widths for the transversely oriented specimens to intentionally adjust the degree of 

contact incidence in the fibre network.  
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Abstract: In this study, anisotropic biaxially stretched polypropylene film laminates were 

investigated. Different combinations of process parameters such as temperature and dwell time 

were used to understand the influence on penetration impact resistance and tensile behavior in 

machine and transverse directions. It was shown that the process parameters used during the 

hot compaction do not have a significant impact on properties unless the processing temperature 

exceeds the melting temperature. The observed correlations reveal the optimal processing 

conditions for the specific film type and deepens the knowledge towards an alternative to self-

reinforced composites. 

Keywords: oriented polymers; polypropylene laminates; self-reinforced composites 

1. Introduction 

Self-reinforced composite materials are gradually gaining popularity in a wide range of 

applications due to improved mechanical performance compared to regular polymers. They also 

ensure good compatibility between the matrix and reinforcement. Up to now, oriented polymer 

films are mainly used in the packaging industry, while making laminates out of it was shown by 

Samsonite to have an enormous potential in suitcase applications [1]. 

When semicrystalline polymers undergo a stretching process, the molecules align along the 

stretching direction. Orientation is used to improve the stiffness, strength and toughness of 

polymers allowing the aligned molecules to contribute to bearing the load. The amount of 

enhancement reached, depends on the drawing ratio and hence orientation degree. The 

anisotropy introduced by unidirectional stretching is partially eliminated by drawing a polymer 

in the second perpendicular direction allowing to have good properties and thickness stability 

in the plane of the film [2]. 

The mechanical performance of semicrystalline oriented polymers depends mainly on its 

crystallinity and on molecular orientation. In a film stretching process, crystallization and 

orientation processes happen simultaneously and cause more complexity. Still, semicrystalline 

polymers are known to be less sensitive to temperature variations compared to amorphous 

polymers [3]. However, analysis of how process parameters affect the mechanical properties of 

the final product gets more complicated when polymer is subjected to yet another thermal 

process. Many studies have been conducted on biaxially oriented polymer films itself. 

Nevertheless, no reports exist on the processing of multilayer laminates made of such thin films 

nor on the characterization of these laminates. 
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2. Materials and methods 

2.1 Materials 

Commercially available biaxially oriented polypropylene film was used with an average thickness 

of 40 µm. The film has a multilayered structure and consists of a core and two heat sealable 

layers on the top and on the bottom (see fig. 1). One of the heat sealable layers is corona treated 

to improve adhesion.  

 

Figure 1. Polypropylene film structure  

The film is stretched more along the main orientation direction called transverse direction (TD) 

and less in the other, named machine direction (MD). 

2.2 Production 

Every laminate was produced by hot compaction method and has a size of 320x320 mm2. All 28 

precut layers were stacked on top of each other in the same orientation, forming a sheet with 

an average thickness of 1,1 mm.  

 

 

Figure 2. The lay-up consisting of 1 – aluminum plates, 2- Teflon sheets, 3- stack of 

polypropylene films.  

The press platens were pre-heated and kept at the desired temperature for 10 minutes to ensure 

temperature homogeneity. Then, the stack consisting of 1mm thick aluminum plates with the 

PP films in between separated with Teflon sheets (see fig. 2) was compacted at different 

temperatures and dwell time. A pressure of 39 bar was used in all configurations. After the hot 

compaction, the laminate is cooled down to 40℃ while pressure is maintained.  

SRPP laminates were investigated by Swolfs [4] and optimized its production parameters for the 

hot compaction method. Woven layers of SRPP were stacked onto each other accounting in total 

of 8 layers. The lay-up was also undergoing the same procedure as BOPP with the only difference 
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in temperature of 188℃ and dwell time of 5 minutes. Throughout the current paper, values for 

comparison with SRPP were taken from his research. 

Table 1 provides an overview of different combination of process parameters which were 

investigated in this study. Overall, 11 configurations were analyzed. 

Table 1: An overview of the process parameters. 

ID number Temperature [℃] Dwell time [sec] 

1 125 30 

2 125 60 

3 130 60 

4 135 60 

5 150 60 

6 165 60 

7 180 60 

8 120 120 

9 125 120 

10 120 300 

11 125 300 

SRPP 188 300 

 

2.3 Tensile test 

Tensile tests were performed according to ASTM D3039 “Standard Test Method for Tensile 
Properties of Polymer Matrix Composite Materials.” At least four samples were cut using a 
guillotine and tested on Instron 5567 with a load cell of 30kN for all BOPP panels. Mechanical 

grips were used to grip the samples. The nominal strain rate was 6%/min. At least five samples 

were water jet cut and tested on Instron 4505 with a load cell of 100kN for the hot-compacted 

SRPP panels [4]. Hydraulic grips were used to grip the samples. The strain rate was 5%/min. All 

specimens were rectangular and measured 25×250 mm2. They were tested at a 150mm gauge 

length. End tabs were not used but sandpaper was used to avoid slippage in grips.  

The average surface strain was calculated using digital image correlation. All samples were 

covered by a speckle pattern along the length and half-width of the specimen. The tensile 

modulus was calculated as the slope of the stress-strain diagram between 0.1 and 0.3% strain.  

2.4 Impact test 

Penetration impact tests were performed according to standard ISO 6603-2. A hemispherical 

striker of 20mm in diameter was dropped from a height of 1 m with a weight of 26.41 kg 259J 

Square samples of 100x100mm2 were cut and tested. Penetration impact resistance was 
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calculated as an energy underneath the whole force-displacement curve normalized by the 

thickness of the specimen. 

2.5 T-peel test 

T-peel test was performed according to standard ASTM D1876-08. 10 rectangular samples of 

250x20mm2 were cut from a 0,6 mm thick panel with an unbonded side of 76mm in length. 

During the manufacturing a released film was inserted in the middle of the stack leaving on side 

of the panel unbonded. The total number of layers was decreased from 28 to 14 to ensure peel 

stresses dominate over bending stresses during the test. These samples were cut and tested on 

an Instron 5943 gripping and pulling the ends apart at a rate of 254mm/min. The peel strength 

was calculated as the averaged peel load normalized by the width after the first initial peak. 

2.6 DSC 

Differential scanning calorimetry was only performed for the pure film. Four samples have been 

tested according to the standard ASTM D3417-99 on TA instruments Q2000. A 50/50 

helium/nitrogen flow of 50ml/min was used. A heating and cooling rate at 10K/min was 

maintained.  

3. Results and discussion 

The polypropylene film is not significantly influenced by process temperature nor dwell time 

(fig.4). With respect to the temperature, tensile stiffness varies between 3,9-4,6 GPa with the 

slight decline towards higher temperatures. A similar trend is observed in the penetration 

impact resistance. This resistance does not vary significantly (29-45 J/mm) until the temperature 

rises above 170C, where it drops down to 23 J/mm. Note that all BOPP configurations 

consistently exhibit higher values for both stiffness and penetration impact resistance than 

SRPP. 

  

Figure 4. Mechanical properties of the laminates as a function of temperature: (a) tensile 

stiffness and (b) penetration impact resistance. 

If the processing temperature does not exceed the melting temperature, which is determined 

using DSC to be 169℃ (see fig. 5), then both stiffness and penetration impact resistance reveal 

a slight decrease. Closer to the melting point, molecular relaxation occurs, and the material 

starts flowing out, thus reducing panel thickness.  
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Figure 5. DSC thermogram for the oriented polypropylene film  

The interlayer bonding was quantified using a T-peel test. The test was performed for the 

configuration #2 which has an average value of stiffness and penetration impact resistance, and 

is considered to be representative for determining the peel strength. The peel strength (see fig. 

6) for the BOPP laminate is in line with the data for SRPP (Swolfs et al. 2014). 

  

Figure 6. Peel strength for one BOPP configuration in comparison with SRPP 

4. Conclusions 

The study discussed 11 configurations of BOPP laminates produced at different process 

parameters and compared with the well-studied SRPP material. It was demonstrated that the 

BOPP laminate was not significantly influenced by the processing parameters; hence providing 

a wide processing window. Analysis of the tensile and impact behavior demonstrates that BOPP 

laminates are stiffer and more impact resistant than standard SRPP material. Moreover, it still 

offers a decent peel strength. 
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Abstract: In this study, the effect of inter-ply hybridization on flexural properties and the hybrid 

effect exhibited by thin and thick carbon/glass fiber reinforced hybrid composites is investigated. 

Under flexural loading, the multi-scale damage mechanisms demonstrated by thick laminates 

are compared with their thin counterparts using optical fractography and acoustic emission 

techniques. Moreover, digital image correlation is used to monitor the through-thickness strains 

in thick composites. Results showed that upon the addition of glass fibers, the failure strain of 

thick all-carbon (AC) laminate is improved by 89% with a hybrid effect of 65%, and hybrid samples 

show higher flexural strength than AC specimens. Substituting top/bottom carbon fibers with 

glass fibers in thick AC laminates resulted in dissipation of bending stress through the thickness 

of laminates, thus actively delaying the instantaneous global failure. Compared to non-hybrid 

specimens, failure paths of thick hybrid composites were predictable and repeatable.  

Keywords: Fiber hybridization; hybrid composites; thick composites; CFRP; failure mechanism 

1. Introduction 

Carbon fiber reinforced polymer composites (CFRPs) are one of the widely employed structural 

materials in the aerospace industry, e.g., the airframe of Boeing 787 is nearly 50% CFRP by mass 

(1). Although CFRPs exhibit excellent mechanical properties and a high strength-to-weight ratio, 

they often have low toughness, low failure strain, and a high manufacturing cost. Furthermore, 

the characteristic brittle nature of carbon fibers can cause stress concentration, and the gradual 

buildup of minor cracks usually results in an abrupt catastrophic failure (2). To mitigate these 

problems, fiber hybridization is used; in this method, another fiber is incorporated in the same 

matrix along with the low-elongation carbon fiber. Glass fiber is an appropriate hybrid material 

candidate for CFRPs due to its relatively low cost and higher strain-to-failure ratio. The flexural 

strength of hybridized composite (with an optimized layer sequence) can reach 96% of an all-

carbon laminate at only a 0.51 hybrid ratio (3). Hybrid glass/carbon fiber composites also 

increase the "apparent failure strain" of carbon fibers, which is called the "hybrid effect". For 

instance, up to a 95% increase in apparent failure strain of carbon fibers can be obtained by 

sandwiching carbon fiber layers between glass fibers in hybrid composites (4). Thus, rationally 

placing carbon or glass fiber plies at critically stressed locations in hybrid composites can 

improve their cost-weight-performance effectiveness.  

98/1211 ©2022 Gul 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:adnankefal@sabanciuniv.edu
https://doi.org/


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

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

Determination of potential weight saving associated with composite materials requires that the 

damage behavior of carbon/glass fiber hybrid composites be a major design consideration. In 

this context, the flexural performance of composite structures becomes important since the 

laminate is simultaneously subjected to a dynamic combination of tensile, compressive, and 

shear forces. Although the mechanical response of thin laminates has been extensively studied 

(5)(6), the flexural behavior of thick laminates is relatively poorly understood in the literature. 

Thus, a thorough understanding of damage characterization in hybridized thick laminates would 

be crucial in the robust design of future composite materials for use in aerospace and marine 

structures.   

In this work, a hybrid composite design is generated by choosing two levels of laminate 

thickness, and an experimental investigation of the flexural behavior and hybrid effect of thin 

and thick carbon/glass fiber reinforced hybrid composites is performed. By changing the number 

of fiber plies and their stacking sequence, various damage modes exhibited by laminates are 

identified and compared through optical fractography and acoustic emission techniques. 

Furthermore, the evolution of surface strains in the thickness direction during the pure bending 

condition in thick laminates is tracked by the digital image correlation method.  

2. Materials & methods 

2.1 Composite design and manufacturing 

Unidirectional carbon fiber-epoxy resin prepreg (300 g/m2 areal weight) with fiber volume 

fraction of 37% and glass fiber-epoxy prepreg (300 g/m2 areal weight) with fiber volume fraction 

of 35% was purchased from Kordsa A.S. (Turkey).  According to the chosen stacking sequence 

(Figure 1a), a total of 6 or 48 prepreg plies were stacked upon each other to design 'thin' or 

'thick' laminates, respectively. For hybrid specimens, four symmetric layup configurations i.e., 

[Cx/Gx/Gx], [Gx/Cx/Gx], [Gx/Gx/Cx], [Cx/Gx/Cx] named as 1C, 2C, 3C, and 13C were utilized, where 

x=1 for thin specimens, and x=8 for thick specimens. Non-hybrid all-carbon (AC) or all-glass (AG) 

were also prepared to be used as reference samples. A manual hot press (MSE Teknoloji Ltd.) 

was utilized to cure the prepregs into the final form by following the curing parameters provided 

by the prepreg manufacturer (Figure 1b). The manufactured laminates were cut to suitable 

 

Figure 1. (a) Stacking sequence used for hybrid laminates. (b) Cure cycle used for 

manufacturing of composite specimens 
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dimensions according to the ASTM D790-A standard, and flexural tests were performed on 

Instron 5982 universal testing machine. Optical micrographs of specimens at the global failure 

sites were obtained using a Nikon-LV100ND optical microscope.  

2.2 Acoustic emission (AE) technique and digital image correlation (DIC) method 

Mistras PCI 2 apparatus with the AEwin PCI2-4 software was used to monitor the generation and 

propagation of various damage types in the bending specimens. Two piezoelectric sensors 

(PICO-2-750 kHz Lightweight Miniature AE sensors, Mistras) attached to the top side of samples 

were utilized to detect the elastic acoustic waves generated during mechanical deformation. 

Based on the K-means algorithm and Davies-Boulding dissimilarity function, the optimum 

number of clusters was calculated for the post-processed AE data (4), and clusters were 

subsequently linked to various damage types as provided later in Section 3.2. Through-thickness 

local strain maps along the span length of the bending specimens were obtained using a digital 

image correlation (DIC) technique with a GOM (Braunschweig, Germany) 12M sensor system. 

The experimental set-up for the DIC testing during flexural loading of thick composite laminates 

is shown in Figure 2.  

3. Results 

3.1 Effect of interply hybridization on the flexural performance 

Figure 3 shows the stress versus strain plots of thin and thick laminates during flexural loading. 

Among thin hybrid specimens, 3C laminate exhibited the highest flexural strength i.e., 1072 

MPa, while for the thick hybrid specimens, 2C laminate had the highest strength i.e., 976 MPa. 

Upon replacing top/bottom carbon plies with glass fibers, and the placement of carbon plies 

along the horizontal midplane of the thin or thick samples, the flexural modulus changes 

compared to non-hybrid samples. As per the structural requirements, the ply stacking sequence 

can be utilized to tune the toughness of a thin or thick hybrid laminate. Although the first stress 

 

Figure 2. Set up for DIC testing of the thick composite during flexural tests 
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drop value for thick AC laminate is 23.82% less than the thin specimen, its strain to failure is 

improved, and the higher number of carbon plies delay the global failure. Furthermore, upon 

hybridization of thick AC laminate in a 3C sequence, the flexural strain to failure significantly 

increased by 89%. The stepwise profile of the stress-strain curves of thin or thick hybrid 

specimens implies that the sudden failure exhibited by an all-carbon specimen can be prevented 

upon its interply hybridization with glass fibers.   

The existence of plies with varying toughness in hybrid specimens of a particular stacking 

sequence triggers a more complex failure path. The result of interply hybridization in the form 

of the "hybrid effect" (8) is presented as an inset in Figure 3. The highest hybrid effect of 196.15% 

and 65% is exhibited by the thin 3C and thick 3C specimens, respectively. For the thick 1C, 2C, 

and 13C laminates, the hybridization effect does not differ much under flexural loading 

conditions, at 33.05%, 31.22%, and 26.10%, respectively. 

3.2 Characterization of damage mechanisms in thin/thick laminates through optical 

fractography and acoustic emission technique 

In this section, thin laminates' failure initiation and damage behavior are compared with their 

thick counterparts to look for any similarities or patterns. For the non-hybrid thin AC laminate, 

damage initiates due to compressive failure of top carbon plies, and global failure is due to 

kinking and buckling (Figure 4a). While for thick AC laminate, two damage modes are activated, 

(i) compressive failure on the top carbon plies and (ii) tensile failure of bottom carbon plies. Like 

thick AC, the thick 1C specimen showed a tensile failure of bottom carbon plies (Figure 4b). 

Compressive failure at the top layers (Figure 4c) and tensile failure at the bottom layers 

characterized global failure for the thin AG specimen. In contrast, extensive buckling at the 

compressive side caused the failure of the thick AG sample. In thin 1C and 13C specimens, similar 

damage behavior was observed, whereby a kink band formation in carbon plies on the top 

initiated the damage (Figure 4d). The presence of less-stiff fibers on the top surface in thin 2C 

laminate caused the complete failure of glass fibers, but the damage did not propagate through 

the thickness. However, for the thick 2C specimen, in addition to the breakage of top glass fibers, 

a transverse crack formation was also observed in the carbon plies beneath them, causing 

interfacial delamination (Figure 4e). For the 3C stacking sequence, the thin laminate underwent 

 

Figure 3. Flexural stress vs. strain curves of (a) thin composite laminates(4) and (b) thick 

composite laminates (7). Inset shows the hybrid effect as a function of specimen type 
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buckling and fiber rupture of top and bottom glass plies, unlike the thick 3C specimen, where 

the top and bottom plies did not exhibit any visible damage but rather an extensive premature 

delamination failure at the neutral axis occurred. Moreover, the thin and thick 13C laminates 

exhibited identical failure paths, i.e., shear-driven delamination global failure (Figure 4f). Global 

failure in thick laminates was always in the form of interlaminar delamination. Thus, the stress 

vs. strain evolution of hybrid laminates and their damage initiation and manifestation depends 

upon the stacking sequence and thickness of the specimen. 

 

Figure 4. Composite specimens exhibit various damage mechanisms. (a) Kink band formation in 

thin AC specimen, (b) Tensile failure in bottom carbon layers in thick 1C specimen, (c) 

Compressive failure on top layers in thin AG specimen, (d) Kinking failure in thin 1C specimen, 

(e) shear-driven crack formation and interlaminar delamination in thick 2C specimen, (f) 

extensive shear-driven delamination failure in carbon plies along the horizontal midplane of 

thick 13C specimen. 

Hybridization of thick AC laminate with glass fibers dissipates the bending stress through the 

laminate thickness, thus actively delaying the instant of global failure observed. Furthermore, 

compared to non-hybrid specimens, the failure paths of thick hybrid composites were 

predictable. For instance, upon repeating the bending tests several times, the failure path 

preferred by a laminate with a 3C stacking sequence was shear-driven mode II delamination at 

the horizontal midplane. The global failure predictability provided by thick section laminates can 

be useful during structural health monitoring of load-bearing elements as it can help choose an 

efficient placement of embedded sensors.  

Although the stress-strain curves obtained during flexural loading can be a good indicator of the 

instant where the loss of material's structural integrity starts, it cannot distinguish between the 

various failure paths taken by the material up to the final fracture. To overcome this limitation, 

acoustic emission (AE) testing is performed on the composite laminates to scrutinize and 

distinguish the initiation of failure and damage modes within the samples. Different failure types 

generate sound waves of the distinct frequency range (4)(7). Correlating the AE data with the 

stress-strain curves provides the details of flexural strain values related to the first registry and 

the type of initial damage for thin and thick laminates. As seen in Figure 5(a) for the thin AC 

laminate, micro-damage originates in the form of matrix cracking at 59.25% of failure strain, 

followed by fiber breakage, fiber pull-out, and fiber breakage at 79.59%, 95.29%, and 97.45% of 

failure strain, respectively. 
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For thin and thick 

hybrid laminates, 

the AE data 

suggests that the 

damage initiation 

is in the form of 

fiber breakage. In 

thick AC laminate 

(Figure 5b), the 

registration of 

acoustic data 

happens at ~80% 

of failure strain, 

suggesting an 

abrupt failure 

with no prior indication. However, upon hybridization with glass fibers (e.g., in thick 3C 

laminate), acoustic data is registered at 51% of failure strain, even though its stress-strain profile 

is similar to the thick AC specimen. A detailed description of the AE profiles of thin and thick 

laminates can be found in (4) and (7), respectively.  

3.3. Evolution of through-thickness strain in thick composite laminates 

To monitor the surface strains at the top, middle, and bottom of specimens, three virtual strain 

gages were generated during DIC analysis (Figure 6). The distribution of transverse strain (𝜀!!) 

and shear strain (𝜀!") at 90% of the ultimate flexural strength (𝜎#$%) for the non-hybrid and 

hybrid samples is shown in Figure 7 and Figure 8, respectively. It can be observed in Figure 7(a) 

that a transverse strain localization of compressive nature is present below the loading tip for 

the thick AC sample, reaching -

1.8%. A similar trend is observed 

for the v-SG data obtained for the 

thick AC specimen (Figure 7b), 

showing that 𝜀!! along the 

horizontal midplane of AC 

specimen is negligible. Figure 7(c), 

shows the shear strain (𝜀!")  

distribution of the thick AC 

specimen, and generation of 

narrow band shaped profile 

parallel to the loading axis can be readily seen, which resulted in crack initiation, and ultimately 

a delamination failure in lower plies of the specimen. In comparison, the 𝜀!! profile of the thick 

AG specimen is symmetric in nature, and the specimen reaches a compressive strain of -2.5%, 

and tensile strain of nearly +2.6%, respectively, as shown in Figure 7(d). High compressive 

strength and high ductility of glass fibers prevent fiber breakage, allowing the AG specimen to 

reach higher strain values than the thick AC specimen under bending. Localization of transverse 

strain in the all-glass specimen at the chosen loading level is not observed, as evident from the 

v-SG profiles (Figure 7e). Furthermore, the shear strain profile of the thick AG sample also 

 

Figure 5. Initiation of acoustic emission data acquisition for various failure 

types as a function of percentage of final failure strain and specimen type 

(a) for thin laminates, (b) for thick laminates. 

 

Figure 6. Location of virtual strain gages generated on 

the surface of thick laminate specimens for DIC analysis 
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exhibits similar behavior, and strain is symmetric about the vertical midplane of the laminate 

(Figure 7f), leading up to shear-driven delamination.  

 

Figure 7. DIC results at 90% of 𝜎#$%. For thick AC laminate: (a) transverse strain (𝜀!!)  field 

(c) shear strain (𝜀!") field. For thick AG laminate (d) transverse strain (𝜀!!)  field, (f) shear 

strain (𝜀!") field. Evolution of transverse strain along the span length of (b) thick AC 

laminate and (e) thick AG laminate 

 

Figure 8. DIC results at 90% of 𝜎#$%. For thick 3C specimen: (a) transverse strain (𝜀!!)  field, 

(b) shear strain (𝜀!")  field. For thick 13C specimen: (c) transverse strain (𝜀!!)  field, (d) 

shear strain (𝜀!")  field 

Among the thick hybrid specimens, 3C and 13C configurations are chosen as an example to 

demonstrate the usefulness of DIC technique to monitor surface strains. It can be seen in Figure 

8(a) that the 𝜀!! profile of 3C specimen is similar to AG laminate and is mainly concentrated 

around the glass plies of 3C while being symmetric about the horizontal midplane. On the other 

hand, a very prominent shear strain concentration is observed for the 3C laminate in Figure 8(b), 

predicting a shear-driven delamination failure, being in excellent agreement with the observed 

global failure mode in the 3C specimen. For the 13C specimen, in addition to the presence of a 

symmetric transverse strain profile (similar to 3C), a concertation of compressive strain (𝜀!! = -
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1.9%) can also be observed (Figure 8c), since 13C laminate contains carbon plies on the top 

bounding surface. Moreover, the shear strain observed on the 13C specimen surface is not only 

highly concentrated below the loading tip but also present along the middle carbon fiber plies 

(Figure 8d). As a result, 13C laminate exhibited a crack formation in top carbon plies and an 

extensive shear-driven delamination failure along the horizontal midplane. 

4. Conclusion 

The effect of interply hybridization on flexural properties, failure initiation, and damage 

propagation in thin (6-ply) and thick (48-ply) carbon/glass fiber hybrid composites have been 

investigated. Flexural modulus in hybrid laminates (of both thicknesses) is strongly correlated 

with the position of carbon-fiber plies, undergoing an increment on placement of carbon fibers 

away from the horizontal midplane. Furthermore, the apparent failure strain of thin and thick 

AC laminates is significantly improved by replacing the top and bottom carbon plies with glass 

fibers. Characteristic stress drops observed during flexural loading of hybrid specimens indicate 

the arrest of initial damage by plies of variable stiffness through the thickness, and global failure 

is no longer abrupt as in all-carbon specimens. Among the various failure modes active within 

specimens during deformation, damage predominately initiates in the form of fiber breakage in 

thin and thick laminates. Macro-damage sites are predictable through surface-strain monitoring 

using DIC technique, and global failure modes of thick composites are repeatable.  
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Abstract: The outputs from a series of online workshops on defining and measuring strength of 

composites and the factors affecting it are presented. The meaning of the strength of a 

composite is discussed and a definition is proposed. Issues in measuring fibre direction tensile 

and compressive strength are discussed, with potential ways to overcome them. 

Recommendations are made on how to use the term strength, and how to address the remaining 

challenges. 

Keywords: strength; failure; testing; tension; compression  

1. Introduction 

Strength of composites has been a key area of research for many years, and yet there are still 

huge variations in reported values of strengths. For example, a recent study on compressive 

strength of UD IM7/8552 showed a variation of more than a factor of two between different 

test methods [1]. This is a major reason “why progress on the failure of fiber composite materials 

has been so retarded” [2] as identified by Christensen, who highlighted the difficulties of 

performing accurate testing, suggesting that “the data of these observed behaviors must be 

completely uncorrupted by the inadvertent and uncontrolled influences that almost inevitably 

creep in” [2]. This paper addresses the question: “how do we define and measure strength of a 

composite?” and summarises some of the key points arising from a workshop on this topic [3] 

and two further workshops on measuring fibre direction tensile and compressive strength [4,5].  

A fourth workshop was also recently held on shear strength [6].  

2. Definition of strength 

An online workshop was organized in October 2020 to address the definition and measurement 

of strength. A panel of invited speakers debated the topic, with over 100 people attending the 

session [3]. There are many ways to define the strength of a composite, and different reasons 

for wanting to specify it – as a measure of the intrinsic strength to compare materials, as input 

into models for predicting the strength of components or as a conservative value to establish 

safe design allowables. Regarding the ultimate strength of a unidirectional composite, we 

contend that the only unambiguous definition is the maximum stress that the material can 

sustain under uniform uniaxial loading and in the absence of other stress components. Other 

definitions such as damage initiation stress are difficult to establish and more subjective. Tests 

with in-situ SEM and X-ray CT have shown that there is often damage before any load is applied 

due to intrinsic defects or residual stresses. The point at which macroscopic damage is noted in 

a test depends on how closely it is monitored and so is arbitrary.   

Concepts such as in-situ strength are even more problematic as fundamental definitions because 

they depend on other factors, as discussed later. Such measures may be useful in establishing 
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fitness for purpose for a particular design, but they are not appropriate as basic material 

parameters. The maximum stress may be achieved after considerable damage, which may cause 

premature failure if the direction or type of loading is changed, but it is still valid as a simple 

measure of ultimate material performance.  

There are significant differences between metals and composites in the relation between stress 

state and failure. The local triaxial stress state is not directly related to the macroscopically 

applied stress. There is not a single failure mechanism or a smooth variation of strength under 

different stress states. It is therefore necessary to consider the different potential failure 

mechanisms of fibre direction tension and compression; in-plane transverse tension, 

compression and shear; interlaminar tension, compression and shear; and also their interaction. 

The definition above can be applied to all these principal failure modes.  

Even with this simple definition it must be recognised that the value obtained may depend on a 

number of factors, such as the volume of material tested, strain rate, temperature and moisture 

condition, and so these must be specified alongside the strength. Measurements should be 

made under uniaxial loading with a uniform stress state as stress gradients can increase the 

maximum stress at failure, and the presence of stress concentrations and other stress 

components can also affect it. With these caveats, the maximum stress is useful as a material 

property, representing what may be attained under ideal conditions and a basis for comparison 

of different materials.  

There is inherent variability in composites and hence a distribution of strengths rather than a 

single value. However, it is undesirable to have strengths that are linked to theories which may 

not be fully validated or accepted. For example, the variation of strength with specimen size may 

be accounted for by means of a Weibull characteristic strength and modulus, but it is preferable 

to quote the strength at a specified volume to avoid the dependence on any underlying theory.  

There are many challenges in carrying out practical tests to measure strength, to avoid stress 

concentrations and other parasitic stress components. These are discussed in the next sections 

for fibre direction tensile and compressive strength. In principle it is possible to measure stresses 

at failure under combinations of different stress components, but in practice this is even more 

challenging and requires more research both on the tests and the use of the obtained values in 

criteria to predict failure.  

This measure of strength can strictly only be applied to unidirectional composites under simple 

stress states. Even simple flat laminates have multiple potential failure modes that depend on 

different factors and can interact in different ways depending on many parameters. Transverse 

cracking and delamination can interact with fibre direction response, especially at free edges, 

and so the failure stress may depend on the stacking sequence and ply thickness. Also, in a 

laminate subject to uniform applied stress there are other stress components present in the 

different plies, as well as residual thermal stresses and constraint from other plies. Theoretically 

it might be possible to define and measure an ideal ultimate laminate strength, for example by 

selecting stacking sequences and ply thicknesses to avoid premature damage, or using tubular 

specimens to eliminate free edges, but even if this was successful, it is not clear if it would be 

useful since such values would not necessarily apply to practical situations.  

Measures such as notched strength depend on further factors in addition to those above, 

including the notch size, laminate thickness, and width to notch ratio. They are nevertheless 
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useful for design and comparative purposes but should not be regarded as material properties. 

Compression after impact testing is even more problematic, and should be treated as a 

pragmatic way to gauge impact response rather than measuring a material property. Strength 

of components is a structural rather than material phenomenon due to complex stress 

distributions and interactions between through thickness and in-plane failure mechanisms as a 

result of three dimensional-geometry.  

The term “failure strength” is commonly used, but is really a contradiction in terms and should 

be avoided. Strength and failure stress are often used interchangeably, but should really be 

distinguished, with strength reserved for basic unidirectional materials and failure stress used 

elsewhere. Terms such as compression-after-impact (CAI) strength or open hole tensile (OHT) 

strength should be replaced by CAI or OHT failure stress. In all cases there should be full 

specification of the conditions under which the measurements have been made. Failure strain 

is also very useful as it can be more directly measured and is widely used in industry. 

3. Fibre direction tensile strength 

A second online workshop was organised in March 2021 to discuss measuring tensile strength 

[4]. This is not easy because of the difficulty of introducing the high loads necessary without 

inducing stress concentrations. Even with careful tabbing arrangements, test specimens usually 

fail at the ends, e.g. Fig. 1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Typical failure of tensile specimen at the end of the tab 

 

One approach to this is to machine the specimens to produce a waisted section with reduced 

cross-sectional area. Waisting can be carried out through the thickness, across the width, or 

both, and needs to be very gentle in order to avoid the specimens splitting, Fig. 2 [7]. With care 

it may be possible to produce consistent gauge section failures, but the specimen dimensions 

are typically large, and the machining or manufacturing can be expensive and time consuming.  
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Figure 2. Very gradually waisted tensile specimen [7] 

 

Recent work has shown that with the right equipment this can be done quite easily with prepreg, 

Fig. 3 [8]. Hybrid specimens can also be used to measure tensile strength, for example with 

carbon fibre plies sandwiched between glass fibre plies with a lower modulus and higher strain 

to failure. This has been shown to completely eliminate the stress concentration at the grips, 

producing consistent gauge section failures, Fig. 4 [9]. It is a very easy technique to use, and also 

eliminates the need for tabs, however it only measures strain at failure directly, rather than 

stress, and also needs a small correction for thermal residual strains. Bending tests can also 

eliminate failure at the points of load introduction, but only have a small volume of material at 

the maximum stress, and there is also a question as to whether the stress gradient may result 

in a different strength than in pure tension [10].  

 

 

 

 

 

 

 

 

 

 

Figure 3. Gradually chamfered ply [8] 

 

The size effect due to the volume of stressed material is well established [e.g. 11,12] but there 

are still questions as to the relative effect of changes in length and cross-section. Strain rate, 

temperature and humidity are generally considered to have less influence since the fibres 

themselves are not sensitive to these effects, at least for carbon. Some studies have shown that 

these factors can cause differences in strength, but are the test methods sufficiently robust?  
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Figure 4. Clear gauge section failure in carbon fibre / glass sandwich specimens [9] 

 

Many failure criteria such as Tsai-Hill or Tsai-Wu imply strong interaction between other stress 

components, but recent work using hybrid specimens has indicated very little effect of in-plane 

shear and transverse compression on fibre direction tensile failure strain [13,14].  

A good test method should give consistent high values, with low variability. Several methods 

appear promising and it is important to compare them for the same material, also taking account 

of the stressed volume. Different tests methods should give similar results if they are valid and 

all measuring the same quantity. This is being put to the test in a round-robin exercise that was 

started as a consequence of the tensile strength workshop. The round-robin exercise is 

comparing tensile strengths obtained by waisted specimens, flexural specimens, and ones with 

continuous, rectangular, tapered and arrow-shaped end tabs. Once the best methods have been 

established, they can be used to further investigate the factors affecting tensile strength. The 

final goal is to develop an ISO standard specifically for unidirectional composites. 

4. Fibre direction compressive strength  

A third workshop was held in October 2021 on measuring compressive strength [5]. It is clear 

that special care must be taken to avoid buckling. Consistent gauge section failures may in fact 

be initiated by overall buckling, which occurs at a much lower stress than the simple Euler 

equation would suggest due to the effect of shear deformation, and the substantial reduction in 

modulus with applied compressive strain in carbon fibre composites [15]. The obvious solution 

is to reduce the gauge length, which typically is of the order of 10 mm, but this causes the stress 

state to be non-uniform along the length, creating uncertainty about whether the obtained 

strength is representative of the behaviour of the same material under uniform stress. It is 

important to eliminate bending which may be caused by transverse displacements between the 

grips of the test machine or non-uniformities in the tabbing. 

There is also the question of whether to introduce the load by compression at the ends of the 

specimen or by shear. The latter is more straight-forward, but causes stress concentrations at 

the ends of the tabs. Also unlike in tension, shear stresses greatly reduce compressive strength, 

as has been shown in combined compression and torsion tests on tubes [16].  
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In conventional specimens loaded through tabs, interlaminar shear stresses inevitably occur 

[17], as shown in Fig. 5a. Hence failure typically initiates at the grips unless there is some form 

of defect or stress concentration in the gauge section. There are also indications that transverse 

tensile and compressive stresses can be important [e.g. 18,19]. 

At the corner points, where geometry and material properties change abruptly, nominal stress 

singularities appear [20] contributing to premature failures in standard tests of composite 

materials that have been reported [21]. In the particular case of the compression test of 

unidirectional laminates, these stress intensifications can be reduced, as proposed in [22] where 

a chamfer, filled with adhesive, is included at the end tab (see Fig.5c) and the 45° chamfer was 

demonstrated to be a less severe configuration [21]. 

 

 

 

Figure 5. (a) Shear stress concentrations at end of tabs [17], (b) original geometry, (c) modified 

geometry to reduce the order of the stress singularity. 

 

If specimens are end-loaded, they need to be ground very flat and perpendicular and even with 

extremely careful preparation tend to fail by splitting or brooming. Combined end and shear 

loading therefore tends to give the best results [23]. Tabs should carry just enough load to avoid 

end failure, but be as thin as possible to minimise the stress concentration at the start of the 

gauge section. This can be further reduced by encouraging the tabs to debond at the tips [23]. 

Accurate alignment of the specimen and fibres is crucial, and local misalignment induced at the 

exit from the test fixture by gripping pressure may have an effect. 

Bending tests can also be used to measure compressive failure strain, provided tensile and 

interlaminar shear failures are avoided. Care has to be taken to avoid roller failure due to stress 

concentrations. This can be done by using very large rollers or by pin-ended buckling tests where 

a long specimen is allowed to buckle and then fail in compression in the middle. Scaled pin-

ended buckling tests have shown a strong size effect, Fig. 6, which is mainly due to the strain 

gradient [24] although there could be a contribution from the difference in stressed volume. 

Recent tests with wood sandwich beams have separated these factors and demonstrated the 

effect of strain gradient on specimens with the same stressed volume [25].  
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Figure 6. Strain gradient effect in scaled buckling tests [24] 

 

A different approach is to use a specially designed laminate that when subjected to tensile 

loading, fails in compression in its central 90°-ply due to the Poisson effect. It has been shown 

that gauge section failures can be obtained, although transverse tension is also present [26]. 

Strain rate, temperature and humidity have all been demonstrated to have significant effects on 

compressive strength since these conditions can greatly affect the matrix behaviour [e.g. 27,28]. 

However due to the difficulties in testing, there is limited evidence on other factors. Sandwich 

tests on thin ply specimens have shown that failure strains increase with decreasing ply 

thickness [29], believed to be due to greater homogeneity and better fibre alignment. This 

highlights the importance of the manufacturing process, and the possibility of much lower 

compressive strength in full scale structures than small test coupons of the same material due 

to misalignment defects such as wrinkles. 

Hybridisation can also affect compressive failure. For example, compressive failure strains of 

2.5% have been reported for high strength carbon/epoxy embedded in glass/epoxy four-point 

bending specimens [30]. Higher failure strains have been reported for 0° plies embedded in 

laminates with many 45° plies [31] although the layup may also reduce the stress 

concentrations. Theoretical modelling has suggested that the stacking sequence affects 

compressive strength [18] but it is challenging to verify this experimentally. 

Further work is needed to compare the different methods and reach a consensus on the best 

way to measure compressive strength. 
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5. Summary and Recommendations 

Strength as a material property should only be used for unidirectional composites under simple 

uniaxial stress states measured under uniform loading.  

Strength should be defined as the maximum stress that can be attained prior to total rupture 

and should be stated together with the volume of material and conditions under which it was 

measured. 

Results of laminate and structural tests should be referred to as failure stresses rather than 

strengths.  

Round-robin exercises should be undertaken to compare the different test methods and reach 

conclusions on the best ones. A round-robin is underway on tensile strength measurement and 

others are needed for compression and other failure modes. 

Once the best test methods have been established, further work should be undertaken on the 

factors that affect failure. A consensus should be sought on what research is needed to build a 

modelling framework on a firm foundation to be able to predict laminate and structural failure 

from basic material strengths.  

The presentations and videos of the workshops are available online [3-6]. 
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Graphical Abstract: 

 

Abstract: The ultimate quality and performance of fiber/nano-fiber composites depends 

strongly on the interfacial interaction of the components. In particular, the surface energy and 

surface area of fibers and fillers are directly related to the compatibility, dispersibility and 

reinforcement quality.  To enhance the adhesion properties at the interface, fibers/fillers are 

often exposed to various surface treatments. In this studies, surface areas and energies of fillers 

and natural fibers from different origins and surface treatments have been investigated by 

Inverse Gas Chromatography (IGC).  

Keywords: surface energy; compatibility; reinforcement; IGC, adhesion  

1. Introduction 

Development of new advanced composites requires more understanding of the component 

properties and the interfacial interactions between the reinforcement and the matrix material. 

Surface properties, such as surface energy, specific surface area, acid-base properties, of the 

reinforcement material helps to select the most compatible matrix for it. Ability to measure the 

surface energy of these materials is essential for ensuring compatibility between them. 

Adhesion between the matrix and filler/fiber is crucial for reinforcement composites. During the 

manufacture of filler or fiber, surface treatment and modification are performed to enhance this 
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adhesion. Additionally, it helps to understand its behavior during the processes and predict the 

performance. Inverse Gas Chromatography (IGC) is a powerful analytical tool to determine the 

surface energy, specific surface area, acid-base properties and solubility parameters which can 

be used to help predict the reinforcement quality, interface compatibility and composite 

performance. 

One of the most commonly used parameters for the description of the energetic situation on 

the surface of a solid is the surface energy. The surface energy is analogous to the surface 

tension of a liquid.  Surface energy describes the interaction between cohesive and adhesive 

forces which, in turn, dictate if wetting occurs.  In practical terms, the higher the surface energy, 

the more reactive the surface. The surface energy parameter can be divided into a dispersive 

and a specific component. The dispersive surface energy can be directly calculated from the 

retention times of a series of injected n-alkanes [1]. The specific contribution of the surface 

energy is obtained indirectly via the specific free energy, obtained by injecting a range of polar 

probe molecules. By applying an appropriate concept, the acid-base numbers can be calculated 

from the specific free energies. The study of acid-base properties by IGC has the additional 

benefit that changes in the orientation of surface groups can be studied. Those changes are not 

necessarily related to variations in composition. For this reason spectroscopic methods are less 

appropriate for the study of these effects [2]. 

 A common approach for acid-base calculations used in IGC is the van Oss concept [3], which 

provides acid and base numbers in the same units as the dispersive surface energy.  ∆𝐺𝐺𝑖𝑖𝑠𝑠𝑠𝑠 = 𝑁𝑁𝐴𝐴 ∙ 𝛿𝛿𝑖𝑖 ∙ 2 ∙ �(𝛾𝛾𝑙𝑙+ ∙ 𝛾𝛾𝑠𝑠−)1/2 + (𝛾𝛾𝑙𝑙− ∙ 𝛾𝛾𝑠𝑠+)1/2� (1) 

In Eq. 1 𝛾𝛾𝑠𝑠+ and  𝛾𝛾𝑠𝑠− are the electron acceptor (acid) and electron donor (base) parameters of the 

surface and 𝛾𝛾𝑙𝑙+ and 𝛾𝛾𝑙𝑙− are the electron acceptor and donor parameters of the probe molecule. 

Unfortunately, in its original form, this equation can only be used for relative comparison due to 

inaccurate starting parameters leading to an overestimation of the basicity [4]. To correct this 

and decrease probe sensitivity, the input parameters have been rescaled for a more reliable 

determination of acid/base values according to Della Volpe [4]. With this rescaling, the van Oss 

concept is useful for the determination of the specific surface energy. The specific surface energy 

can be obtained from the  𝛾𝛾𝑠𝑠+ and  𝛾𝛾𝑠𝑠− numbers according to Equation 2: 𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠 = 2 ∙ �𝛾𝛾𝑠𝑠+ ∙ 𝛾𝛾𝑠𝑠− (2) 

The thermodynamic work of adhesion (particle-matrix interactions) compared to the work of 

cohesion (particle-particle interactions) for all particle/fiber-matrix pairs can be calculated from 

the surface energy values of the individual composite components as shown in Eq.3 and Eq 4. 

With a higher surface energy, there are greater cohesive forces (particle-particle interactions), 

which could lead to increased agglomeration (or poor dispersion) and decreased load transfer.  𝑊𝑊𝐴𝐴𝑑𝑑 = 2 ∙ ��𝛾𝛾𝑠𝑠𝑀𝑀𝑓𝑓𝑡𝑡𝑖𝑖𝑐𝑐𝑙𝑙𝑓𝑓/𝑓𝑓𝑖𝑖𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑 ∙ 𝛾𝛾𝑚𝑚𝑀𝑀𝑡𝑡𝑓𝑓𝑖𝑖𝑥𝑥𝑑𝑑 �1/2
+ �𝛾𝛾𝑙𝑙𝑠𝑠𝑀𝑀𝑓𝑓𝑡𝑡𝑖𝑖𝑐𝑐𝑙𝑙𝑓𝑓/𝑓𝑓𝑖𝑖𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 ∙ 𝛾𝛾𝑚𝑚𝑀𝑀𝑡𝑡𝑓𝑓𝑖𝑖𝑥𝑥𝑠𝑠𝑠𝑠 �1/2� (3) 

𝑊𝑊𝐶𝐶𝐶𝐶ℎ = 2 ∙ ��𝛾𝛾𝑠𝑠𝑀𝑀𝑓𝑓𝑡𝑡𝑖𝑖𝑐𝑐𝑙𝑙𝑓𝑓𝑑𝑑 ∙ 𝛾𝛾𝑠𝑠𝑀𝑀𝑓𝑓𝑡𝑡𝑖𝑖𝑐𝑐𝑙𝑙𝑓𝑓𝑑𝑑 �1/2
+ �𝛾𝛾𝑙𝑙𝑠𝑠𝑀𝑀𝑓𝑓𝑡𝑡𝑖𝑖𝑐𝑐𝑙𝑙𝑓𝑓𝑠𝑠𝑠𝑠 ∙ 𝛾𝛾𝑠𝑠𝑀𝑀𝑓𝑓𝑡𝑡𝑖𝑖𝑐𝑐𝑙𝑙𝑓𝑓𝑠𝑠𝑠𝑠 �1/2� (4) 

 

2. Surface Characterization of fibers and fillers 
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2.1 Untreated and treated carbon fibers 

The carbon fibers used in this study were PAN based high tensile strength materials. Two AS4 

carbon fibers were investigated: AS4-12K and AS4-GP-3K. They were kindly supplied by Hexcel, 

Salt Lake City, USA. Both types of fibers were oxidized and AS4-GP was also sized with an epoxy-

based agent. A third fiber C320.00A, Sigri SGL Carbon, Germany, unoxidized and unsized was 

studied for comparison. The three samples will be referred to as AS4 unsized, AS4 sized and CA. 

All experiments were conducted with an IGC2000 from SMS Ltd and the samples were packed 

into silanised glass columns (30 cm long, 4 mm ID). Prior to measurement the sample was pre-

treated at 303 K for 2 hours in situ. The samples were measured at 303 K with a carrier gas flow 

rate of 10 ml/min. Probe molecules were undecane, decane, nonane, octane, dichloromethane, 

acetone, ethyl acetate, ethanol and acetonitrile. All solvents were supplied by Aldrich and were 

HPLC grade. The probe molecules were injected from the head-space via a loop with 250 μl 
volume. The injection concentration was 0.03 p/p0 to obtain infinite dilution conditions. The 

deadtime was determined by a methane injection. The specific interactions, expressed by the 

specific free energy (Eq 1), are listed in Table 1. Most probes interact strongest with the AS4 

unsized sample. However, the AS4 sized sample interacts stronger than the untreated CA fiber. 

This suggests that polar probes interact significantly with the epoxy layer. From the specific free 

energies acid-base numbers have been calculated using the Gutmann concept.  These numbers 

are displayed in Figure 1 for the carbon fibers. 

Table 1: Specific Free Energy values of the polar probes on the fiber surfaces at 303K in [kJ/Mol] 

Fiber name ∆𝐺𝐺𝐴𝐴𝑐𝑐𝑓𝑓𝑡𝑡𝐶𝐶𝑛𝑛𝑓𝑓𝑠𝑠𝑠𝑠
 ∆𝐺𝐺𝐸𝐸𝑡𝑡ℎ𝑦𝑦𝑙𝑙𝐴𝐴𝑐𝑐𝑓𝑓𝑡𝑡𝑀𝑀𝑡𝑡𝑓𝑓𝑠𝑠𝑠𝑠

 ∆𝐺𝐺𝐷𝐷𝐶𝐶𝑀𝑀𝑠𝑠𝑠𝑠
 ∆𝐺𝐺𝐸𝐸𝑡𝑡𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠

 ∆𝐺𝐺𝐴𝐴𝑐𝑐𝑓𝑓𝑡𝑡𝐶𝐶𝑛𝑛𝑖𝑖𝑡𝑡𝑓𝑓𝑖𝑖𝑙𝑙𝑓𝑓𝑠𝑠𝑠𝑠
 

CA fiber 6.16 7.43 6.75 8.13 11.07 

AS4-12K 10.48 14.29 8.43 16.89 15.17 

AS4-GP-3K 9.39 10.21 10.05 9.01 13.53 

 

Figure 1. Acid (Ka) and base (Kb) numbers for different carbon fibers calculated from specific 

free energies 

All samples appear amphoteric. The untreated CA fibre seems to be predominately basic while 

oxidation causes a shift towards a dominating acidity. When the Ka numbers are compared 
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directly the trend AS4-12K (unsized) > AS4-GP-3K (sized) > CA can be observed. This can be 

explained by the fact that oxidation increases the amount of oxygen functionalities, so AS4-12K 

unsized shows the highest acidity. A comparison of the Kb numbers shows the following trend: 

CA > AS4-12K (unsized) > AS4-GP-3K (sized). The change in basicity from the untreated CA to the 

AS4 unsized sample can be explained by the decrease in the graphitic nature of the fibre due to 

the oxidation. Sizing seems to decrease the basicity even further. 

2.2  Cellulose fibers 

Three fibre samples were used in this work [6]. Two types of bast fibres were chosen, a Canadian 

linseed flax (variety unknown), supplied by the Composites Innovation Centre (CIC), Winnipeg, 

Manitoba, and a Kenaf fibre (variety KK60), provided by Engage Eco Products Co. Ltd., Thailand. 

The third fibre sample tested was BioMid® cellulose fibers, supplied by ENC International. All 

experiments were conducted with an Inverse Gas Chromatograph Surface Energy Analyser (IGC-

SEA) from Surface Measurement Systems (London, UK). About 0.7–1 g of chopped fibers (~10 

cm long) with a sample bed length of ~ 30 mm were packed into individual 4 mm internal 

diameter iGC silanised glass column. Carrier gas was helium, and methane was the reference gas 

to determine the dead time, which represents the time necessary for a molecule to travel across 

the column without any interaction. Series of normal alkanes (C7-C10) were injected to build 

the alkane line, while dichloromethane and ethyl-acetate were injected as the mono polar acid 

probe and basic probe respectively [6]. The individual surface energy components, 𝛾𝛾𝑠𝑠𝐷𝐷 and 𝛾𝛾𝑠𝑠𝑆𝑆𝑆𝑆, 

and the total surface, 𝛾𝛾𝑠𝑠𝑇𝑇𝐸𝐸𝑇𝑇 of the BioMid® cellulose, flax and kenaf fibers are listed in Table 2 

and the distribution profiles are given in Figure 2. 

 

Figure 2. Distribution of the total surface energy for the cellulose BioMid®, kenaf and linseed 

flax fibers [6] 

Table 2: Surface energy components [mJ/m^2] at 30° C, 0 % RH, Min value corresponds to 

maximal coverage, Max value corresponds to minimal coverage and Mean value is the median 

where half of the population lies below this value [6].  
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 𝛾𝛾𝑠𝑠𝐷𝐷 𝛾𝛾𝑠𝑠𝑆𝑆𝑆𝑆 𝛾𝛾𝑠𝑠𝑇𝑇𝐸𝐸𝑇𝑇 

Fiber name Min Max Mean Min Max Mean Min Max Mean 

BioMid® 40.7 42.8 41.1 3.8 4.3 3.9 44.5 47.1 45.0 

Flax 38.6 41.0 39.1 6.6 8.3 6.9 45.3 49.4 46.1 

Kenaf 37.7 43.6 38.8 11.1 18.4 12.5 48.9 62.0 51.3 

 

BioMid® fibres are produced by a spinning process from cellulose and other biomass 

components in solution and would thus be expected to have a regular smooth surface. Since the 

individual components have some degree of mobility during this processing method, it could be 

expected that if different chemical moieties are present, they would rearrange to give a 

relatively homogeneous low energy surface. This was reflected in the lowest 𝛾𝛾𝑠𝑠𝑇𝑇𝐸𝐸𝑇𝑇 for the 

BioMid® fibres and the narrowest distribution of the fibres tested. Flax fibres' surface contained 

polar groups of lower energy than that of kenaf fibres' surface, which is consistent with the 

assumption that the former surface was rich in waxes and the kenaf fibres contained a variety 

polar component. Kenaf fibres' surface likely comprised more Lewis acid-base functional groups 

than that of flax, for instance lignins, pectins and extractives [6]. 

2.3 Ultrafine silk particles 

In one of our study in collaboration with Deakin University, the surface energy and the acid-base 

properties of ultrafine silk powders as new lightweight composite fillers were measured by IGC-

SEA system and the surface energy values were correlated with the cohesiveness and flow ability 

of the silk powders [7]. The measured surface energetics and compressibility of the silk powder 

are shown on Figure 3. Linear correlation was observed between the surface energy and 

compressibility of silk powders due to the trend between samples was the same at both 

properties.  

 

 

Figure 3. a) Profiles of surface energies and b) compressibility of silk powders [7] 
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3. Conclusion 

Inverse Gas Chromatography technique is a powerful tool to determine the essential surface 

properties of reinforcement materials and the matrix, which make important role in the 

interactions between them, and thermodynamic work of adhesion in reinforcement composites. 

IGC is useful tool also to investigate and to understand the process-induced effects on the 

surface properties. The surface energy distribution profiles instructive for natural fiber / polymer 

matrix composite design. Not only is it important to match the average surface energy of the 

fibers and matrix polymer, but also to evaluate the potential for polar interactions between the 

fiber and matrix to give good fiber adhesion. In addition, a broad distribution of surface energy 

of the fiber may result in sections of the fiber showing adequate adhesion while other sections 

are poorly wetted. These poorly adhered sections in the interface can act as flaws which are 

known to lower the interfacial adhesion. In summary, information what IGC can provide about 

the composite components helps to develop and design more advanced composites with 

exterior performance and properties.  
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Abstract: Thermal behavior of hybrid carbon/glass thin-ply laminates with different layer 

thickness ratios were investigated experimentally. Two different approaches were used for 

applying thermal loads: in one experiment small-scale external heater was attached on the 

surface of laminate specimen; in the second approach cyclic mechanical loading with high 

frequency was applied to generate internal heating within materials. In both experiments 

transient temperature distribution along the thickness of specimens was measured and recorded 

using high performance thermal imaging camera. Obtained results demonstrate temperature 

distribution in reference and hybrid laminate layers during the transient and steady state thermal 

conditions. Relatively large differences between carbon/epoxy and glass/epoxy layers were 

found in terms of internal heat generation and heat transfer. Parametric analysis results on 

reference and various hybrid lay-ups from this study could aid the lay-up design for composites 

in multifunctional applications with various thermal processes.  

Keywords: thin-ply laminates; heat dissipation; thermal imaging 

1. Introduction 

Developments in spread-tow fabric technology during the last decade have opened up new 

possibilities to design new carbon/glass hybrid thin-ply laminates obtaining lightweight and 

flexible structural components with increased damage resistance and ductility compared to 

conventional composites [1-3]. Along excellent mechanical damage resistance properties such 

hybrid laminates could also simultaneously utilize beneficial physical properties of materials, 

such as electrical insulation properties of glass fibers and thermal conductivity properties of 

carbon fibers ultimately designing a multifunctional material. Such materials have great 

potential in structural electronics [4], structural batteries [5], aerospace and automotive 

applications among others. 

Such hybrid laminates with thin carbon and glass layers could be of particular interest in 

developing structural electronic components, where a significant weight reduction could be 

additionally achieved on the system level by, for example, integrating thermal conductivity 

function in the hybrid structural laminate for conducting away the excess heat from electronic 

components and thus eliminating the need for heavy liquid cooling and ventilation components. 

In the context of glass/carbon laminates, the carbon fiber layers would be very suitable for 

performing the heat conduction. Initial attempts in applications of such multifunctional 

glass/carbon hybrid laminates in printable circuit boards have been reported in [4].  
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The present paper aims to contribute to understanding of thermal behavior of hybrid thin-ply 

laminates. Hybrid carbon/epoxy and glass/epoxy thin-ply laminates with different carbon and 

glass fiber layer thickness ratios were investigated experimentally. Two different approaches 

were used for applying thermal loads: in one experiment small-scale external heaters were 

attached on the surface of laminate specimens; in the second approach cyclic mechanical 

loading was applied to generate internal heating within materials. 2D transient temperature 

distribution along the thickness and length of the specimens was measured. The main objective 

of the study was to evaluate the heat transfer from the externally heated surface layer to the 

internal layers (in case of external heating) and to analyze heat flow and temperature 

distribution in hybrid laminate layers during self-heating. 

2. Materials and manufacturing 

Thin-ply laminates were manufactured using Textreme carbon fiber thin-ply plain weave fabrics 

from Oxeon (Sweden) with areal weight of 100g/m2 and glass fiber plain weave fabrics from 

Interglas (Germany) with an areal weight of 80g/m2. Epoxy resin LY1564 from Huntsman (USA) 

with XB 3404-1 hardener was used as the matrix. Composite plates were hand stacked into 

desired lay-ups and vacuum infusion technique was used for epoxy infusion into the stacked 

fabrics. To enhance the flow of resin through the densely packed fabrics, small size metal pins 

were used to provide better flow conditions prior to the vacuum infusion process.  The hybrid 

composite plates were cured in an oven at 80°C temperature for 8 hours. Hybrid carbon/glass 

laminates with various combinations of single, double and quadruple carbon and glass fiber 

layers were manufactured. All plates including the reference plates consisted of 16 layers. The 

lay-ups and their notations are schematically shown in Fig.1. 

 

Figure 1. Schematic illustration of hybrid thin-ply laminate lay-ups 

In Fig.1. CR-1 and GR-1 denote carbon/epoxy and glass/epoxy reference materials respectively. 

TH-1 to TH-4 are the used notations for hybrid carbon/epoxy and glass/epoxy laminate plates 

with different layer configurations and thickness ratios. Notably the hybrid composite plates TH-

1 to TH-4 all consist of 8 layers of carbon/epoxy and 8 layers of glass/epoxy layers.  

3. Experimental tests 

Experimental part of the present study consisted of two different thermal tests. In the first 

experiment a small-scale (21 x 60 x 5 mm) self-regulating electrical heater with 15W capacity 

was attached on external surface layer of laminate specimen and the heat transfer to the 

internal layers was measured. In typical room temperature conditions, the external heater 

reaches 60°C temperature on the contact surface within approximately 60 seconds. The heater 

was attached to the test specimen with a thin double-sided scotch tape ensuring a uniform 
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contact between the heater and the test specimen surface. The heating tests were conducted 

starting from room temperature both on the heater and the specimen. Recording of 

temperature distribution along the thickness of the specimens was performed using high 

performance thermography and thermal imaging camera model A6752sc from FLIR. The camera 

was equipped with FLIR 1X microscope lens (field of view 9,6 mm x 7,7 mm) allowing to 

accurately capture temperature distribution within the layers of laminate specimens with total 

thickness in the range between 1.6 to 2.0 mm. During the heating the specimens were mounted 

vertically in a holder and the camera was placed perpendicularly to the specimen edge. 

The second type of thermal experiment was self-heating test by subjecting the test specimens 

to cyclic mechanical loading. Cyclic mechanical loading was performed on Instron E10000 

dynamic testing machine, equipped with a 10 kN load cell. The tests were carried out in tension-

tension cyclic loading regime with fixed maximum and minimum strain levels. The load ratio was 

R=0.1 and the loading frequency of 20Hz was used unless stated otherwise. For sake of 

parametric analysis, loading cases with frequencies of 25Hz and 30Hz were also conducted on 

selected specimens. Maximum tensile strain levels in the range of 0.5% up to 0.9% were applied. 

Heat generation and temperature distribution within laminate layers were measured using the 

same set-up as for external heating tests, namely the FLIR A6752sc camera equipped with FLIR 

1X microscope lens (Fig.2). Tests were started at room temperature and the cyclic loading of 

specimens was conducted until reaching steady state thermal conditions. After reaching the 

steady state (typically within 7-8 minutes) the cyclic loading was stopped but the specimen left 

in the tensile machine grips, and the cooling of specimen down to room temperature was also 

recorded with the thermal imaging camera. 

 

Figure 2. FLIR A6752sc thermal imaging camera positioned to measure self-heating during 

cyclic mechanical loading 

2D transient temperature distribution along the thickness and length of the specimens was 

recorded in both of the described experiments and the data were processed with FLIR Research 

IR Max software. 

Typical images of temperature distribution in specimens during external heating experiment and 

self-heating experiment are shown in Fig.3a and 3b respectively. 
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Figure 3. Examples of recorded temperature distributions in laminate layers during: a) external 

heating test; b) self-heating test  

 

4. Results 

4.1 External heating tests 

Comparison of transient temperature distribution in reference materials, CR-1 and GR-1 is 

shown in Fig.4. The graphs show temperature distribution along the width of the specimen with 

the external heat source (60°C) being on the right hand side of the specimen.  Results in Fig.4 

clearly indicate differences between carbon (CR-1) and glass (GR-1) fiber composites in terms of 

thermal conductivity with relatively small gradient for carbon and relatively larger gradient for 

glass fiber composites as a result of lower thermal conductivity. 

 

Figure 4. Transient temperature distribution in CR-1 (left) and GR-1(right) laminates  

Fig.5 shows a comparison of transient temperature distributions in TH-1 and TH-2 laminates 

which both have carbon/epoxy external layers, however different layer thickness ratios. 

Finally, Fig.6 shows a comparison of transient temperature distributions in TH-3 and TH-4 

laminates which both have glass/epoxy external layers. From Fig.5 and 6 it appears that the 

hybrid laminates exhibit larger gradients as carbon/epoxy reference materials, however, much 

smaller gradients compared to reference glass/epoxy materials. The thickness ratio in different 

hybrid laminates seems to have a significant influence on local temperature distribution. 
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Figure 5. Transient temperature distribution in TH-1 (left) and TH-2 (right) laminates during 

external heating 

 

Figure 6. Transient temperature distribution in TH-3 (left) and TH-4 (right) laminates during 

external heating 

4.2 Self-heating tests 

Regarding self-heating test results, Fig.7 demonstrates the results for reference carbon/epoxy 

laminates (CR-1). Fig. 7a shows the effect of applied maximum strain level on self-heating under 

20 Hz loading frequency. A relative increase of temperature (T) from room temperature in the 

laminate mid/plane is depicted on vertical axis in Fig.7 and in the further text. Expectedly, higher 

maximum strain level leads to larger self-heating/higher temperature. Fig.7b shows the effect 

of loading frequency showing relatively small effect of loading frequency on self-heating in the 

range between 20 Hz up to 30 Hz.  

 

Figure 7. Average temperature in laminate mid-plane during self-heating of CR-1 laminates  

a) b) 
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Fig.8 shows the self heating and how it is affected by maximum strain level for reference 

glass/epoxy material (GR-1). Results indicate slightly higher self-heating of GR-1 laminates 

compared to CR-1 laminates. Fig.8 also shows self-heating behavior under maximum strain 

levels up to 0.9% at which mechanical failure was observed.   

 

Figure 8. Average temperature in laminate mid-plane during self-heating of GR-1 laminates  

Finally, Fig.9 and Fig.10 demonstrates self-heating behavior of TH-1 – TH-4 hybrid thin-ply 

laminates. A clear dependency of self-heating on maximum strain level can be observed. 

Notably, the hybrid laminate lay-up TH-1 with thinnest possible layer configuration and with 

carbon/epoxy external layers demonstrates the highest self-heating compared to other hybrid 

laminate lay-ups.  

 

Figure 9. Average temperature in laminate mid-plane during self-heating of a) TH-1 laminates; 

b) TH-3 laminates  

 

 

Figure 10. Average temperature in laminate mid-plane during self-heating of of a) TH-2 

laminates; b) TH-4 laminates  

 

 

a) b) 

a) b) 
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5. Conclusions 

It can be concluded from the present work that external heating can lead to notable 

temperature gradients in glass/epoxy laminates, while carbon/epoxy laminates demonstrate 

rather uniform temperature distribution. Temperature gradients in hybrid thin-ply laminates 

consisting of carbon/epoxy and glass/epoxy laminate layers significantly depends on the actual 

layer thickness. It was also shown that laminate lay-up significantly influences the self-heating 

behavior of hybrid thin-ply laminates. 
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Abstract: In this study, two different composite materials; 30 wt.% talc-filled polypropylene and 

30 wt.% glass fiber filled polypropylene, were elaborated and characterized in order to be used 

as a middle layer in a three-layer sewage pipe. Various tensile tests were performed on 

specimens produced by injection molding. The obtained results show an increase of 

approximately 124 % and 289 % in Young’s moduli after adding talc and glass fiber, respectively. 
This significant increase in the rigidity of the material could allow manufacturing pipes with 

reduced weight and consequently induce an important cost saving. In addition, the use of 

differential scanning calorimetry analysis revealed that the addition of fillers enhances the 

crystallization temperature of the polypropylene matrix; this is related to the improvement in 

tensile properties. Also, the morphology of the materials was studied using a scanning electron 

microscope. 

Keywords: Multilayer pipe; Polypropylene – Talc; Polypropylene - Glass Fiber; Ring Stiffness; 

Mechanical Properties. 

1. Introduction 

The majority of old sewer pipes were constructed from brittle rigid materials like concrete or 

clay, which failed due to stone impingement or ground movement. Internal concrete corrosion 

is caused by sulfuric acid produced by domestic/municipal wastewater, which weakens the 

structure and is a key problem in hot, dry climates [1–3]. The majority of the requirements of 

modern sewage pipe systems can now be met by flexible plastic pipe systems. When compared 

to rigid materials, they also have enhanced properties [4–9]. In sewage applications, polyvinyl 

chloride (PVC), high density polyethylene (HDPE), and glass fiber reinforced plastic (GFRP) were 

commonly used. Polypropylene (PP) has gradually gained a greater place as a pipe material for 

non-pressure sewerage applications over the last few decades, owing to its superior stiffness to 

weight ratio, high temperature resistance, chemical resistance across a wide pH range, good 

abrasion resistance, and excellent long-term properties [10–12].  

Incorporating inorganic particle fillers into a PP matrix has been found to be an effective way to 

improve mechanical properties. Reinforcements that are much stiffer and stronger than the 
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polymer improve its modulus and strength [13]. As a result, the modification of mechanical 

properties can be considered their primary function. Leong et al. [14] investigated the effects of 

filler loading on the mechanical, flow, and thermal properties of PP composites filled with talc, 

kaolin, and CaCO3. Talc and kaolin were discovered to reinforce PP by increasing tensile and 

flexural moduli with filler load. However, at higher filler loadings, talc tends to agglomerate, 

resulting in a significant loss of talc-filled PP composite strength and toughness. Impact 

resistance is extremely high in CaCO3-filled PP composites. However, the increased impact 

toughness of PP – CaCO3 composites comes at the expense of tensile and flexural strength. Wang 

et al. [15] found that adding talc fillers to the PP matrix increased thermal stability, melting 

temperature, crystallization temperature, crystallinity percentage, and Young's modulus 

contrary to the reduction of glass transition temperature and elongation behavior. Furthermore, 

they observed that yield strength increase at low tensile speed and decrease at high tensile 

speed. In addition, Panthapulakkal and Sain [16] investigated the mechanical, water absorption, 

and thermal properties of Injection-Molded Short Hemp Fiber/Glass Fiber-filled Polypropylene 

Hybrid Composites. They found that incorporating glass fiber improves the tensile, flexural, and 

impact properties of short hemp fiber composites. In another study [17], 30 wt.% glass fibers, 

talc, or CaCO3 were added to a recycled PP (RPP) matrix to achieve properties similar to or 

greater than those of the original PP. The elasticity modulus of the RPP polymer was increased 

by the three types of fillers. However, the addition of talc and CaCO3 reduced tensile, yield, and 

impact strengths, whereas the use of glass fiber resulted in a significant increase. In addition, for 

glass fiber filled RPP, a better filler matrix interface was observed. 

After the development of multilayer pipe systems, another chapter in the success story of 

polyolefin pipes in drinking water, sewage, gas, and industrial applications was added. All of the 

distinct requirements imposed on sewage pipes can be met through the combination of 

individual layers. Hutar et al. [18] assessed the failure of a three-layer composite plastic pipe 

made up of two protective layers and a main HDPE pipe layer using a fracture mechanics 

approach. They reported that, under certain conditions, a crack can be stopped at the interface, 

significantly increases the pipe lifetime. Estrada et al. [19], on the other hand, investigated the 

effect of the boundary condition on the first ply failure and stress distribution of a multilayer 

composite pipe using the finite element method. Indeed, the main property that distinguishes a 

non-pressure pipe is ring stiffness. It is the ability of a pipe to withstand ring deflection caused 

by radial forces. A pipe ring stiffness is determined by the stiffness of its material and the 

structural design of its wall. Park et al. [20] used the parallel plate loading test, finite element 

modeling, and theoretical analysis to investigate the pipe stiffness of GFRP flexible pipes. 

Furthermore, numerous researchers have published a wealth of information on the stiffness of 

flexible plain pipes [7,21–23]. In this study, two different composite materials were elaborated 

and characterized in order to be used as a middle layer in a three-layer sewage pipe. This can be 

useful to manufacture pipes with thin walls and lightweight that significantly leads to cost 

savings as a result. Advanced Plastic Industries – API (Lebanon, Zouk Mosbeh, www.api.com.lb), 

a manufacturer of plastic pipes and fittings, is collaborating on this study. The company is 

investing in this research in order to produce a new sewer pipe with improved mechanical 

properties, lower cost and retaining the ideal chemical resistance of PP pipes. 

2. Experimental procedure 

2.1 Materials 
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The matrix of the composite materials was elaborated for combining a high modulus PP block 

copolymer (BorECO BA212E – Borouge, Borealis Group, Singapore 049145) and a PP 

homopolymer (TASNEE PPH2250 – TASNEE, 11496 Kingdom of Saudi Arabia) with an equal 

density of 900 kg/m3 and melt flow indexes of 0.3 g/10min and 25 g/10min, respectively. As 

reinforcements for the composite materials, fiber glass (DS 1125-10N – BRAJ BINANI Group, B-

1560 Hoeilaart, Belgium) with a 10 μm diameter and a 4 mm length, and talc grade (Mikron's 

talk premier – Mircon'S, 34674 Üsküdar, Turkey) with a mean particle size of 5.3 μm were used.  

Two different composite materials were produced, which are designed by PP-MT30 and PP-

GF30. PP-MT30 and PP-GF30 each consist of a matrix of 50 wt.% BA212E and 20 wt.% PPH2250 

filled with 30 wt.% talc or 30 wt.% glass fiber, respectively. 

2.2 Tensile test 

Tensile tests were performed on the various materials in accordance with ASTM D638 [24]. 

ASTM D638 specifies a test method for determining the tensile properties of unreinforced and 

reinforced plastics in the form of standard dumbbell-shaped test specimens. Specimens were 

mounted and loaded on a tensile machine (INSTRON-4411 H4155-5 KN, England) and loaded up 

to failure with a loading speed of 5 mm/min, at room temperature. A video extensometer based 

on the digital image correlation technique was used to measure deformation and strain. The 

averages of five measurements for each material are presented in all reported results. 

2.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was used to investigate the crystallization behavior and 

melting characteristics of the materials in accordance with ISO 11357-3 [25]. The measurements 

were performed with a simultaneous TGA/DSC SETARAM instrument (Caluire, France) under 200 

ml/min argon flow and a heating and cooling rate of 10°C/min. The samples were heated from 

25°C to 220°C and held at that temperature for 5 minutes to eliminate thermal history; then, the 

nonisothermal crystallization process was recorded from 220 to 25°C, and a standard 

crystallization status was created; the crystallization temperature (Tc) of the PP phase was 

measured from this cooling stage. The melting temperature of PP (Tm) was measured during a 

second heating stage under the same conditions as the first. 

2.4 Materials morphology 

The fracture surfaces of tensile samples were observed to examine the morphologies of talc and 

glass fiber reinforced polymer composites. This was done using a scanning electron microscope 

(SU8030, Hitachi); the fracture surfaces of the tensile specimens were sputter-coated with a thin 

gold–palladium layer to prevent electrical charge accumulation during the examination, and the 

specimens were analyzed at a 10 kV accelerating voltage.  

3. Results and discussion  

3.1 Tensile properties 

Young’s modulus of two polymers blend is calculated according Eq. (1) [26,27]. 𝐸1/5 = 𝐸11/5𝜙1 + 𝐸21/5𝜙2                                                                                                                              (1) 

Where,  

E: modulus of the blend. 
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Ei: modulus of phase i. 𝜙𝑖  : volume fraction of phase i. 

Therefore, it could be deduced from Eq. (1) that the Young’s modulus of the matrix is equal to 
1422.76 MPa. However, material properties such as Young’s modulus and tensile strength listed 
in Table 1, are determined from the experimental tests. The obtained results show an increase 

of 124 % and 289 % in Young’s moduli by the use of talc-filled PP and glass fiber-filled PP, 

respectively. This finding is consistent with previous research [17,28,29]. However, Tensile 

strength of talc-filled composite is steady while that of the glass fiber filled composite increased 

by approximately 118%. Because glass fiber is stronger and stiffer than talc, this increase in 

strength is expected. 

Table 1: Young’s modulus and tensile strength of the different materials. 

Material Young’s modulus [MPa]  Tensile strength [MPa] 

BA212E 1448 ± 31 27 ± 1 

PPH2250 1361 ± 42 29 ± 1 

PP-GF30 5535 ± 339 61 ± 2 

PP-MT30 3189 ± 106 27 ± 1 

 

3.2 Differential scanning calorimetry results 

The results of melting and crystallization temperatures determined from DSC thermograms are 

summarized in Table 2. Difference in melting temperatures of the pure PP grades that constitute 

the matrix is negligible, and the melting temperature does not change when talc or glass fiber is 

added. However, in terms of crystallinity, BA212E has a high crystallinity, whereas PPH2250 has 

a low crystallization temperature; thus, blending these two grades must result in a matrix with 

a lower crystallization temperature than BA212E. The crystallization temperatures obtained for 

the two composites are very close to that of BA212E. Indeed, talc is an effective nucleating agent 

that enhances the crystallinity of a PP matrix, as the crystallinity of the polymer matrix increases, 

the composite is expected to have a greater modulus and improved strength  [14,15,30–33]. As 

a consequence, it could be concluded that the developed composites maintain the good 

crystallinity of BA212E. 

Table 2: Meting and crystallization temperatures. 

Material Tc [˚C]  Tm [˚C] 

BA212E 126.2 165.4 

PPH2250 112 163.3 

PP-GF30 124.7 162.2 

PP-MT30 127.1 161.6 

 

3.3 Scanning electron microscopy results 
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SEM images of PP-MT30 and PP-GF30 obtained from the fracture surfaces of tensile specimens 

are shown in Figure 1. Figure 1 (a) depicts talc filler particles deeply embedded indicating good 

filler-matrix interactions, and no large voids are visible between the particles and the matrix. On 

the other hand, Figure 1 (b) shows that small amount of glass fibers is pulled out and broken; 

there is a strong bond interface between the glass fiber and the PP matrix. Therefore, Because 

of the high number of glass fibers and the improved interface bonding between the fillers and 

the PP matrix, PP-GF30 has good mechanical properties. 

 

Figure 1. SEM micrographs for (a) PP-MT30 and (b) PP-GF30. 

 

4. Conclusion 

Two different composite materials, PP-MT30 and PP-GF30, were elaborated and characterized 

in this study in order to be used as a middle layer in a three-layer sewage pipe. Several tensile 

tests were performed on injection molded specimens. The results showed that using talc-filled 

PP and glass fiber-filled PP increased Young's moduli by 124 % and 289 %, respectively. This 

significant increase in material rigidity may allow for the production of pipes with reduced 

thickness, resulting in significant cost savings. Furthermore, differential scanning calorimetry 

(DSC) analysis revealed that the addition of fillers increased the polypropylene matrix 

crystallization temperature. This increase in crystallinity of filled polypropylene composites is 

related to improved tensile properties. Also, SEM micrographs showed a good filler-matrix 

interaction in addition to a good filler distribution and dispersion. 
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Abstract: The scope of the present work is the preparation and the experimental study of 

carbonaceous hybrid nanocomposites based on two different polymeric types, namely 

Polylactic acid (PLA) and linear low-density polyethylene (mLLDPE), produced by metallocene 

catalyst.  Blends of carbon nanofibers (CNFs) or carbon nanotubes (CNTs) and graphene oxide 

(GO) at equal ratio, and various total contents were prepared at equivalent processing 

conditions by a melt mixing procedure. Experimental methods, as scanning electron microscopy 

(SEM), broadband dielectric spectroscopy (BDS), differential scanning calorimetry (DSC), 

dynamic mechanical analysis (DMA), tensile testing have been carried out. A better 

thermomechanical performance of the hybrid nanocomposites was found, while further, a 

collaboration between GO and CNTs, has been detected by BDS, which results to the 

establishment of conductive paths into the bulk matrix, at a lower nanofiller content, compared 

to the monofiller nanocomposites.  This cooperation is assigned to an effective coupling of gaps 

between GO and CNTs.  

Keywords: Polylactic Acid; Hybrid nanocomposites; Mechanical properties; Electrical 

properties.  

1. Introduction 

 Over the last years, various types of carbon/based nanofillers, including carbon nanotubes 
(CNTs), carbon nanofibers (CNFs) and graphene nanoparticles, have been utilized as additives 
into a bulk polymeric matrix, to adapt their mechanical, thermal, and electrical properties for a 
number of targeted applications. The obtained optimization of the prepared nanocomposites’ 
macroscopic properties is due to the nanofillers’ special structures and  properties, such as low 
density, high aspect ratio, high modulus, tensile strength, and remarkable electrical and 
thermal conductivities [1]. Concerning CNFs, they are characterized by diameters ranging 
between 50-200 nm, being different from the conventional carbon fibers having diameters of 
the order of  micrometers. Pristine PLA exhibits poor thermal and mechanical properties, while 
it’s mechanical performance, and electrical/ thermal properties can be improved by the 
incorporation of nanosized fillers, expanding this way the PLA’s application fields [2]. Typical 
applications to this trend are antistatic, electromagnetic interference materials, sensors, and 
heaters. On the other hand, linear low density polyethylene (LLDPE) [3] polymerized by 
metallocene catalysts (mLLDPE) have several advantages over LLDPE produced by Ziegler–
Natta catalysts, such as strength, optical properties, narrow molecular weight distribution, and 
low extractables. A limited number of works is referring to the reinforcing of LLDPE with 
carbonaceous nanofillers [4]. The incorporation of carbonaceous nanofillers into mLLDPE leads 
to a substantial improvement of its thermomechanical performance. In this way,  the 
mLLDPE/nanocomposites meet the requirements for a number of applications such as in 
medical and packaging fields. PLA/GO/CNT, PLA/GO/CNF, mLLDPE/GO/CNT and 
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mLLDPE/GO/CNF hybrid nanocomposites, at various weight fractions, at equal ratio GO/CNT 
and GO/CNF,  were prepared with a melt-mixing procedure, and experimentally studied. 
 

2. Experimental 

2.1 Materials 

Two series of polymer hybrid nanocomposites, based on PLA and mLLDPE, designated as 
PLA/GO/CNT , PLA/GO/CNF, mLLDPE/GO/CNT and mLLDPE/GO/CNF hybrid nanocomposites, at 
various weight fractions, at equal ratio GO/CNT and GO/CNF,  were prepared with a melt-
mixing procedure, and experimentally studied [5]. The PLA matrix utilized is under the 
commercial name IngeoTM Biopolymer 2003D,  produced by NatureWorks LLC, while the LLDPE 
type employed, is based on octene comonomer, and prepared by metallocene catalyst, and 
designated as mLLDPE. The carbonaceous nanofillers used in the present work, are: Graphene 
oxide (GO), provided by United Nanotech Innovations PVT.LTD., functionalized with OH groups 
As provided by the manufacturer, the number of layers was 3–6 in average, the thickness 
average in Z dimension was 2–3 nm and the length average in X and Y dimensions was 
approximately 5 μm. Multiwalled carbon nanotubes (MWCNTs) were provided by Aldrich with 
in average, the outer diameter of 10 ± 1 nm, the inner diameter of 4,5 ± 0,5 nm, and 3–6 μm in 
length. Carbon nanofibers (CNFs) provided by Aldrich, were of a length ranging between 20-
200 μm while the average diameter was 100 nm. 
 

2.2 Experiments 

The prepared nanocomposites were experimentally studied, by SEM, DSC, BDS, DMA, RAMAN 
spectroscopy, and tensile testing. The relative experimental results are presented and analyzed 
in the following. 
 

3. Results and Discussion   

The dispersion quality of the nanocomposites is representatively illustrated in Figs 1 and 2, for 

PLA and mLLDPE/based hybrid nanocomposites correspondingly.  

 

Figure 1. Scanning Electron Microscopy image for PLA/GO/CNF/3.84%, and PLA/GO/CNT/8% 

In both Figures,  a generally good dispersion quality of nanofillers has been achieved, as far as 

CNTs and CNFs is concerned, while the GO sheets exhibit a partial exfoliation.  
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Figure 2. Scanning Electron Microscopy image for mLLDPE/GO/CNF/3.84%, and 

mLLDPE/GO/CNT/3.84% 

The DSC results of all hybrid nanocomposites examined are summarized in Table 1. The glass 

transition temperature Tg and the melting temperature Tm are unaffected by the nanofillers’ 

presence. The PLA/hybrids exhibit a cold crystallization temperature, which is higher for the 

nanocomposites. The Tcc increment of the nanocomposites indicates that the presence of the 

nanofillers hinders the kinetics of crystallization on heating. In addition, a substantial 

crystallinity increment is obtained, mainly for the PLA/GO/CNT materials. This is not the same 

for the mLLDPE/hybrids, where a low crystallinity increment is observed.  

Table 1: DSC results of all polymer hybrid nanocomposites examined. 

Material Tg 
(°C) 

Tm 
(°C) 

Tcc 
(°C) 

ΔH*
cc 

J/g 
ΔH*

m 
J/g 

ΔΗ* 
J/g 

Xc 
% 

Crystal. 
Increment 

% 

PLA 60 154 105 -24 28.1 4.1 4.4 - 
PLA/GO/CNT/3.84% 
PLA/GO/CNT/6.25% 

PLA/GO/CNT/8% 

59 
61 
60 

152 
152 
152 

110 
123 
124 

-13 
-10.7 
-11.6 

29.8 
22.4 
20.8 

16.8 
11.7 
9.2 

18 
12.6 
10 

310 
186 
127 

PLA/GO/CNF/3.84% 
PLA/GO/CNF/6.25% 

PLA/GO/CNF/8% 
 

mLLDPE 
mLLDPE/GO/CNF/1.31% 
mLLDPE/GO/CNF/3.84% 
mLLDPE/GO/CNF/6.25% 
mLLDPE/GO/CNT/1.31% 
mLLDPE/GO/CNT/3.84% 
mLLDPE/GO/CNT/6.25% 

60 
60 
60 

153 
150 
150 

 
103 
103 
103 
102 
102 
101 
101 

109 
110 
110 

-21 
-25.5 
-22 

23.8 
29.4 
31.1 

 
68.0 
74.2 
75.5 
82.0 
68.0 
71.8 
70.7 

2.8 
3.9 
9.1 

 
 

3 
4.2 
9.8 

 
24.6 
26.9 
27.3 
29.7 
24.6 
26.0 
25.6 

- 
- 

122 
 
- 

9.3 
11.0 
20.7 

- 
5.7 
4.1 

 

The tensile experiments were performed at room temperature, and the corresponding results 

are presented in Table 2. 
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Table 2:  Tensile  results of PLA and mLLDPE  hybrid nanocomposites. 

Material Young’s 

modulus 

E 

(MPa) 

Modulus 

increment 

 (%) 

Yield stress 

σy 

(MPa) 

Yield 

strain 

εy 

(%) 

Tensile 

strength σb 

(MPa) 

Failure 

strain 

εb 

(%) 

PLA 3064 ± 150 - 34.4 ± 6.5 1.52 27.0 ± 5.5 7.39 

PLA/GO/CNT/3.84 
PLA/GO/CNT/6.25 

PLA/GO/CNT/8 

3218 ± 160 
4265 ± 230 
5652 ± 300 

5.0 
39.2 
84.5 

40.2 ± 8.0 
40.4 ± 8.0 
47.4 ± 9.8 

1.48 
1.43 
1.43 

29.5 ± 7.1 
25.9 ± 6.3 
32.3 ± 7.9 

4.21 
7.18 
6.19 

PLA/GO/CNF/3.84 
PLA/GO/CNF/6.25 

PLA/GO/CNF/8 
 

mLLDPE 
mLLDPE/GO/CNF/1.31 
mLLDPE/GO/CNF/3.84 
mLLDPE/GO/CNF/6.25 
mLLDPE/GO/CNT/1.31 
mLLDPE/GO/CNT/3.84 
mLLDPE/GO/CNT/6.25 

3460 ± 190 
3796 ± 208 
4000 ± 212 

 
92± 4.0 

142± 7.0 
184± 8.5 
204± 8.0 
118± 5.0 
154± 7.3 
180± 8.4 

12.9 
23.9 
30.5 

 
- 

54.3 
100.0 
121.7 
28.3 
60.8 
95.6 

38.5 ± 7.6 
- 
- 
 

4.0 / 5.4 
4.6 / 6.0 
5.6 / 6.5 
6.9 / 7.2 
4.8 / 6.2 
5.4 / 6.7 
7.2 / 8.4 

1.28 
- 
- 
 

23.1 
30.1 
32.0 
49.5 
30.2 
30.3 
32.1 

28.9 ± 7.2 
43.9 ± 10.9 
41.4 ± 10.2 

 
29.5± 6.5 
32.0± 8.0 
28.7± 7.4 
30.5± 8.7 
30.9± 6.8 
31.8± 7.7 
33.3± 7.4 

6.01 
1.51 
0.01 

 
1939 
1924 
1809 
1610 
1900 
1707 
1576 

 
The reinforcing effect of nanofillers is obvious in all nanocomposites examined. In the 
PLA/hybrids the higher Young’s modulus enhancement is obtained for PLA/GO/CNT, whereas 
in the mLLDPE/hybrids, the higher Young’s modulus increment is obtained for 
mLLDPE/GO/CNF nanocomposites. The yield stress is increased in almost all nanocomposites, 
while it is to be noted that the ductility for the mLLDPE /hybrids is retained for all nanofiller 
weight fractions. Comparing the two series with different polymeric matrix, it can be seen that 
the higher Young’s modulus enhancement is obtained for mLLDPE/GO/CNF hybrid 
nanocomposites. It is therefore extracted that the polymeric matrix type plays a decisive role 
on the nanocomposite’ properties. 
The BDS results for all polymer nanocomposites examined are shown in Fig.3, in terms of the 
real part of the complex electrical conductivity plotted versus frequency. 
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Figure 3: Comparison of BDS results for the real part of the complex electrical conductivity  

σAC(f) with varying frequency, between the PLA-and  mLLDPE, -based nanocomposites. 

 
The PLA/GO/CNF, and the mLLDPE/GO/CNF nanocomposites demonstrate an almost linear 
increment of the σAC with increasing frequency, which is typical response for insulating 
material. The same trend is obtained for monofillers mLLDPE, which are shown comparatively. 
On the other hand, the  PLA/GO/CNT nanocomposites, as well as the mLLDPE/GO/CNT ones at 
3.84 and 6.25 wt.%, exhibit the so-called ‘DC plateau’, where  the  σAC  is independent of the 
frequency in Figure 3. These results are indicative of electrical percolation of the GO/CNTs 
throughout the nanocomposites volume [6]. Therefore, it can be assumed that a synergistic  
effect may arise from the presence of the flexible MWCNTs, which favor the bridging of planar 
graphene oxide nanoplatelets and thus helping the development of a 3D network.  The σAC 
values, are about ten orders of magnitude lower for mLLDPE/hybrid nanocomposites 
compared with the PLA/hybrid nanocomposites at the same hybrid nanofiller loadings. It can 
thus be further extracted that the PLA matrix favors additionally this type of synergy, 
compared to the mLLDPE.  From the RAMAN results (not presented here) the shifting of the 
peak centers D, G and G΄,  was attributed to the polymer-nanofiller and nanofiller-nanofiller 
interactions. It has been postulated that the CNTs have a higher degree of disorder. In 
addition, the important role of CNTs with the highest surface area, to the quality dispersion 
into the polymeric material, has been detected and associated with the formation of 
nucleation sites for crystal growth. Therefore, the RAMAN results are compatible with the BDS 
results regarding a synergistic effect for this type of hybrid nanocomposites. 
 In Figures 4, 5 the master curves of the storage modulus E΄ of all types of nanocomposites 
examined are shown.  
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Figure 4: Master curves of the storage modulus for the PLA/hybrid nanocomposites 

 

 

 

 

 

 

 

Figure 5: Master curves of the storage modulus for the mLLDPE/hybrid nanocomposites 

In all cases, the storage modulus of the nanocomposites is higher than that of the polymeric 
matrix. For the PLA/based hybrids, it is observed that the nanocomposites attain higher values 
of E΄ while the PLA/GO/CNF/6.25% and PLA/GO/CNF/8%  exhibit almost the same value, 
whereas PLA/GO/CNT/6.25% appear to have the highest storage modulus at high frequency 
range, followed by a slightly lower value for the PLA/GO/CNT/8%. In the transition region, the 
storage modulus curves are distinct and it is an indication of an effective nanoparticle 
dispersion, while in the opposite case the master curves usually overlap each other.  In the low 
frequency range (rubbery region), a monotonic dependence of the storage modulus values on 
the nanofiller loading is obtained. In addition, the decrement of the softening dispersion, 
which is the height difference between the glassy and rubbery state,  can be observed. This 
effect is related with the fact that the elastic nanofillers result to a more solid – like response. 
In the mLLDPE/based nanocomposites, a monotonic reinforcing effect with increasing 
nanofillers weight fraction, along the whole frequency range is observed. In the low frequency 
range, a slope reduction can be observed, in both material series, which is more obvious in the 
PLA/GO/CNT nanocomposites. This slope reduction is an additional indication of the 
establishment of a network correlating the matrix and the dispersed GO/CNT nanofillers, 
arising from the optimized interaction between them.  The loss modulus master curves (not 
presented here), appear to have no essential differences, regarding the frequency of the peak 
value and the relative position between them. 
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4. Modeling of the Young’s modulus 

The Young’s modulus was modeled by the analytical model of Mori-Tanaka [7], extended by 
Benveniste [8] and Odegard et al. [9], in two steps and shown in Figure 6. In the first step, the 
Young’s modulus of the fictitious matrix (polymer matrix + effective fiber-type filler) was 
calculated. In the second step the  Young’s modulus of the hybrid nanocomposites was 
calculated by adding the phase of GOs into the fictitious matrix. Polymer matrix 
(EmLLDPE=92MPa, vmLLDPE=0.4 & EPLA=3064MPa, vPLA =0.3) and GOs (E=250GPa, v=0.17) were 
treated as isotropic materials and the fiber-type fillers were treated as transversely isotropic 
materials (ELcnt=910GPa, ETcnt=304GPa, G12cnt=194GPa, vLcnt=0.2 , vTcnt =0.3 &  ELcnf=230GPa, 
ETcnf=8GPa, G12cnf=27.3GPa, vLcnf=0.256 , vTcnf =0.3 ). The Mori Tanaka model is very successful in 
predicting the effective properties of two-phase composites. In theory, it is restricted to 
moderate volume fractions of inclusions, but in practice it can give good predictions well 
beyond this range.  
 

 

Figure 6: Υoung’s modulus by Mori-Tanaka model, in comparison with the experimental results 

for all hybrid nanοcomposites examined. 

 
The parameters in the captions are used to obtain a good approximation of the experimental 
data. The approximation of the experimental Young’s modulus is very good for the hybrid 
materials, whose Young’s Modulus increases linearly with the weight fraction. For PLA/GO/CNT 
hybrids, the model is unable to approach the experimental data for fillers’ contents greater 
than 4%wt, because of the rapid and non-linear increase of the Young’s modulus at these 
contents. 
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Abstract: The Long Fiber Injection (LFI) is an innovative economic competitive manufacture 

process which combines injection and fiber spray-up technology to produce Glass Fiber 

Reinforced PU Foam composite (GFRPUF). Projected into open molds, LFI process allows 

complex shape, integrations of functionals components, a large weight reduction. We 

explored the lightweight potential of GFRPUF composites by using a highly foamed PU matrix 

about 175 kg.m3 and incorporating fiber mass content up to 50%. Mechanical properties tests 

were performed in compression and 3 points bending, while the real sprayed up fiber content 

and the fiber orientations were checked with a burn-off procedure and image processing. 

Influence of fibers incorporated contents on foam microstructure were also evaluated with 

Scanning Electron Microscopy and micro-computed tomography. Correlation on mechanical 

properties / microstructure was clearly demonstrated and wide alteration of the foam 

structure was observed starting from 30-35% mass content for the prepared GFRPUF 

composites. 

Keywords: PUR foams; GFRPUF; Long Fiber Injection (LFI); mechanical properties; lightweight 

composites 

1. Introduction 

The Long Fiber Injection (LFI) is a recent innovative economic competitive PUR process 

developed at the end of 20th/beginning 21st century [1,2]. It is a hybrid process which combine 

injection and fiber spray-up technology. Fiber glass rovings are simultaneously cut and mix with 

the reactive two-components polyurethane and finally spray on the mold by a blowing air flow 

into the mixing head. This spray up system enable composite with massive fiber amount because 

there is no real apparent viscosity for the reactive PUR mixture. The moving robotized head 

allow the process a tailored spray on the mold with automatized adjustable robot passes 

program. LFI manufacture methods is fully automatized and also characterized by moderate 

pressure processing which enable functional component integration [3]. Chen et al. evaluated 

the quality the content and the length of fiber were the most significant factors, and mold 

temperature and ratio of raw materials were the least significant factors on bending properties 

[4]. Mechanical properties can thus be locally fitted to stress specifications requirements, fiber 

mass content as main key adjusting level. F. Hufenbach et al. exhibited on little foamed 
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composite quite linear tensile properties according to fiber mass content [5]. Serban et al. 

examined mechanical and morphological properties of LFI GFRPUF composites. They observed 

on the structure that fiber mass content increased mechanical properties and size of the cells 

but no significative influence of fiber length was noticed [6]. The present study investigates the 

lightweighting potential of GFRPUF composite at a higher level using a highly foamed PU matrix 

and larger fiber mass content enable up to 50% as innovative LFI process permit. Three point 

bending and compression properties were evaluated, micro-structure of composite observed 

with tomography and SEM analysis. 

2. Composite manufacturing 

In the present study LFI airflow parameters was chosen in a way to have orthotropic panels 

material, the randomness of fibers orientation distribution was evaluated to check this point by 

pyrolisys. AXYFOAM foam polyurethane system was used as matrix composite for the study, in 

this configuration the reactive PU resulted unreinforced foams with density of 175 kg/m3. Glass 

fiber rovings used as mechanical fiber reinforcement composite were E6-CR-180 from JUSHI 

Compagny and LFI manufacture process. Roving are characterized by a linear density of 2400 

tex, fiber by a 82 GPa elastic modulus and a 17 µm fiber unit diameter according to technical 

data sheet. The ratio isocyanate/polyol was keeping constant to ensure same kinetic PU 

reaction. Composites were manufactured in panel rectangular mold with 10 mm thickness by 

one-shot spray-up of the robotized head. After the spray-up step in the open mold, the locking 

was conducted by spring clips and clamps for 50 minutes at temperature mold of 65°C. 

  

Figure 1 : (A) GFRPUF composites from LFI process, (B) selected samples areas: 

 (1) 90° direction and (2) 0° spray-up direction, 3 points bending samples (3):  in red 

compression sample, hatched areas representing pyrolyzed for each sample parts  

3. Experiments 

Experimental procedures were carried out to evaluate the mechanical characterization of 

GFRPUF composite created by LFI technology manufacture. Tests were performed in bending 

and compression on a Alliance RT/50 testing machine using 10kN loadcell. All the tests were 

realized at room temperature. The sampling protocol were the same for each configuration 

composite panels, the selected sampling areas (figure 1 B) were taken by large margin of mold 

edges to disregard the associated complex phenomenon.  

(A) 

(B) 
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3.1 Three-point bending tests 

Three points bending tests were performed according to the ISO 178 standard Plastics – 

Determination of flexural properties on rectangular 50 x 200 mm and 10 mm thickness samples. 

Six samples were taking off the panels and tested, length in the robotized spray up direction. 

The tests were executed at the speed of 2 mm/min. Anisotropy behavior were also evaluated 

with bending properties for the GFRPUF 20%/25mm and the 40%/25mm with 90° cut samples 

(figure 1 B). Bending test allows better reliability and repeatability over tensile ones appreciated 

for the investigated composites here. 

3. 2. Compression tests 

Compression tests were realized according to the ISO 844 standard Rigid cellular plastics – 

Determination of compression properties on a 50 mm square-base and 10 mm thickness 

samples. The tests were executed at the test speed of 1 mm/min.  The compression tests 

focused on Young modulus properties, only the elastic material behavior was investigated. 

3. 3. Pyrolysis analyzes 

Several parameters like ratio fiber lengths / sample dimensions, low foam matrix density and 

sprayed-up fibers’ technology manufacture make the GFRPUF composites of the study quite 
affected by local inhomogeneity gradients. To evaluate and reduce results scatters, post 

pyrolysis degradation was realized on mechanical-tested samples. The degradation procedure 

has been defined after TGA analysis (60°C/min ; air atmosphere), it consisted to an extreme heat 

treatment at 1000°C for three hours to ensure foam matrix sample part were totally degraded. 

By registration the weight and the dimensions of the composite before/after the pyrolyze, the 

aim of this treatment was to obtain the effective mass and volume fibers rates into the GFRPUF 

composite but also local densities of the foam. Determined effective rates have been then 

directly related with the measured mechanical properties. In a way to be more representative 

the entire compression samples were pyrolyzed while only the center of bending tested ones 

were. Post cut into smaller 65*50 pieces, this area is the most stressed during the bending test 

and is the one which lead the mechanical properties of the entire sample. The figure 1 illustrates 

these different sampling cuts and selected areas for the pyrolyze procedure (hatched zone). 

4. Results and discussion 

4.1 Bending properties 

Mechanical values in three points bending are consistently increasing with fiber mass content 

as expected for classical composites mechanical behavior. This classical evolution of composite 

behavior is obtained as the fiber content increasing the stiffer the material response is. This 

known behavior is materialized on the testing curves by a higher slope but also a reduced yield 

range for the elastic linear composite behavior. Unlike the unreinforced foam which completely 

break in one single rupture, the reinforced PUF composite still has strength after the first break. 

The first break appeared at the center sample, leading a by first crack into the fiberglass. In 

addition, foam cohesive fractures along the bundle fibers also randomly appeared, locating next 

to the central sample areas. The effective volume glass fiber of composite extracted from 

pyrolysis degradation replace thus each configuration to its real contribution and make a clear 

view on the bending properties influence of the fiber content presented in figure 2. 
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Figure 2 : Maximum flexural strength (A) and flexural modulus (B) versus volume fiber content 

for two fiber length in the GFRPUF composites. Comparison with Halpin-Tsai model. 

For both stiffness and max strength values, two domains can be identified. Until 5-6% fiber 

volume content representing 30-40% fiber mass composite, properties are increasing 

proportionally with the fiber content [6, 7}. After this point a slow decrease of the previous 

proportionally trend is noticed, this reduced slope seems to reveal a lower reinforcing influence 

of fiber content on the bending properties composite. This difference of the mechanical stress 

response interrogates to a potential change on the structure composite. On the other hand, the 

results don’t show a significantly fiber length influence on flexural properties. The composite 
configuration with 20% and 40% of mass content were cut on 90° to evaluate a potential 

anisotropy on the panel properties. Experimental results show a little more value on modulus 

about (15%) and higher on max strength (35%). This minor anisotropy of properties is not related 

with different fiber orientation evaluated further. It is resulting from locally little more densified 

areas in the center part of length mold just over where the robot trajectory during composite 

manufacture is more efficiently spraying. The entire experimental results show an important 

part of scatter although reduced by pyrolysis. For low mass fiber contents this trend is intensified 

because of very low fiber volume content create by density ratio of foam/glass and the fact that 

fibers were aggregated in large bundle which enhance the probability of uncertain mechanical 

solicitation. Furthermore, 90°experimentals results present a much lower degree of scatter. This 

observation reveals an better uniform fibers disposition between each sample took off the panel 

in the width direction of the manufacture mold. All real effective fiber mass contents are above 

the theorical content due to a over pressure feeding fiber manufacture parameter 

4.2 Compression properties 

Composites were tested on the thickness direction, the weakest one considering the fact the 

fiber spraying is disposed in a plan perpendicular to the thickness / foaming rise direction. 

Compression test curves are presented in figure 3A . As reported for bending mechanical 

properties, two domains of mechanical behavior composite can be identified. On the first part, 

at low fiber volume content, there is an irregular increasing trend ending with a maximum of 

compressive response for the 5-6% volume fiber content composite. Until this content, the filling 

fiber is thus reinforcing the foam.  After this point, the compression modulus is totally dropping 

and reach values below the unreinforced foam compressive performances.  
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Like on bending properties, for a given content, the fiber length doesn’t have any major 
influence on the properties. Both studied fiber lengths are following the same trend. In this 

configuration test, the z orientation of fibers is a key factor which can lead to enhanced 

properties. The fiber length chosen in this study may be too long to get a significant orientation 

in the rise foaming (z direction). On the figure 3B, the compression curves of representative 

configuration composites are presented, this figure make an overview of the different observed 

compression behaviors in relation to the compressive modulus data. On the unreinforced and 

30% GFRPUF curves, the classical compression foam behavior is shown but for the 50% GFRPUF, 

the curve is totally different: the elastic part is not clearly identifiable. 

 

Figure 3 : Elastic compression modulus versus fiber content in volume for two fiber length (A) 

and compression tests for unfilled, 30 w% and 50 w% in fiberglass of 12.5 mm (B) 

4.3. Halpin Tsaï model 

A modeling confrontation attempt was performed to characterize the trend of mechanical 

properties regarding the fiber content. The Halpin-Tsaï (H-T) model is one of the commonly used 

methods to predict the effective stiffness moduli of composites reinforced. Investigations on 

bending stiffness properties were carried out and confronted to experimental results. 

Hypothesis of constant foam matrix modulus was considered in the Halpin-Tsaï model and 

evaluate from the unreinforced PU foam modulus. Following equation (1) are presenting the H-

T model of fiber-reinforced composites [8], with the determination of 𝐸𝐿 and 𝐸𝑇 modulus 

components (respectively Longitudinal and Transverse): 𝐸𝑐 = 𝑎𝐸𝐿 + (1 − 𝑎)𝐸𝑇                            (1) 

The a parameter is an orientation efficiency factor which is chosen according to the leading fiber 

orientation trend into the composite structure. It is generally considered at 1 for completely 

aligned fibers composites, 1/5 for randomly 3D oriented fibers composites and 3/8 for randomly 

2D oriented fibers composites (which is the case of this study, confirm by pyrolysis analysis). 

Longitudinal and transverse parts are determined with the following equations (2) where 𝐸𝑚/𝐸𝑓 

representing the elastic modulus of the fiber / matrix respectively. The 𝜁 parameter is 

characterizing the form factor of fibers. 

𝐸𝐿 = 𝐸𝑚 1+𝜁𝜂𝐿𝛷𝑉𝑓1−𝜂𝐿𝛷𝑉𝑓  ;  𝐸𝑇 = 𝐸𝑚 1+2𝜂𝑇𝛷𝑉𝑓1−𝜂𝑇𝛷𝑉𝑓  𝑤𝑖𝑡ℎ  𝜁 =  2𝑙 𝑑⁄ , 𝜂𝐿 =  𝐸𝑓 𝐸𝑚 ⁄  − 1𝐸𝑓 𝐸𝑚 ⁄  − 𝜁  , 𝜂𝑇 =  𝐸𝑓 𝐸𝑚 ⁄  − 1𝐸𝑓 𝐸𝑚 ⁄  + 2   (2) 

(B) 
(A) 
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4.4 Microstructure and morphology of the composite 

GFRPUF of the study, were analyzed by several characterization imaging. Image processing of 

pyrolyzed samples, SEM scan and computer micro tomography were realized to report cell 

structure and fiber composite layout. Firstly, investigations on the laid fiber orientation of the 

composite were performed to check the reality of manufacture fiber spray and potential effect 

on the mechanical properties involving. ImageJ free image processing software and its 

Directionality plugin were run on pyrolyzed composite samples. After an optimization on taken 

picture with a image processing steps, Directionality plugin were run. Based on Fourier spectrum 

analysis, the plugin determines the preferred orientation of picture structures here the fibers 

and display a distribution histogram of these orientations. The figure 4 describes the process 

steps, (A) part presents a picture of 20% GFRPUF pyrolyzed sample and shows that fibers are 

present in form of bundles but more scattered than raw fiber roving. (B) part present the fiber 

detection with a color for each orientation, finally a distribution of detected angles is displayed 

(C). Both face of each sample was evaluated and no preferential fiber orientation into all 

configurations of composites was noticed, these observations validate the randomness of spray 

up LFI manufacture process. 

 

Figure 4 : 20% GFRPUF pyrolyzed sample (A), Directionality plugin Image J analysis (B), 

histogram of detected angles (C). 

Fractured areas of bending tested composite samples were viewed with Scanning Electron 

Microscopy device. The figure 5 shows one of them, bundles of fibers are clearly observed on 

the right. In the center of the figure an area of fiber peeled off can be perceived, here crack 

propagation is located at the interface of the fiber bundle/PU. In the figure 5A foam cells are 

trapped into the bundle where they grew along them. The following phenomena is observed: if 

there is enough space between fibers PU matrix expands and still regularly arrange.  

      

Figure 5: SEM images of fractured GFRPUF composites (A), zoom on the interface 

of PU matrix/fiberglass (B) 

(A) (B) 
(C) 

(A) 

(B) 
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The figure 5B presents a zoom on crack interface which highlighted that fibers bundle were 

actually totally PU embedded and a non-expansion of PU matrix in tightly bundle areas. This 

observation shows firstly the manufacture process is giving a good wettability enough to ensure 

there isn’t dry fiber and secondly that the more the sprayed fibers bundles are scattered the 
more foamed composite microstructure is uniformly arranged. Untested specimens of all 

GFRPUF composite configurations of the study were scanned with a Easytom 150 micro-

computed tomography device of RX Solutions. Scanned composite samples were a 1 cm3 cube 

shape, image resolution of approximatively 10 µm was reach according to recorded voxel unit. 

The aim of these scans was to characterize the influence of the fiber content on the 

microstructure composite. Global structure was observed on thickness side. 

 

Figure 6 : Micro-computed tomography of unfilled and GFRPUF composites 

Unreinforced foam is presented on part of figure 6(A). Quite regular size distribution and 

spherical shape are observed. When fibers are is incorporated, foam structure is starting to 

change and becomes less homogeneous with a more extended cell size distribution, part (B) 

displays the 10% GFRPUF composite and associated observations. Same trend is found on 20% 

GFPRUF part (C) but larger cells are visible, this fact could be in direct correlation with its 

compressive results where modulus value is slightly lowered compared as it could be expected 

in respect to a classical linearity between 10% and 30% fiber mass content composites. Until 

30% of mass fiber content presented in figure 6 part (A), a continuity of the overall 

microstructure is clearly demonstrated. After this content, a breaking point is reached as 

illustrated by the figure 6 part (B) 40% and part (C) 50% composites. Large localized void parts 

are highlighted in the structure, meaning that PU matrix didn’t expend. 

150/1211 ©2022 Leonardi 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. Conclusions 

Correlation between mechanical and micro-structure of GFRPUF composites, obtained from 

automatized LFI process, were clearly shown. An optimum was reached for the 30-35% of mass 

fiber content while a decreasing properties trend for higher content was observed. Compression 

test demonstrate that foaming process is deeply perturbated when filler content reached 40% 

in weight. We have also shown also that fiber length (12.5 or 25 mm) have no significantly 

influence on mechanical properties of the composite as already found in literature.  
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Abstract: Polyamide 6 (PA6) and PA6 reinforced with graphene (APGBM) were developed by an 

in situ anionic ring opening polymerization of ε-caprolactam through thermoplastic resin transfer 

moulding (T-RTM) technology. In low viscosity raw materials, the dispersion of nanoparticles 

namely graphene, is a demanding challenge. The effect of different loadings of GBM was studied 

along with the thermal and mechanical properties of nanocomposites. It was found that the 

introduction of GBM had a nucleating effect on PA6 crystallization and increased crystallinity 

degree. Mechanical analyses of nanocomposites, including tensile and flexural tests, showed an 

improvement in mechanical performance with the addition of GBM. The APGBM prepared with 

0.75 wt.% revealed better mechanical performance among. 

Keywords: polyamide 6; in situ polymerization; graphene; thermoplastics; T-RTM technology 

1. Introduction 

The use of plastic materials in automotive parts have arouse great interest in the industry. Some 

automotive structures are based on thermoset matrices, but nowadays, global market is slowly 

replacing the thermosets with thermoplastic matrices looking for better environment 

performance (1).  

Thermoplastic resin transfer moulding (T-RTM) is an efficient processing technology for large-

scale production of thermoplastics via in situ polymerization (2,3). This technology is based in 

the injection of a reactive mixture (low viscosity monomer with suitable catalyst and activator) 

to a preheated mould, in which a in situ polymerization occurs (4,5) Anionic polymerization of 

ε-caprolactam monomer combined with a catalyst and activator system can be used to produce 

PA6 via T-RTM. This is possible since anionic polymerization occurs at relatively low 

temperatures with short mould cycle times (6). 

Polyamide 6 (PA6) obtained from T-RTM shows relatively high molecular weight, high 

crystallinity and superior mechanical performance which enable to replace metallic materials of 

structural components in automotive industry (7). However, its mechanical performance, such 

as strength and elasticity modulus, can limits its applications (8). To expand the use of PA6 in 
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areas with increasing performance demands, many attempts have been made to improve its 

mechanical properties. 

The incorporation of nanofillers, such graphene-based materials have been studied, with special 

focus on the improvement of mechanical properties (9–11). Graphene, a two dimensional 

honeycomb layer of sp2 bonded carbon, has a high potential to be an effective filler to prepare 

high performance nanocomposites. Its electrical, thermal, and mechanical properties can 

substantial increase the performance of composites (12–14). It has been reported as the 

strongest material tested with a ultimate strength of 130 GPa and Young modulus of 1 TPa (15). 

Several studies have focused on the effect of graphene-based materials on PA6 performance 

(16–18). However, the dispersion of graphene within low viscosity raw materials and its 

interfacial adhesion are a key factor to determine the properties of the final nanocomposites 

(19). Several approaches to achieve of uniformly nano dispersed graphene has been reported 

(20,21). Although, in situ polymerization has been proven to be a more efficient method due to 

the reduced processing time (22). Furthermore, the low monomer viscosity, turn it a better 

medium for dispersing graphene allowing a more efficient retention of its properties (23–25). 

Herein, a simple and effective method to prepare PA6 and PA6 reinforced with GBM (APGBM) 

via in situ polymerization by using T-RTM technology is reported. The influence of GBM loadings 

on thermal and mechanical properties of samples were analysed. 

2. Materials and methods 

2.1 Materials 

The monomer AP-Nylon® caprolactam (CL), mixed with a catalyst Bruggolen® C10 (C10) and 

activator Bruggolen® C20P (C20P) were used for anionic polymerization of PA6. These 

components were purchased from L. Brüggemann GmbH and Co. KG, Germany. In this study, a 

formulation of 95% CL, 3% C10 and 2% C20P, was developed and denominated AP. Powder 

graphene (GBM) was purchased from NanoXplore (Canada). APGBM samples were prepared 

adding different amounts of GBM to raw materials. The compositions of the different 

formulations developed are described in Table 1: 

Table 1: Compositions of the developed APGBM nanocomposites. 

Samples GBM (wt.%) PA6 

AP 0 100 

APGBM1 0.1 99.9 

APGBM2 0.25 99.75 

APGBM3 0.5 99.5 

APGBM4 0.75 99.25 

APGBM5 1.0 99.0 
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2.2 AP and APGBM preparation 

AP and APGBM samples were prepared by in situ ring-opening polymerization of CL monomer 

using a semiautomatic T-RTM laboratory equipment.  

The laboratory T-RTM setup consists of a dosing unit with two tanks, a mixing head, and a mould 

system equipped with a heating, a pressure, and a vacuum control units. For AP preparation, the 

CL was divided into two equal parts and placed into the two tanks. C10 was added to one of the 

tanks and C20P was added to the other. The temperature in each tank was set to 90 ⁰C under 

stirring, at a speed of 350 rpm for a period of 7 min. After melting the components, the CL/C10 

and CL/C20P flow in separated channels into the mixing head (110 ⁰C) under controlled pressure. 

Through impingement, the reactive mixture was injected into a preheated mould (160 ⁰C), under 

vacuum. The polymerization reaction occurs inside the mould. Following polymerization time 

(≈6 min), a plate (280mm x 150mm x 2mm) was demoulded at room temperature, and samples 

prepared for further characterization. 

For APGBM nanocomposites preparation, GBM loadings were pre-dispersed in the molten CL-

catalyst tank under stirring at a speed of 550 rpm for a period of 15 min. Subsequently, the 

catalyst and activator were added, and the process proceed as described previously. 

2.3 Thermal analyses 

A differential scanning calorimeter (DSC) equipment (Shimadzu DSC-60) was used to study 

thermal behaviour of AP and APGBM. Samples were heated from room temperature to 250 ⁰C 
at a heating rate of 20 ⁰C/min and held for 2 min to eliminate the thermal history, and then 

cooled to -25 ⁰C, and reheated to 250 ⁰C at 10 ⁰C/min. The crystallinity degree, Xc, was 

determined by the following equation:  𝑋𝑐 (%) = ∆𝐻𝑚∆𝐻𝑚 0 (1−𝜑) × 100                           (1) 

where ∆𝐻𝑚 is the melting enthalpy of sample, 𝜑 is the weight fraction of GBM, and ∆𝐻𝑚0  

corresponds to the melting enthalpy of PA6 in 100% crystalline state (PA6 = 190 J/g) (26). 

Thermogravimetric analysis (TGA) (not shown) was performed on a Hitachi STA300 equipment. 

A heating rate of 10 °C/min was used from room temperature to 600 ⁰C, under N2 atmosphere 

(flow rate of 100 mL/min). Conversion degree (DC) of CL, through loss of mass, was calculated 

using equation: 𝐷𝐶 (%) = 𝑊𝑎𝑊𝑏  × 100%                  (2) 

where Wa is the weight measured at 240 ⁰C (inflexion point between monomer evaporation and 

polymer degradation), and Wb is the initial weight of the sample. 

2.4 Mechanical analyses 

Tensile and flexural properties were evaluated through an Autograph AG-IS (Shimadzu) universal 

testing machine with a 10kN load cell. Tensile tests were measured according to ISO 527-2 

standard (Type 1BA) with a constant crosshead speed of 1mm/min. A video extensometer 

(Shimadzu DVE-101/201) was used to determine the elongation of each specimen. 
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The flexural properties were assessed following ISO 178, with a crosshead speed of 1mm/min. 

Each group of specimens contained, at least, five specimens. The average and standard deviation 

values of the measured properties were used in the reported data. 

3. Results and discussion 

3.1 Thermal behavior 

The influence of GBM on melting (Tm) and crystallization (Tc) behaviour of APGBM 

nanocomposites was analysed by DSC. The cooling and second heating thermograms of AP and 

APGBM are shown in Figure 1 and data are summarized in Table 2.  

Figure 1. DSC heating scans (i) and cooling scans (ii) of AP and APGBM nanocomposites (from 

bottom to top): (a) AP; (b) APGBM1; (c) PGBM2; (d) APGBM3; (e) APGBM4; (f) APGBM5. The 

curves are vertically offset for clarity. 

 

Table 2: Thermal parameters of AP matrix and APGBM nanocomposites. 

Samples Tm [⁰C] Tc [⁰C] ΔHm [J/g] Xc [%] DC (%) 

AP 220.9 ± 0.4 175.4 ± 0.3 59.9 ± 0.3 31.5 ± 0.3 98  

APGBM1 219.1 ± 0.1 177.3 ± 0.2 62.1 ± 0.2 33.7 ± 0.5 98 

APGBM2 219.3 ± 0.5 180.7 ± 0.1 63.6 ± 0.3 35.3 ± 1.2 97 

APGBM3 218.0 ± 0.2 182.8 ± 0.2 64.4 ± 0.7 35.9 ± 0.9 97 

APGBM4 217.4 ± 0.2 184.2± 0.1 61.8 ± 0.8 34.5 ± 0.1 97 

APGBM5 217.2 ± 0.4 185.3 ± 0.2 58.4 ± 0.5 33.2 ± 0.1 97 

 

DSC heating curves showed that the addition of GBM had a slightly effect on melting 

temperature of AP. From melting endotherms, it can be seen that there are two melting peaks 
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in AP, one main peak at about 221 ⁰C (Tm1) and a small shoulder peak at about 212 ⁰C (Tm2), 

indicating the co-existence of α and γ crystal structures of PA6, respectively (27). From APGBM 

heating curves it was possible to observe that with increasing GBM loading, Tm2 peak was 

attenuated. As seen from Figure 1-ii, Tc of nanocomposites was higher than that of AP. The Tc 

increased from 175.4 ⁰C for AP to 185.4 ⁰C for APGBM5. This significant increase of Tc is 

attributed to strong nucleation effect of graphene during the crystallization of the AP (8).  

Xc also increases compared to AP matrix. As mentioned above, GBM can promote crystallization 

by acting as nucleating agent, thus crystallization can be facilitated. A slightly decreases in Xc if 

observed in AGBM5. It is probably due to the excess of nanoparticles that hinders the mobility 

of PA6 chains (10). 

DC values, calculated using equation 2, revealed a high conversion rate (between 97-98 wt.%), 

for both samples, which means that the polymerization was almost complete, and a low residual 

monomer content was achieved.  

3.2 Mechanical behavior 

Tensile tests were performed to evaluate the influence of graphene on the mechanical 

properties (Figure 2).  

 

Figure 2. Specimens for tensile tests. From right to left: AP, APGBM1, APGBM 2, APGBM3, 

APGBM4 and APGBM5. 

The tensile properties of these materials, and its standards deviations are given in Table 3. 

Table 3: Tensile properties of AP and APGBM nanocomposites. 

Samples σmax [MPa] εmax [%] E [GPa] 

AP 63.5 ± 2.1 14.3 ± 3.5 2.6 ± 0.3 

APGBM1 52.7 ± 4.0 8.9 ± 2.2 3.4 ± 0.6 

APGBM2 55.8 ± 6.1 13.4 ± 8.8 3.5 ± 0.3 

APGBM3 65.9 ± 7.6 28.3 ± 16.9 3.8 ± 0.5 

APGBM4 66.0 ± 4.9 35.3 ± 14.8 4.1 ± 0.7 

APGBM5 60.2 ± 1.4 10.5 ± 4.4 3.4 ± 0.7 
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For lower additions of GBM (0.1 wt.% and 0.25 wt.%), a slightly reduction of tensile strength was 

observed. For higher contents no significant changes were noted. The Young modulus increased 

with increasing GBM loadings. When the content is 0.75 wt.% GBM, the Young modulus of 

APGBM4 is enhanced by ~58% and the elongation at break by ~174%. When the GBM loading 

reaches 1.0 wt.%, the mechanical properties showed a decrease. Commonly, the mechanical 

properties of the nanocomposites improve significantly with the addition of different loadings, 

however, an excess of GBM may form small agglomerates, thus the molecular interaction 

decreased, lead to a reduction in tensile strength (28). Another possible explanation for this 

decreasing, is due to agglomerates that can act as stress concentration sites. 

Table 4 presented the flexural properties of AP and APGBM. Unlike the tensile strength, the 

flexural strength of APGBM samples showed an initial increase followed by a decrease. When 

incorporated with 0.1 wt.% of GBM, the flexural strength of APGBM1 was about 193% higher 

than that of AP. With a further increase of GBM content, the flexural strength falls, however the 

values remain higher than that exhibited by AP. The flexural modulus of AP is increased by 92%, 

from 2.6 to 5.0 GPa for APGBM3. 

Table 4: Flexural properties of AP and APGBM nanocomposites. 

Samples σmax [MPa] εmax [%] E [GPa] 

AP 91.6 ± 3.4 7.9 ± 0.6 2.6 ± 0.1 

APGBM1 193.4 ± 16.4 7.3 ± 0.2 4.2 ± 0.6 

APGBM2 190.5 ± 9.8 7.7 ± 0.8 4.8 ± 0.9 

APGBM3 182.2 ± 13.0 7.4 ± 0.2 5.0 ± 0.2 

APGBM4 154.0 ± 4.7 7.3 ± 0.2 4.3 ± 0.2 

APGBM5 138.6 ± 2.1 7.2 ± 0.3 3.4 ± 0.2 

 

It is interesting to note that unlike tensile strength, flexural strength of APGBM samples do not 

show an initial decreasing tendency. This might be due to the GBM loading do not reach the 

critical level at lower amounts, once the loading mode of a tensile test is different from that of 

a flexural tests (29). 

4. Conclusions 

The present work demonstrated an effective approach to AP and APGBM production by in situ 

polymerization through T-RTM technology. The polymer/GBM loadings influence on thermal 

and mechanical behaviour was investigated. 

Different GBM loadings affected the melting temperature of AP towards lower values. The 

crystallization temperature shifted to higher temperatures, as well as crystallinity degree that 

increases with increasing GBM loadings. Even very low loadings of GBM promote a relevant 

increasing in tensile and flexural moduli. 
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Based on the results, GBM were successfully incorporated in low viscosity raw materials using 

T-RTM technology. The improvement on mechanical properties at low loadings of GBM, offer 

great promises of this technology applications to produce APGBM nanocomposites for 

automotive industry applications.  
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Abstract: Aligned discontinuous fibre reinforced composites (ADFRCs) have the capability to 

exhibit mechanical properties close to that of continuous fibres when they are highly aligned with 

fibres longer than critical length. ADFRCs also offer better handling and forming capabilities, a 

feature that has the potential to reduce manufacturing defects. The HiPerDiF technology, 

invented at the University of Bristol has been upscaled to a new third-generation machine 

capable of producing larger quantities of ADFRC feedstock with more consistency. This research 

aims to investigate the quality and performance of the new material in comparison with 

unidirectional continuous fibre composites of similar constituent material.  

 

Keywords: Aligned discontinuous fibre-reinforced composites (ADFRC); Mechanical 

characterization 

1. Introduction 

Fibre reinforced polymer composites provide the opportunity to produce lighter, cheaper, and 

more durable products thanks to their superior specific strength and modulus when compared 

with metals. However, owing to the complexities of the designs, manufacturing processes, and 

material variability, they are susceptible to manufacturing defects like fibre kinking and 

wrinkling, fibre bridging, and resin rich pockets. Aligned discontinuous fibre reinforced 

composites (ADFRCs) have the potential to reduce these manufacturing defects because the use 

of discontinuous fibres leads to better handling and forming capabilities, especially when 

manufacturing complex parts [1]. However, their main drawback is the reduction in mechanical 

performance, due the discontinuity and the misalignment of the fibres. Therefore, to create a 

valuable product with high performance, it is necessary to use fibres that are highly aligned and 

longer than their critical length [2].  

The HiPerDiF technology, invented and patented at the University of Bristol, can produce 

tailorable and highly aligned discontinuous fibre preforms which can achieve mechanical 

properties comparable to those of their continuous counterparts [2]. This technology can 

process a variety of types of fibre feedstock including reclaimed and natural fibres [3] which can 

be combined with different types of resin systems [4]. The mechanical and functional properties 

of the feedstock can be tailored by either using different fibre types or the same fibres with 

different mechanical properties [5]. This makes the HiPerDiF technology more flexible and 
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sustainable with the capability to become part of a closed loop recycling process [7, 8, 9]. When 

prepared from hybridized fibres, ADFRCs have also been shown to present a pseudo-ductile 

response under tensile loading instead of failing catastrophically like continuous fibre 

composites [6]. Until recently, the HiPerDiF technology, has been mainly laboratory-based with 

a low throughput, and consequently only a limited characterisation of the produced material 

has been possible. A new, third-generation machine, HiPerDiF 3G illustrated in Figure 1, capable 

of producing m/hr quantities of aligned discontinuous fibre feedstock has recently been 

produced within an EPSRC-funded research project (EP/P027393/1) and is located within the 

National Composites Centre (NCC). With the increased production rate, sufficient volumes of 

material can now be produced to allow an increased range of characterisation activities. The 

advantages of upscaling this technology will mean more opportunity to incorporate this new 

material into a variety of manufacturing processes. This will provide a better understanding of 

the material, its behaviour, and the opportunity to improve this technology. As a result, this will 

increase its applicability and give more industries access to higher performing aerospace-grade 

materials in a discontinuous form. 

The aim of this research is to investigate the quality and performance of the material and identify 

any new risks associated with a large-scale production. To achieve this, ADFRC panels were 

manufactured using 3 mm long virgin discontinuous fibres and a high-performance resin system 

(CYCOM 977-2) provided by the Solvay Group. The panels were manually placed in a 0° 

unidirectional fibre orientation and tested in tension. The results of the tensile test were 

compared against tensile results of continuous fibre panels with similar constituent materials.  

 

Figure 1. 3D rendered image of the HiPerDiF 3G machine 
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2. Methodology 

2.1 The HiPerDiF Method 

The upscaled HiPerDiF 3G machine shown in Figure 1 is capable of highly aligning discontinuous 

fibres between 1 and 10 mm. The fibres are dispersed in water and sprayed using a series of 

nozzles between a series of thinly spaced parallel plates that compose the alignment head. The 

fibre suspension falls on to a moving mesh belt and the change in direction coupled with the 

momentum of the suspension causes the fibres to align in the direction of the belt.  A series of 

vacuum pumps and heaters are used to remove the water and dry the fibres as they move along 

the belt without affecting their alignment. By applying heat and pressure, the HiPerDiF 3G 

machine can impregnate the dry preform with the chosen resin system to produce rolls of 

prepreg in a tape form. To achieve the desired areal weight of preform, the process variables 

such as the fibre length, fibre to water ratio, and the belt speed can be varied.   

2.2 Materials 

Using HiPerDiF 3G, the preform was produced with virgin carbon fibres (Tenax HT C124, Teijin, 

USA) to achieve an estimated fibre areal weight of 35.9 gsm calculated using the machine 

parameters. The properties of the reinforcement fibres used are listed in Table 1 

Table 1: Fibre Properties 

Fibre property                 Unit Teijin Tenax HT C124  

Fibre length                 mm             3 

Density                g/cm3           1.79 

Filament diameter                  m             7 

Tensile strength                 MPa           4350 

Tensile modulus                 GPa           225 

 

The dry preform was impregnated with CYCOM 977-2 toughened epoxy resin provided by 

Solvay with an areal weight of 36 gsm.  

2.3 Specimen manufacturing 

HiPerDiF prepreg tapes, 30 mm wide, were manually placed side by side to form a ply layer of 

length 270 mm and width 150 mm. Each tape was laid unidirectionally in the 0° direction. 8 plies 

were stacked up to form a laminate and care was taken to minimize gaps and overlaps between 

the prepreg strips and between each ply layer. The laminate was cured in an autoclave for 180 

mins at 180°C and 6 bar pressure. After curing, the laminate was debagged, and deburred and 

glass fibre/epoxy end tabs were bonded on to the panel using a two-component epoxy paste 

adhesive (Araldite 2014-2, Huntsman Advanced Materials GmbH). The prepared panel was then 

cut into 8 samples with an end tab length of 56 mm in accordance with Figure 2. To provide 

baseline data to compare material properties, CYCOM 977-2-HTS unidirectional continuous 

prepreg material provided by Solvay was used to manufacture composite test samples. The 
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same manufacturing techniques were used and the layup configuration and sample dimensions 

were the same as the HiPerDiF 3G test samples. 

 

 

Figure 2. Representative image of tensile test specimen 

 

2.4 Tensile testing 

Tensile tests were performed with a servo hydraulic testing machine equipped with a 100 kN 

load cell at a testing rate of 0.5 mm/min. The strain was measured using digital image correlation 

(DIC) and analysed using DaVis 10 software. DIC is an optical method that provides a full field 

three-dimensional analysis of the deformation and strain behaviour across the entire sample. 

To allow the strain to be measured using DIC, the surface of the specimens in the gauge length, 

was prepared with black spray paint in a speckled pattern over a white painted background as 

shown in Figure 2. The gauge length used for strain measurement was approximately 138 mm 

for all specimens. The tensile tests were performed in accordance with ASTM guidelines [10]. 

2.5 Fibre volume fraction measurement 

A thermogravimetric analyser (TGA Q500) was used to determine the fibre volume fraction of 

samples.  Samples (ca. 10 mg) were heated in air up to 500°C for 90 mins. The samples were 

weighed before and after heating to a resolution of 0.1 g. The fibre volume fraction was 

determined using the measured weights of the samples and the known densities of fibre and 

resin. 

3. Results/Discussion 

The fibre volume fraction of the composite determined using TGA was approximately 38%. 

Figure 3 shows that under SEM, the surface of the fibres remain undamaged with some ash 

present. This indicates that most of the resin has degraded, and the fibre volume content 

determined using TGA is acceptable. The composite fibre volume fraction was also theoretically 

predicted using the resin density which is 1.79 g/cm3 and the fibre properties listed in Table 1.  
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Compared against the theoretical prediction of 42%, the value determined by TGA is slightly 

lower than expected. This could be as a result of the quantity of misaligned fibres in the 

produced preform. The results of the tensile test of the HiPerDiF 3G samples are shown in Figure 

4. The stress strain curve shows a linear elastic and brittle failure, similar to what might be expect 

for sample of a continuous fibres. To compare the mechanical properties of the HiPerDiF 3G 

samples with CYCOM 977-2 HTS prepreg samples, all data were normalized to 65% fibre volume 

fraction. Figure 5 shows a comparison of the mechanical properties with CYCOM 977-2 HTS 

tensile test data. HiPerDiF 3G samples achieved a tensile modulus of 77 GPa and tensile strength 

of 751 MPa at a failure strain of 0.97%. In comparison, CYCOM 977-2 HTS samples achieved a 

tensile modulus of 151 GPa and tensile strength of 2274 MPa at a failure strain of 1.5%.  

 

 

Figure 3. SEM image of HiPerDiF 3g samples after TGA 

 

 

Figure 4. Stress strain curve of HiPerDiF 3G samples with 38% fibre volume fraction 
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Figure 5. Mechanical properties of HIPerDiF-3G compared with UD Continuous CYCOM 977-2 

HTS prepreg samples normalised at a fibre volume fraction of 65%.  

 

4. Conclusion and Future work 

In this paper the manufacturing process and tensile results of composite samples made using 

the HiPerDiF 3G machine has been summarized. The possibility of applying the same techniques 

used for continuous fibre prepregs to ADFRC prepregs to manufacture high performance 

composite parts has been demonstrated. From the experimental results obtained, it can be 

concluded that the overall behaviour of HiPerDiF 3G composites are similar that of UD 

continuous composites. However, the mechanical properties achieved are significantly lower, 

which indicates that the present level of alignment achieved is not as high as expected. 

Therefore, the next step would be to understand the alignment of the samples which were 

tested and determine how it be optimised. To achieve this, it will be necessary to investigate the 

microstructure using image analysis techniques. In addition, a variety of machine settings of the 

HiPerDiF 3G machine will be used in order to improve the quality of the tape.  
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Abstract: Carbon fibre pultruded rods are used in structural applications across a wide range of 

industries due to their lightweight, corrosion/fatigue resistance and outstanding properties in 

the axial direction. While there is available literature on the mechanical characterisation of 

pultruded rods under tension and bending, very little has been reported about their compression 

response. The characterisation of the mechanical performance of pultruded rods under uniaxial 

direct compression is challenging due to the high sensitivity to alignment, stress concentrations 

in the gripping zone, and the complexity of specimen manufacturing, especially when the rods 

can be of small diameter (~1mm). 

Existing literature reports the use of the compression side of a beam under bending to test 

materials with high axial stiffness and strength such as carbon fibre laminates. In this work, we 

show the applicability of such idea on pultruded rods. We report on the design of a novel bending 

experiment to characterise the compression behaviour of pultruded rods, ensuring low strain 

gradient and consistent failure within the gauge section.  

Keywords: compression; pultruded rod; CFRP; mechanical test  

 

1. Introduction 

Continuous fibre non-crimped composite materials usually display their maximum strength and 

modulus in the direction of the fibre, in particular, under tensile loads. However, in compression, 

due to various factors such as fibre waviness and pre-existing defects, instabilities such as micro 

buckling, lead to premature failure, and a poorer compression performance [1-4]. Literature 

reports compressive strengths in the fibre direction below 60% the tensile strength [1]. 

Composite pultruded rods tend to exhibit a better fibre alignment than laminates; therefore, 

they stand as an alternative to improve the compression performance of fibre composites [2]. 

However, measuring the improved compression performance poses a challenge from the 

experimental point of view. Materials with high axial stiffness like composites tend to fail in the 

gripping areas due to stress concentrations caused by system applying the load. 

Direct compression experiments have been previously reported in literature. For example, 

Soutis [2] and Clarke [3] made use of direct compression to measure the strength and strain to 

failure of carbon fibre pultruded rods. Both studies reported that failure would sometimes take 

place in the vicinity of the loading endcaps, due to stress concentrations. In addition, sample 

preparation was costly and time consuming, and the system would be highly sensitive to the 

final alignment of the assembly.  
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An alternative method to introduce compression in a specimen is via bending. In a beam 

subjected to bending, one side would be in tension while the opposite side would be loaded in 

compression. This approach has been used in composite laminates and sandwich beams [5]. In 

this work, we extend that approach to design a novel four-point bending test to conduct 

compression tests in pultruded rods that can provide with consistent failure within the gauge 

section.  

2. Experiment design 

2.1 Material and specimen concept 

The concept is shown in Figure 1a. It consists of a pultruded rod glued on top a channelled beam 

under bending. The beam is loaded symmetrically in four-point bending mode with a total force 𝑃. The span length is 𝐿 and distance between loading pins of 𝐷 (Figure 1b). The rod will be loaded 

in compression due to bending of the assembly, while the bottom side of the beam will be in 

tension. The beam also has a through thickness cut to allow direct view of the composite 

pultruded rod. 

The material considered for this design exercise was a 0.8mm diameter carbon fibre pultruded 

rod, commercially available from Easy Composites (Easy Composites Ltd, UK).  The beam was 

made of Poly (methyl methacrylate) (PMMA).  

 

Figure 1. Beam: a) Concept; b) Geometric parameters. 

 

Figure 2. CFRP Pultruded rods used in the study. 

2.2 Design criteria 

The following 6 design criteria/guidelines were followed for the design of the experiment. 

a. Beam theory 

From beam theory, a beam under symmetric four-point bending will have a maximum flexural 

stress 𝜎𝑓 of:  𝜎𝑓 =  𝑃𝐿2𝑏ℎ2 (1 − 𝐷𝐿)            (1) 
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Keeping the total load 𝑃 constant, a smaller ratio 
𝐷𝐿  will be required to obtain a higher maximum 

flexural stress. A ratio D/L=1/4 was chosen for this design exercise. 

b. Buckling of rod free length 

The exposed free length of the pultruded rod is at risk of buckling as it can be considered a 

slender structure. Analytically, the critical length for Eulerian buckling was calculated to be 7.4 

mm, for the extreme case of pinned ends. A free length of 5mm was selected. 

c. Total load 

The total load P required to introduce a compressive stress in the pultruded rod high enough to 

trigger compressive failure, should be within the limits of available testing equipment. 

d. Beam structural integrity 

The beam material should not fail in tension or compression before the pultruded rod has 

reached a stress equal to its compressive strength.  

e. Bending percent in the rod 

Under direct compression of a rectangular laminate specimen, the standard ASTM D6641 

recommends the use of 2 strain gauges. Even though the specimens do not buckle, opposite 

sides of the coupons will exhibit different strains due to a certain degree of bending.  The strain 

measured with the two strain gauges 𝜀1 and 𝜀2 define the bending percent 𝐵𝑦 as in Eq. (2). 

According to the standard, the bending percent is acceptable when it is under 10%. 𝐵𝑦 = 𝜀1−𝜀2𝜀1+𝜀2 × 100%                  (2) 

Similarly, in our proposed experiment, the strains in opposite ends of the specimen will not be 

the same. Fig. 3 shows the detail of the exposed free length of the pultruded rod. Following the 

definition of bending percent, the strain 𝜀1 was measured in the “orange” dot, while 𝜀2 was 

measured in the “green” point, in the axial direction in both cases.  

 

Figure 3. Detail of the exposed free length of the pultruded rod. The “orange” side will be at a 
higher compressive strain than the “green side” 

f. Maximum stresses in rod 

The final design should yield a maximum stress within the gauge length of the pultruded rod. 

Criteria c, d, e, and f were verified via the virtual experiment described in the next section. 
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2.4 Geometry optimisation and virtual experiment 

A virtual experiment (see Fig. 4) was setup using Abaqus 2017 (Dassault Systèmes Simulia Corp, 

USA). The rods and beam were meshed with linear brick solid elements C3D8R. The behaviour 

of the composite pultruded rod and the beam were assumed linear elastic. The loading pins and 

roller supports were modelled as rigid parts. The material properties assigned to all parts in the 

FE model are summarised in Table 1. 

Table 1: Material properties used for the PMMA beam and the CFRP rod within the FE model. 

 𝐸, 𝐸11(𝐺𝑃𝑎) 𝐸22(𝐺𝑃𝑎) 𝜈 (𝜈12) 𝐺12(𝐺𝑃𝑎)  𝐺23(𝐺𝑃𝑎) 

PMMA 3.2  0.33   

CFRP 174 8.34 0.31 4.55 2.6 

Loading pins/ 

Roller supports 
Rigid     

 

 

Figure 4. Meshed model of the experiment. 

The geometry of the beam was optimised to minimise the bend percent on the pultruded rod 

specimen defined in Eq. 2. A manual iteration of the various geometric parameters ℎ, 𝐷, 𝐿 was 

conducted to ensure that the resulting 𝐵𝑦 is within the acceptable range. The results of the 

various values of bending percent for 3 different combinations of geometric parameters, with 

the rod loaded at the same compressive stress of 1.2 GPa are shown in Table 2. 

Table 2: Iteration of geometric parameters. 

Iteration ℎ (𝑚𝑚) 𝐷 (𝑚𝑚) 𝐿 (𝑚𝑚) 𝐵𝑦(%) 

1 20 20 60 10.8 

2 20 20 80 11.1 

3 30 20 80 3.0 
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The values of ℎ = 30𝑚𝑚, 𝐷 = 20𝑚𝑚, 𝐿 = 80𝑚𝑚 was chosen for the final design. For that 

case, the axial stresses along 40 mm of the central section of the pultruded rod (Fig. 5a) is 

displayed in Fig. 5b. It is observed that the higher stresses are within the gauge section. The 

simulation results also showed strains under 2% in the PMMA beam, ensuring that it will not fail 

during the test. 

 

Figure 5. Axial stress along the centreline of the rod: a) Centreline path, b) Axial stress along 

path. 

3. Experimental 

The experiment was conducted in quasi-static regime in the servo-hydraulic machine Instron 

8872. The load was acquired with a 25 kN load cell. The pultruded rod was prepared with black 

speckle over a white background to obtain the history of strains via digital image correlation. 

Fig. 6 shows a snapshot of the free length of the pultruded rod specimen, right after fracture. 

The fracture took place within the gauge length suggesting that the design process successfully 

minimised stress concentration at the ends. 

 

Figure 6. Compressive failure of the pultruded rod. 
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4. Conclusions and future work 

The proposed methodology provides with compression fracture within the gauge length and 

stands as an advantageous alternative to direct compression due to the simpler specimen 

preparation, and the reduction of stress concentrations. The method will be used for a complete 

series of specimens of various composite rod systems obtained by pultrusion. 
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Abstract: Currently 3D composites are unrepresented within the majority of composite test 

standards. As such, NPL undertook a programme of work to determine the applicability of current 

test standards for use with 3D composites. Good practice guidance has been proposed after a 

thorough assessment of the applicability of existing mechanical test standards covering tension, 

compression, flexure, shear, fracture toughness and impact/post-impact loading. For the test 

method assessments undertaken, two 3D woven composite architectures, a glass fibre-

reinforced epoxy orthogonal and a carbon fibre-reinforced epoxy layer-to-layer, have been 

studied. Due to the relatively large unit cell sizes found in 3D composite formats, testing was 

conducted using both standard and non-standard test specimen dimensions. The aim was to 

provide an understanding of the mechanical performance of 3D composite materials, as well as 

good practice recommendations not included in existing standards. 

Keywords: 3D woven; Mechanical testing 

1. Introduction 

Three-dimensionally reinforced (3D) composites are beginning to gain application in a variety of 

components, especially within the aerospace and automotive sectors. This is due in part to the 

desirability of features such as enhanced out-of-plane properties and the ability to be woven 

into structural elements. However, effective design of components requires accurate 

characterisation and/or prediction of the mechanical behaviour of these materials under a range 

of loading conditions. Typically, mechanical characterisation of a composite material is achieved 

through the performance of numerous experimental methods, many of which are covered 

within both national and international standards. These standards are often accompanied with 

precision data to evidence the repeatability and reproducibility of the methods. Unfortunately, 

representation of 3D composites within the majority of these mechanical test standards is non-

existent, with the assessment of test method applicability equally not well covered in the 

available literature. 

Although there are no explicit statements within mechanical test standards restricting use on 

3D composites, their suitability for characterising the mechanical properties of these materials 

is unclear. Generally, material properties should be measured across volumetric elements 

considered representative of the bulk material, which for 3D composites, due to the inclusion of 

a through-thickness reinforcement, can become large. As such, for 3D composites, the 

recommended test specimen geometries in current methods can result in an 

underrepresentation of the bulk material. However, it should be realised that bulk material 

representation alone does not determine if the correct mode of failure occurs. From studies in 

the literature, standard test methods are often treated as applicable to all composite material 

formats. While the observed modes of failure are often discussed, assessment of their 

representation relevant to the mode of loading and material properties measured are rarely 
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challenged. By having both in-plane and out-of-plane fibres, the stress state becomes more 

complex and cannot always be assumed representative of the “pure” loading mode expected by 
the test method chosen. 

To address the underrepresentation of 3D composites in current composite mechanical test 

standards, NPL undertook a programme of work to examine many test standards, covering a 

range of different test methods and loading types. Within this programme, two 3D woven 

material formats (glass fibre-reinforced epoxy orthogonal and carbon fibre-reinforced epoxy 

layer-to-layer) were tested using a range of composite mechanical test standards. While the 

work was limited to 3D woven materials, many of the observations will be relevant to other 3D 

reinforcement formats e.g., stitched, tufted etc. A good practice guide was produced from the 

outcome of this work, with the aim to provide guidance on the suitability of current international 

material test standards for determining the mechanical properties of 3D composites. Work 

presented here aims to highlight some of key observations made during this programme. 

2. Experimental 

When testing to obtain fundamental material properties, such as strength and stiffness, it is 

preferred that measurements are considered representative of the bulk material response. This 

can typically be achieved by making sure that there is at least one representative unit volume 

contained within the test area of the specimen. Unfortunately, many test standards limit the 

dimensions of test specimens, which for materials with large unit cell volumes may be quite 

restrictive. In these cases, modification to non-standard test specimen dimensions is required. 

However, it must be noted that this is not possible for all tests due to the limitations inbuilt to 

the specific test method and fixtures used. In the work conducted and reported here, both 

standard and non-standard test dimensions were used where possible. Testing was also 

undertaken along both the warp- and weft-directions unless otherwise noted. 

2.1 Materials 

To assess current international test standards for suitability in determining the mechanical 

properties of 3D composites, two 3D woven FRP composite materials were tested: a glass fibre-

reinforced epoxy (GFRE) orthogonal (ORT) material, and a carbon fibre-reinforced epoxy (CFRE) 

layer-to-layer (LTL) woven material. 

The GFRE ORT material consists of five warp tow layers and six weft tow layers, with a through-

thickness z-binder running along the same direction as the warp tows, Figure 1a. The thickness 

of the GFRE ORT material is approximately 3 mm and has unit lengths along the warp and weft 

directions of approximately 8 and 10 mm, respectively. The CFRE LTL material has seven warp 

tow layers and eight weft tow layers. Unlike the GFRE ORT material, multiple z-binders are 

stacked through-the-thickness of the CFRE LTL material, see Figure 1b. Each z-binder traverses 

two weft tow layers through-the-thickness and across five weft tow columns, interlacing 

between each. There are an equal number of z-binders to warp tow layers. This material has an 

approximate thickness of 5 mm and unit lengths along the warp and weft directions of 

approximately 10 and 17 mm, respectively. 
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Figure 1: Structures of the 3D woven composite materials used in this work. a) 3D orthogonal 

woven glass fibre-reinforced epoxy (GFRE ORT); b) 3D layer-to-layer woven carbon fibre-

reinforced epoxy (CFRE LTL) 

2.2 Tension 

Unnotched Tension: Tension testing was undertaken using ISO 527-4 [1] type 3 test specimens, 

i.e. straight-sided and end-tabbed. Tests were conducted using both standard and non-standard 

specimen widths of 25 mm and 35 mm, respectively. Strain was measured over a gauge length 

of 50 mm using back-to-back longitudinal extensometers.  

Open-hole (notched) Tension (OHT): OHT testing was conducted in accordance with ASTM D5766 

[2]. As for unnotched tension, both standard and non-standard test specimen dimensions were 

used. The ratio of width-to-hole diameter was maintained at 6 for all test specimens. As such, 

specimen widths of 24, 36, and 48 mm were tested with 4-, 6- and 8-mm diameter holes, 

respectively. 

2.3 Compression 

Unnotched Compression: Compression testing was conducted in accordance with method 2 

(combined loading) of ISO 14126 [3]. Compared to other compression testing methods, ISO 

14126 was chosen due to its flexibility with regards to both the method of load introduction and 

test fixture. Both standard and non-standard specimen dimensions were used. For the GFRE ORT 

material, both the width and gauge length were changed, while for the CFRE LTL only the width 

was adjusted. Strain was measured over the gauge area using 3D DIC on both sides of the test 

specimen. 

Open-hole (notched) Compression (OHC): OHC testing was undertaken following method 2 of 

ISO 12817 [4] as it allows the use of combined loading test fixtures. As for notched tension, 

standard and non-standard specimen dimensions were used, while maintaining a width-to-hole 

diameter ratio of 6. Specimen dimensions of 24 and 36 mm wide were tested with a hole 

diameter of 4 and 6 mm, respectively. 
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2.4 Flexure 

ISO 14125 [5] was used for four-point flexural testing. Unlike other flexural test standards, ISO 

14125 helps the user to determine the most suitable specimen dimensions by splitting materials 

into four classes. Each class is based on the ratio of the longitudinal flexural stiffness to the 

through-thickness shear stiffness, though the standard does provide suggestions of typical 

materials in each class should the material properties not be known. Dimensions relating to class 

III and IV, as well as variations between were used in this study to determine suitability of 

flexural testing of 3D composites.  

2.5 Shear 

Compared to other means of loading, shear loading methods tend to have the greatest variety, 

with test standards associated with many. In this work, a number of these shear test standards 

were tested to determine if any were applicable to the testing of 3D composites.  

±45° tension: ±45° tension testing was undertaken following guidance in ISO 14129 [6]. This 

standard is used to determine in-plane shear strength and modulus of composite materials. Like 

tensile testing, specimens were straight-sided and end-tabbed, with the same standard and non-

standard dimensions being used. Strain was measured using 3D DIC on either side of the test 

specimen. 

V-notch beam: The V-notch beam test, also known as the Iosipescu test, was conducted 

according to ASTM D5379 [7] using rectangular specimens with V-notches located centrally 

along the length. These test specimens produce a thin band of pure shear between the V-

notches. Shear load is introduced into the test specimen via end-loading through an asymmetric 

four-point bend fixture. In this work, shear loading was conducted along the 1-2 and 2-1 shear 

planes, where 1 and 2 represent the warp- and weft-directions, respectively, allowing for the 

determination of in-plane shear strength and modulus. Unlike other test methods reported 

here, only standard specimen dimensions were used. Due to the limit view of the test specimen 

in the fixture, strain was measured using front and back 2D DIC. 

V-notch rail shear: The V-notch rail shear test is like the V-notch beam test in that a thin band of 

shear develops between the notches during loading, but the specimen dimensions are larger. 

Guidance for testing is provided in ASTM D7078 [8]. Load is introduced into the test specimen 

by shear loading through grip faces. Shear properties were measured across the 1-2 and 2-1 

shear planes. Shear strain was measured using 2D DIC on the front and back of the test specimen 

due to limitations of specimen viewing in the test fixture. V-notch rail shear is suggested to be 

used with textile-based composites where the structure is relatively coarse. 

Short beam shear: There are currently two test standards for determining the interlaminar shear 

strength (ILSS) of materials using the short beam shear test method, ASTM D2344 [9] and ISO 

14130 [10]. The main difference between these two standards is recommended specimen 

dimensions and specimen span length. As such, in this work a comparative study was 

undertaken using both standards. 

Plate twist: Plate twist is a method for determining the in-plane shear modulus. Testing was 

conducted according to the test standard ISO 15310 [11]. Test specimens are plates that are 

loaded at opposing corners using flexural rigs orientated at 90° to each other. Both standard and 

non-standard dimensions were tested. 
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2.6 Fracture Toughness 

For all fracture toughness testing, specimens had standard dimensions with CFRP tabs bonded 

to each arm to increase their stiffness to aid with crack propagation. No film insert could be put 

into the material and therefore a starter crack was machined into the material using a diamond 

wire saw. The diameter of the wire was 0.13 mm. 

Mode I: Mode I testing was conducted according to ISO 15024 [12]. It uses double cantilever 

beam (DCB) specimens to produce the correct loading mode. 

Mode II: Mode II testing was done following ISO 15114 [13] which uses the calibrated end-load 

split (C-ELS) test method. Due to the design of the test method, stable crack growth should be 

possible during loading.  

2.7 Compression-After-Impact (CAI) 

CAI testing was conducted according to ISO 18352 [14] using standard test dimensions. 

Specimens were initially impacted with an energy per unit thickness of material of 6.7 J/mm. 

These were then scanned using flash thermography and ultrasonic c-scanning to determine the 

extent of damage. Finally, the specimens were then loaded in compression until failure. DIC was 

used to observe some of the strain profile of the test specimens during compression loading. 

3. Key Findings and Recommendations 

The following subsections contain key findings and recommendations from the programme of 

work carried out. Further detail and general good practice can be found in the NPL Good Practice 

Guide No. 151 [15]. 

3.1 Tension 

Unnotched tension testing using the recommended test dimensions in ISO 527-4 (and ASTM 

D3039 [16]) are suitable for use with 3D composites. However, the unit cell size of the material 

must be considered and ideally the specimen width should encompass several unit cells, though 

it is recommended that there is at least one unit cell length. Non-standard test dimensions 

should be used where necessary to ensure sufficient representation of the bulk material, but 25 

mm widths should be treated as a minimum. 

For OHT it is recommended that a better evaluation of the material performance, and degree of 

notch sensitivity, can be achieved by testing with multiple specimen dimensions and maintaining 

a width-to-hole diameter ratio of 6. Optional further analysis would be to vary the width-to-hole 

diameter ratio. Additionally, the number of test specimens per dimension should be increased 

to better assess the scatter in results due to the influence of hole position relative to the material 

structure. Depending on the material format it may be necessary to conduct a Weibull statistical 

distribution to evaluate the material performance better. 

3.2 Compression 

For unnotched compression testing, the unsupported gauge length should be short to avoid 

buckling failures during loading. Unfortunately, for materials with coarse structures or large unit 

cell areas, this can mean that the bulk material is not well represented. As such, it is 

recommended that the unsupported gauge area of a test specimen should contain at least one 
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unit cell across both the length and width. However, to avoid buckling failures, the size of the 

gauge area needs to be balanced according to the buckling limit for the material as determined 

by the Euler buckling criteria. 

Measurement of strain using small strain gauges only produces a local, rather than global, 

measure of the strain on materials with coarse structures or large unit cell areas. As such, the 

measurement of strain should be taken across an area of at least a unit cell, though the larger 

the area the better the representation of the bulk material. To ensure adequate coverage, non-

contact measurement techniques such as DIC are high recommended for this. 

For OHC testing, the materials tested show a strong notch sensitivity and clear strength 

dependence on the size and position of the hole relative to the material structure. Like OHT, it 

is recommended that for 3D composites, and coarse material structures generally, multiple test 

specimen dimensions and an increase in the number of repeats tests is needed to better 

evaluate the performance of the material. 

3.3 Flexure 

For flexural testing, interlaminar failures are considered unacceptable as they indicate the 

presence of shear stresses. This can generally be remedied by increasing the span length but can 

then also result in large bending deflections occurring. In the materials tested, the balance 

between interlaminar failures and large bending deflections makes it difficult to determine 

suitable test spans. As such, flexural testing would be better for quality assurance testing. 

Regardless, the following are general recommendations for flexural testing. 

• Choose a test span that a) minimises shear contribution, and b) ensures deflection can 

be measured fully – a support span ratio greater than 30:1 but less than 40:1 would likely 

be suitable for 3D composites. A long travel LVDT or another suitable device should be 

used.  

• Determine what level of interlaminar shear failure can be considered acceptable (the 

smaller the better) before a peak load is reached. While it is ideal to avoid shear failures 

completely, the qualitative comparison between specimens is important and small 

amounts of shear may not be avoidable. Allowing a small proportion of shear failure to 

develop may enable easier and faster testing.  

• [Optional] Select a suitable strain limit to stop the test at if large bending deflections 

occur – this can be very much dependent on the material being tested but stopping the 

test at 5% flexural strain, as suggested within ASTM D790 and D6272, seems reasonable. 

3.4 Shear 

Measurements of the in-plane shear modulus were undertaken using the test methods ±45° 

tension (ISO 14129), V-notch beam (ASTM D5379), V-notch rail shear (ASTM D7078) and Plate 

Twist (ISO 15310). All four test methods produced average shear modulus measurements of very 

similar values, but with varying degrees of repeatability and therefore appear suitable for 

determining the shear modulus of 3D composites. However, material uniformity and unit cell 

size should be considered when choosing which method to use. As such it is recommended that 

any of these test methods could be used to measure shear modulus depending on the user’s 
preference. 
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In all cases, the materials were able to be loaded well beyond 5% shear strain, which is an 

arbitrary test termination point suggested within each standard to minimise the influence of 

other loading modes on the measurement of shear strength. The 5% shear strain termination 

point means that the true shear strength cannot be obtained using these methods. In addition, 

despite good repeatability, invalid failures, especially in V-notch beam and V-notch rail 

specimens, suggest none of these tests are suitable for measuring shear strength of these 

materials. Therefore, it is recommended that none of these methods be used for the 

determination of shear strength. However, each of these methods could be used for quality 

assurance purposes. Further work would be needed to determine an acceptable method for 

measuring shear strength effectively. 

ILSS was measured using both SBS methods outlined in ASTM D2344 and ISO 14130. Although 

good repeatability was achieved for all tests, tensile cracking occurred regardless of test 

dimensions. This is considered an unacceptable failure mode and therefore not representative 

of ILSS. As such, neither test method is recommended for measurement of ILSS. 

3.5 Fracture Toughness 

Due to the through-thickness reinforcement in 3D composites, the initiation and propagation of 

a crack front for mode I and mode II loading can be difficult. Flexural failure in the specimen with 

little propagation of the crack front is not uncommon but can be eliminated by increasing the 

stiffness of the arms. Bonding tabs of CFRP to the material is recommended. However, it should 

be noted that beam arm stiffening is not guaranteed to enable crack propagation as it is highly 

dependent on the 3D composite structure being tested. For instance, in this work the crack front 

of the GFRE ORT would not propagate in either mode I or mode II, while the CFRE LTL crack front 

did. 

It is not always possible to place a thin film insert to act a start defect. One recommended 

alternative is to use a thin diamond wire saw to produce a start defect. Currently the thinnest 

diamond wire available is 0.13 mm in diameter, which is about 10 times thicker than a standard 

film insert. 

In the case of crack propagation, 3D composites tend to display both crack branching and fibre 

bridging. The data reduction techniques suggested within ISO 15024 and ISO 15114, which are 

based on linear elastic fracture mechanics, do not consider the influence of large-scale fibre 

bridging or crack branching and are therefore not recommended for use with materials such as 

3D composites. As such, further work would be required to develop suitable reduction 

techniques for these materials. 

3.6 Compression-After-Impact 

The 3D composites tested in this work both showed localised damage around the impact site 

due to the z-binders providing extra surface area for energy absorption. When compressively 

loaded the GFRE ORT material failed by buckling, while the CFRE LTL failed acceptably through 

the image region. Here, the GFRE ORT is couple of millimetres thinner than the dimensions 

recommended in ISO 18352, while the CFRE LTL has the recommended material thickness, and 

likely influences the difference modes of failure observed. There are no alternative dimensions 

suggested by ISO 18352, especially for thinner materials, and therefore further work would be 

required determine sufficient scaling. 
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Abstract: Continuous fiber reinforced thermoplastics (cFRTP) are attractive materials for many 

applications especially for structural parts. It is very important that not only proven experts with 

years of testing experience but also large parts of the industry are able to characterize those 

materials in an accurate, robust and effective way. Actual standards recommend rectangular 

specimens with tabs for such materials, which often leads to problems based on the 

thermoplastic matrices. A novel geometry is presented here for testing multi-axial cFRTP (organo 

sheets and tape-based multi-axial laminates). The main goal was to achieve advantages in 

efficiency and robustness while reaching the same level of accuracy without using tabs. The 

presented geometry results from an FEM optimization and is slightly tapered within the testing 

section. A round-robin test with five international participants was performed to compare the 

tabbed rectangular specimen (ISO 527-4, type 3 [1]) with the new tapered tensile specimen (TTS) 

without tabs.  

 

Keywords: Continuous fiber reinforced plastics; thermoplastic composites; material 

characterization; tensile strength  

1. Introduction 

Continuous fiber reinforced thermoplastics (cFRTP) are prominent lightweight materials based 

on their excellent specific stiffness and especially specific strength properties. Due to their 

attractive further advantages, e.g. fast manufacturing in large series, recyclability and 

weldability, these materials are used in a rising number of applications. [2–4] The material 

behavior (stress-strain relation) and important performance values like stiffness and strength 

are evaluated experimentally in e.g. tensile tests. Continuous fiber reinforced plastics usually 

have high stiffness and strength values in fiber direction and significantly lower properties in 

transversal fiber direction. Therefore, when clamping such materials, high transverse pressure 

is required in the grips to prevent the specimen from slipping out. This often leads to specimen 

failure in its clamping area instead of in its testing section. Here, critical stress peaks occur due 

to the high transversal clamping pressure and the stiff clamping jaws. This can lead to lower 

strength values being calculated in the tests than the real tensile strength of the material. [5] 

Typically, bonded tabs are used to strengthen the clamping area and to prevent a clamping 

failure in the specimens (see Figure 1). Procedures using this method can be found in several 

standards (e.g. [1,6]). It was developed for thermoset-based composites and provides reliable 

results when performed properly implying that there mustn’t be any asymmetries in the bond 

or tab positioning and the bond must be defect-free. Unfortunately, bonding is a very 
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challenging procedure for thermoplastic composites (in terms of 

time, quality and knowledge). The various thermoplastics 

require tailor-made adhesives, sometimes combined with 

coupling agents. [7,8] The necessary know-how, care and effort 

are often not available to a sufficient extent for material 

characterization. Insufficient bonding causes the specimen to 

break away from the tab and slip out of the clamping. The 

countermeasure is to increase the clamping force, which above 

a certain level leads to the specimen’s clamping failure. 

However, this leads to calculated lowered strength values and/or to large deviations if a material 

is characterized by different laboratories. [5] 

2. Geometries  

Tensile tests are usually used to determine the stress-strain behavior and the characteristic 

values of tensile Young’s modulus, tensile strength and Poisson's ratio. In order to prevent the 

strength-reducing influence of the stress peaks in the clamps and at the same time to avoid 

glued-on tabs, the approach taken here is to design the testing area with a smaller width than 

the clamping area. As the specimen width changes, shear stresses inevitably result from force 

flow redirection. However, the determination of the above-mentioned characteristic values 

should not be negatively influenced. Therefore, a shape optimization was carried out based on 

basic considerations and FE analyses. The material selected for the FE optimization was a purely 

unidirectional (UD) fiber reinforced thermoplastic as it reacts most sensitively to deviations from 

the pure tensile stress state. The exemplary failure body for the plane stress state of 

unidirectional reinforced composites according to Puck [9,10] is shown in Figure 2. The tensile 

test is intended to produce fiber failure (FF) in the test specimen and takes place in the marked 

plane. In addition to the targeted tensile stresses (green), unwanted shear stresses (red) also 

occur due to the width variation. It should be avoided that the shear stress becomes dominant 

as this induces interfiber failure (IFF). The stress exposure is the ratio of the actual stress to the 

failure stress and can be distinguished for FF stress exposure and IFF stress exposure. [11] 

 

Figure 2: Fracture surfaces for the plane stress state of unidirectional reinforced composites 

according to Puck 

Figure 3a depicts several considerations: To avoid high notch stress peaks, angular geometries 

for width minimization are ruled out. Non-circular inner cutouts are more complex in machining 

than outer applied tapers and therefore are not followed up either. 

Figure 1: Critical clamping 

condition for specimens 

according to ISO 527-4 

182/1211 ©2022 Schmeer 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 

Local width variations are expected to produce larger stress peaks than global ones. In an FE 

analysis, the magnitude of these stress peaks was investigated. Figure 3b presents the stress 

exposure ratio in the UD material as an example of a local width reduction when the tensile test 

specimen for unreinforced thermoplastics from ISO 527-2 [12] is used. Here, the ratio of 

maximum IFF stress exposure to FF stress exposure in the specimen exceeds 1. Therefore, the 

test geometry is unsuitable, since IFF occurs first before the targeted FF can be achieved in the 

material. 

 

Figure 3 : a) Geometry optimization path, b) stress exposure analysis of a local width reduction 

based on a square shape c) stress exposure analysis of a global width reduction based on a 

cubic shape 

Many other FE analyses were performed obtaining best results for a global width reduction using 

a cubic approach. In this case, the shear stresses can be uniformly distributed over the entire 

length of the width reduction without generating stress peaks. This leads to a low IFF stress 

exposure and thus to FF in the material (Figure 3c). In this theoretical study, the same (realistic) 

material properties were used in all cases. Since the specific properties for different cFRTP 

variate, the statement here is not absolute but relative. 

Figure 4 shows the position of the investigated specimen geometry types in the section plane of 

the Puck failure body from Figure 2. Here, the effect of excessive shear stress fractions in the 

specimen becomes graphically evident. The normal stress fraction Sigma 11, which is reached at 

specimen fracture and gives the strength from the test, is significantly lower than the value that 

can be achieved in fact. In the case of the cubic-tapered specimen, the maximum shear stresses 

in this example remain sufficiently low so that FF is reached. 

 

Figure 4: Position of the investigated geometry types in the section plane of the Puck failure 

body 

a) b) 

c) 
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Figure 5 shows the resulting geometry with the test area having the same width as the 

established reference geometry from ISO 527-4: 1992 [1]. The overall length is 50 mm longer to 

keep the shear stress low. From the test section to the clamping section, the specimen is 

increased in width by a total of 3 mm following a cubic function. In the center of the specimen 

is a parallel test area (25 x 25 mm²) to determine the Young’s modulus and the Poisson's ratio. 

 

Figure 5: New optimized Tapered Tensile Specimen (TTS) geometry without tabs 

3. Round robin testing procedure 

To prove the accuracy, robustness and efficiency of the TTS in comparison to the standardized 

rectangular specimen geometry with tabs (according to ISO 527-4 [1]), an international round 

robin test was performed. For this reason, apart from IVW, international operating material 

suppliers participated as test laboratories and two cFRTP materials for usage in large series 

productions were selected out of the group of multidirectional reinforced thermoplastics as 

round robin test materials. A glass-fiber fabric reinforced polypropylene with a balanced 

orientation of fibers (47 % fiber volume content [FVC]; 2 mm plate thickness) and a glass-fiber 

fabric reinforced polyamide with an unbalanced fiber orientation (80% fibers oriented in 0°, 20 

% in 90°; 47 % FVC; 2 mm plate thickness) were investigated. 

To consider manufacturing influences on the specimens, one batch was centrally cut and 

distributed to the test participants by a laboratory using water jet cutting. Each round robin 

participant individually cut all other specimens themselves by milling. The cutting out of the 

plate material as well as the specimen testing is performed in agreement with the ISO 527-4 

standard. [1] Hence, different testing fixtures and strain measurement devices (e.g. 

extensometer, digital image correlation [DIC]) were used by the laboratories. After testing and 

documentation of the results, the data was centrally summarized and anonymously evaluated. 

4. Results 

In the round robin test the Young’s modulus and tensile strength of each testing material and 

specimen geometry was evaluated. Figure 6 summarizes the overall testing results. It is obvious 

that for both geometries (type 3 specimen of ISO 527-4 and TTS) and both materials (GF-PP and 

GF-PA66), the modulus and tensile strength values show comparable mean values and standard 

deviations (see also Table 1). The different measuring techniques used and machining methods 

performed (milling/water jet cutting) also had no measurable influence on the characteristic 

determined values. 
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Figure 6: Results of international round robin testing campaign, ISO 527-4 type 3 vs. TTS 

geometry 

Table 1 : Mechanical material values of the round robin testing campaign 

Material Tensile Properties Mean value Standard deviation 

Specimen type 3 

  GF-PP 
σ11 428.33 MPa 25.01 

E11 19.90 GPa 0.63 

GF-PA66 
σ11 593.50 MPa 21.78 

E11 30.21 GPa 0.62 

TTS 

GF-PP 
σ11 430.36 MPa 23.22 

E11 20.10 GPa 0.98 

GF-PA66 
σ11 603.30 MPa 27.01 

E11 30.42 GPa 0.73 

 

When evaluating tensile strength, the validity of the tensile test as described above is of 

particular importance. ISO 527-4 defines invalid testing by slipping of the specimen or failure in 

the clamping or the edge region of the clamping area. Due to the adhesive tab application and 

the required transversal pressure, the specimen type 3 of ISO 527-4 [1] often triggers failure in 

the clamping area and therefore invalid failure. The TTS specimen, due to its tapered shape, 

shows a significantly higher robustness indicated by the high valid sample count in Figure 6. 
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Figure 7 : Exemplary results (failure modes) of GF-PA66 specimens (green tick: valid failure; 

orange question mark: uncertain failure mode; red cross: invalid failure mode) 

Figure 7 shows an exemplary GF-PA66 specimens test batch of a testing campaign participant. 

It indicates the clearly valid tested specimens with a green tick and the clearly invalid failed ones 

with a red cross. In this exemplary test batch, only the rectangular specimens show invalid failure 

at the edge of the clamping area or adhesive failure. The question marks visualize an “uncertain” 

failure mode because the crack is located in both valid and invalid areas. Such cracks lead to an 

uncertain failure mode because it is not possible to determine whether the crack originated in 

the invalid or valid area. The tapered shape of the TTS also prevents these unknown failures due 

to a triggered and clear failure beginning in the specimen’s middle section. 

 

Figure 8: Analysis of failure position and calculation of stress depending on failure position of 

TTS 

In the majority of tests, the failure occurred in the parallel specimen region (see Figure 8). Due 

to slight inhomogeneities in the test material, specimen failures are sometimes initiated outside 

of the parallel, non-tapered measurement area of the TTS specimen. In this case, a recalculation 

of the specimen’s failure area/failure stress is necessary and thus was performed. By knowing 
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the cubic spline of the edge curve, the calculation of the specimen area A at failure position x (A(x)) is possible using Equation 1 with the measured specimen width in the parallel mid-

section (widthmidsection, see Figure 8). A(x) = thickness ∗ (tan−1(xa1) ∗  x ∗ a2 + widthmidsection)                                                 (1) with a1 = 0.06047 and a2 = 0.0246  
5. Conclusion 

The newly developed TTS has been successfully applied to multiaxial materials. It is analyzed by 

its accuracy, efficiency and robustness in an international round robin test compared to the 

standard ISO 527-4 type 3 specimen geometry in Figure 9. Due to equivalent testing results for 

Young’s modulus and tensile strength, the TTS geometry shows the same testing accuracy as the 

type 3 specimen. However, in terms of robustness and efficiency the TTS indicates better results. 

Almost all tested TTS samples failed validly and only less than 5% invalidly but then clearly 

identifiable. In comparison, the type 3 specimens only achieved a validity of almost 60% in both 

materials and also showed an uncertain failure mode in 10% of the cases. In this round robin 

test TTS geometry performed 10 times more robust. 

Due to the high success rate and the significantly lower preparation effort in terms of time and 

knowledge, the TTS samples lead to an approximately 10 times higher effectiveness. All this 

advantages based on the specific tapered specimen edge and the absence of tabs that have to 

be bonded, prepared and cured for the ISO 527-4 type 3 specimen [1]. 

 

Figure 9: Summary and conclusion of round robin test results 

The advantages and positive results of the TTS lead to the standardization of the geometry and 

the addition of this new specimen geometry into ISO 527-4 as new type 4. Revised ISO 527-4 is 

stated to be published very soon. Until this standard newly published, the TTS geometry (as CAD-

file) can be requested from the author of this paper. 
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In upcoming investigations a transfer of the test method to unidirectional reinforced specimens 

will be focused on, where the success of the geometry depend on the ratio of the material’s 
shear to tensile strength. 
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Abstract:  

Continuous carbon fibre / epoxy composites (CF/EP) based on Tailored Fibre Placement (TFP) are 

increasingly used in the industry to produce lightweight parts due to the resource efficient and 

reliable fibre placement process. Due to the required stitching yarn the morphology of TFP based 

CF/EP composites is inhomogeneous. The displacement volume of the necessary stitching yarn 

in combination with the stitch pattern causes a slight waviness of the CF in-plane and out-of-

plane which results in a reduction of the tensile modulus and strength. The resulting waviness 

depends on user defined TFP manufacturing parameters. The aim of the study is the numerical 

and experimental investigation of the effect of different TFP stitch patterns on the deformation 

behaviour and the mechanical properties of TFP based unidirectional CF/EP laminates. Therefore, 

six TFP based CF/EP laminates with different but typical stitch patterns are analysed under tensile 

loading using a 3D digital image correlation (DIC) system with high spatial resolution. The DIC 

data are compared with numerical results of a 3D representative volume element (RVE) finite 

element model developed for TFP based composites. Both qualitatively and quantitatively, the 

numerical and experimental determined strain data showed a good agreement. 

Keywords: Tailored Fibre Placement; Continuous Fibre Reinforced Plastics; Variable Angle 

Tow; Digital Image Correlation; Representative Volume Element 

1. Introduction 

Due to their high specific strength and stiffness, CF/EP are used in structural lightweight 

components. Several manufacturing techniques exist to produce advanced CF/EP composite 

laminates and structures. Usually, CF/EP structures are manufactured by stacking unidirectional 

plies with several fibre angles to attain a quasi-isotropic behaviour. In certain applications with 

few dominant load cases, such conventional laminates do not fully exploit the potential of highly 

orthotropic CF/EP materials and the cut off waste is relatively high. To overcome these issues 

the TFP Technology was developed [1]. TFP is an embroidery-based preform manufacturing 

technique that allows a flexible orientation of any fibre roving (e.g. carbon, glass, aramid). As 

shown in Figure 1, a continuous roving is placed along programmable paths within the plane 

(2D) and fixated by a stitching yarn onto a flat textile base material using a double locked stitch 

in a zig-zag stitch pattern. The roving is deposited following a pre-defined path by rotating the 

roving pipe and moving the base material in two perpendicular directions [2]. Mattheij et al. [1], 

Crothers et al. [3], Gliesche et al. [4] and Aschenbrenner et al. [5] have studied the application 

of the TFP technology for composite materials. 
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Figure 1 TFP Principle [2] 

To access the potential of the TFP technology in real composite parts Spickenheuer et al. [6] 

developed a design tool to numerically derive fibre paths along principal stress directions. Based 

on that work Bittrich et al. [7] developed the direct fibre path optimization concept to derive 

optimized variable-axial fibre-reinforced composites. Due to the presence of the stitching yarn, 

the morphology of TFP-based composites differ from either UD prepregs or woven fabrics. Both 

displacement volume of the stitching yarn and zig-zag stitch pattern cause fibre waviness (Figure 

2). Furthermore, due to the added stitching yarn, the fibre volume content is not homogeneous 

and typically lower when compared to perfectly aligned unidirectional prepregs [2]. Considering 

the material behaviour of a UD layer, in which both strength and stiffness are highly dependent 

on the fibre orientation, the induced waviness leads to a reduction on both stiffness and 

strength [2]. In contrast to AFP-based laminates, where fibre patches exhibit rectangular cross 

sections, at TFP rovings smoothly overlap during their placement. This even occurs for parallel 

placement in laminates with constant thickness. Thus, for TFP laminates, one does not observe 

the typical disadvantages that follow discontinuous overlapping of rectangular patches, and 

gaps provide more of exactly such discontinuities. Furthermore, the stitching yarn of one roving 

regularly penetrates the neighbouring roving [2]. Hence, a TFP-based layer consists of a resin 

infiltrated roving, a stitching yarn and resin-rich zones around the stitching yarn. The resulting 

morphology of a TFP-based laminate depends on roving type, stitching yarn type, roving path, 

and subsequently the stitching yarn path, which is a function of the adjustable machine 

parameter stitch distance dS and stitch width wS (see Figure 3). The roving distance dR and stitch 

sequence between two adjacent rovings constitute further variables affecting the resulting 

morphology [2].  

 

Figure 2 Waviness formation of a roving during fibre placement via TFP 
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Figure 3 Description of the TFP parameter stitch distance dS, stitch width wS, roving distance dS 

between two adjacent rovings 

Experimental methods to estimate the waviness in prepreg-based laminates are described in 

[8]. In this work Leipprand et al. investigated the influence of three different wS (3, 4 and 5 mm) 

on the waviness of TFP-based UD laminates. Based on the waviness data of the laminates 

determined in [8] and additional morphology data based on micro sections Uhlig et al. [2] 

developed a representative volume element (RVE) for TFP-based laminates to evaluate the 

geometrical influence of the local fibre volume content on the stress and strain distribution 

under uniaxial tensile loading in the elastic regime. The RVE consist of separate zones for the 

resin infiltrated roving, the base material and resin rich areas around the upper and lower 

stitching yarn. The in-plane waviness and the out-of-plane waviness of the roving reinforcement 

fibres are included in the RVE. Due to an almost equivalent tensile modulus of resin material and 

stitching yarn, they are combined and modelled as one volume in the RVE [2]. In Figure 4 three 

RVEs positioned adjacent with different visible layers are shown. While [2] and [8] giving 

fundamental information about the resulting morphology of TFP-based laminates, the 

experimentally investigated parameters of [8] did not exploit all manufacturing parameter 

possibilities of typical TFP devices. 

 

Figure 4 TFP-RVE - The illustration shows three RVEs positioned adjacent to each other with 

different visibility of the individual RVE layers. The stitching yarn is shown only in this 

illustration but is considered as resin material in the RVE [2]. 

In the present work, the influence of technically relevant TFP parameters on the deformation 

behaviour under uniaxial tensile loading and thus on the mechanical properties is investigated 

experimentally and numerically using the RVE developed by Uhlig et al [2]. Compared to the 
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experimental work of Leipprand et al. [8] the TFP parameter space is extended to include 

technical relevant short and long stitch widths. Furthermore, an improved test setup with 

significantly increased spatial resolution is used for the experimental analysis of the deformation 

behaviour.  

2. Methodology 

2.1 TFP laminate configuration 

Six different TFP-based laminates were produced by using an 800 tex Toho Tenax® HTS carbon 

fibre rovings; 10 tex Amann® Serafil polyester stitching yarn; paper (base material); and epoxy 

resin Hexion EPR L20 with curing agent Hexion EPH 161. The roving distance in each laminate 

configuration was 2.2 mm. After preform manufacturing via TFP, the laminates were produced 

using Resin Transfer Molding (RTM) in a cavity with a constant thickness of 1 mm. The 

manufacturing conditions were identical to the laminates produced by Leipprand et al. [8]. All 

manufactured laminate configurations and their specifications are shown in  

Table 1. Setup C1 is herein considered as the baseline configuration and all further setups vary 

in relation to Setup C1, whereby the variation is highlighted in bold letters in  

Table 1. 

Table 1 TFP Laminate configurations in this study, FVC stands for fibre volume content 

Setup Top view Cross section Stitch 

distance 

ds 

Stitch  

width 

ws 

FVC 

Lami-

nate  

FVC TFP 

CF/EP 

Layer 

   [mm] [mm] [%] [%] 

C1 

  

3.2 4 35.6 54.0 

C2 

  

3.2 1 33.7 57.0 

C3 

  

3.2 2 34.4 

 

56.0 

C4 

 
 

3.2 10 35.4 53.1 

C5 

  

2.8 4 34.4 48.1 

C6 

 
 

4.6 4 33.7 53.1 

 

As it can be seen in the cross sections in  

Table 1, an additional waviness perpendicular to the placement plane surface occurs at short 

stitch widths due to the high amount of stitching yarn (especially at C1). As shown in Table 1, 

the fibre volume content in the laminate is low due to the included embroidery base material 

(paper). Within the CF rovings deposited by TFP, the fibre volume content is between 48.1 % 

and 57.0 %. They differ due to the variation of sewing thread lengths, which are specified by the 
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TFP parameters. With increasing stitch width and/or decreasing stitch distance, the sewing 

thread length decreases and, in a cavity with constant volume, the volume available for the 

roving increases. After the laminate production, six specimens of each configuration were cut 

using a water-cooled diamond saw with dimensions according to DIN EN ISO 527-5 standard 

(length 250 mm, width 10 mm, thickness  

1 mm). Afterwards all specimens received GF/EP end tabs in the clamping zone for a 

homogenous load transfer. Two specimens of each configuration were prepared with a speckle 

pattern for DIC analysis. 

2.2 Experimental setup  

      Tensile properties in fibre direction were determined according DIN EN ISO 527-5 standard 

in standard climate conditions using a ZwickRoell tensile test rig with a 100 kN load cell and 

wedge jaws. Six specimens of each configuration were tested. A laser extensometer was used 

for global strain measurement. On two specimens of each configuration, the local deformation 

behaviour on the specimen surface was additionally investigated during the tensile tests with a 

5 Megapixel GOM ARAMIS DIC system (sensor resolution 2448 x 2050 pixel, measurement field 

20 x 15 mm). Prior to the tests the DIC system was calibrated. The calibration deviation was 0.03 

Pixel. For the evaluation of the DIC results, a facet size of 40 pixels with a facet spacing of 25 

pixels was set for all samples. Considering the image acquisition field, the strain reference length 

is 0.38 mm, which is equivalent to 50 Pixel. Based on the calibration, the average absolute error 

of the calculated strain data at the investigated load level is  0.06 %. Figure 5 exemplarily shows 

the area investigated by DIC with strain distribution results (strain in load direction) on a 

specimen from configuration C3. In parallel, the strain distribution results determined by means 

of the RVE with the same TFP parameter under identical loading conditions is shown. The RVE 

considers only one row of rovings within the sample. 

 

Figure 5 Superimposed DIC zone on an already tested specimen (C3) with displayed strain in 

load direction, additionally the RVE based result at identical load level and with identical 

scaling is shown 
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2.3 FE – Analysis setup 

In this study, the RVE approach developed by Uhlig et al [2] is used. The RVE was developed 

using the ANSYS Parametric Design Language (APDL) of the commercially available Finite 

element software ANSYS. The RVE was set with the relevant material data (CF roving and EP 

matrix) and TFP parameter for each configuration. For modelling, an 8-node structural solid 

element with the option of orthotropic material properties (SOLID185) was chosen. Due to a 

detailed volume description, a regular mesh is ensured and the further alignment of each 

element coordinate system is possible. These element coordinate systems form the basis for the 

orthotropic material orientations. Here, the element edges of each element are used to form 

average vectors.  The generated vectors are used to orientate the element coordinate system, 

whereas the x-axis is orientated in fibre direction. The element edge length is a maximum of 0.2 

mm, which is approximately twice the value of the strain reference length of the DIC 

measurement. The element size was set to approximately 0.2 mm, which is half of the strain 

reference length. With the RVE the displacement volume of the stitching yarn induced waviness 

and the inhomogeneous fibre volume content in the resin infiltrated CF roving can be calculated 

(Figure 6).  

 

Figure 6 RVE - Local fibre volume content within the resin infiltrated CF roving at laminate C1, 

the waviness in the CF roving due to the displacement volume of the stitching yarn is visible 

To compare the DIC results with the numerical derived RVE results an identical load was set in 

the simulation (see Figure 5). The chosen load was approximately at 80 % of the fracture load 

to reach sufficient strain values, which are above the noise level of the DIC system. The RVE 

also makes it possible to calculate the local stress in the fibres under tensile loading and thus 

to draw a conclusion about the achievable strength of the laminate in fibre-parallel direction.  

3. Results 

Table 2 summarizes the results of the study. In addition to fracture patterns, the numerically 

and experimentally determined characteristic values for tensile strength and tensile modulus 

are listed.  The theoretically possible characteristic values with perfect unidirectional orientation 

(i.e. without any fibre waviness and fibre damage) are also listed. Furthermore, the deformation 

images determined by means of the RVE and the deformation images determined by means of 

the DIC with representation of the strain in the load direction and identical scaling are compared. 

The DIC results for configurations C1 to C3 show very good quantitative agreement with the 

deformation data determined by RVE. Strain concentrations occur in the stitching yarn 

environment and the stitching yarn course is perfectly recognizable in the DIC and RVE data. In 

configuration C4, due to the lower amount of stitching yarn and the reduced waviness, the strain 
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concentrations in the RVE are lower and the sewing thread course cannot be clearly found in 

the DIC images.  

Table 2 Summary of the results  

Configuration / 

Property 

Unit/sc

aling 

C1 C2 C3 C4 C5 C6 

Fracture image  

      
Tensile strength 

Experiment  

[N/mm²] 1223  54 1184  26 1260  40 1267  58 1204  42 1144  26 

Tensile strength RVE  [N/mm²] 1206 1141 1200 1212 1186 1148 

Tensile modulus 

Experiment  

[N/mm²] 82325 

 1279 

77749 

 1030 

81500 

 1170 

82832  

 698 

80875 

 2580 

76660 

 1836 

Tensile modulus RVE  [N/mm²] 86802 77600 81854 90138 84083 80935 

DIC strain in load 

direction  

 

      

RVE strain in load 

direction  
     

 

However, the differences are within the range of measurement uncertainty of the DIC system. 

In configurations 5 and 6, the sewing thread course can be recognized in the DIC images to some 

extent. The maximum and minimum strain values correspond to the RVE results, but the DIC 

data are of inferior quality here. The experimentally determined values for the tensile modulus 

for configuration C2 and C3 show very good agreement with the values determined by RVE. The 

difference between simulation and experiment for the other configurations amounts to a 

maximum of 8.2 % (configuration C3). The differences in tensile strength between simulation 

and experiment are smaller and do not exceed 4.4 %. Considering the fact that the waviness in 

the RVE was determined from micro sections and thus small deviations are possible in reality, 

and that effects such as broken filaments occurring during the TFP process are not considered 

here, the results obtained are very good. By using the RVE, the principal effects of different TFP 

parameters on the morphology and thus the mechanical properties can be reliably calculated. 

Concomitantly this work shows that DIC is a method to resolve strain inhomogeneities on the 

surface of TFP-based composites under deformation, if the spatial resolution is appropriate. 
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Abstract: Testing the interlaminar shear strength (ILSS) of composites using a short beam shear 

(SBS) test takes time. Micro-scale interfacial shear strength values (IFSS) need to be scaled back 

to the macro-level if a more reliable picture of the composite behavior on the right scale is 

desired. Here, the objective is to find out what kind of relation the ILSS and the IFSS values have 

for recycled carbon fibers (rCF) and epoxy matrix. Factors affecting the reliability of both tests 

are considered. 

A slope-based method was used to obtain the IFSS values from the micro-scale results. The 

microbond test gave a 43.6 MPa IFSS value and the SBS test a 36.4 MPa ILSS value. There were 

a lot of variables associated with the SBS for rCF, due to which there is uncertainty in the results. 

The data from the microbond tests were more reliable due to the high sampling volume.  

Keywords: ILSS; IFSS; recycled carbon fiber; short beam shear test; microbond test 

1. Introduction 

The importance of composite recycling has increased, which can be noticed in the legislation of 

the European union considering recycling and circularity. Pyrolytic recycling has been developed 

to recover carbon fiber, but it is known to have a detrimental effect on the mechanical 

properties of the fibers [1]. For recycled carbon fiber (rCF) to meet the mechanical requirements 

of the reuse application, the properties of different recycling batches should be tested reliably 

and quickly. The established method to test interlaminar shear strength (ILSS) of composites is 

the short beam shear (SBS) test, but there are problems [2] considering the test, such as 

identifying the failure mode of the sample and thus validating the result for ILSS.  In addition, 

making the laminate samples takes time. The different manufacturing steps increase the 

possibility of distortion of the fabric and therefore deviation of the results. Testing the micro-

scale properties and reliable scaling of results to the macro level will be able to save hours and 

avoid possible errors [7].  

In this study, macro and micro-scale shear strength is compared for a rCF and reinforced epoxy 

matrix. Macro-scale data was obtained by SBS and ILSS values were calculated. Micro-scale data 

and the interfacial shear strength (IFSS) were analyzed by the slope-based approach of 

microbond test. Questions, how the traditional ILSS values relate to IFSS values, and what 

magnitude the results, are answered. The reliability of the results is also considered. 

 

2. Materials and methods 

2.1 Recycled carbon fiber and matrix 
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The original carbon fiber roll [4] (Toho Tenax, Japan) was pre-impregnated with epoxy, where 

the weight percentage of carbon fiber was 70%. Recycling was done using pyrolysis as part of 

the previous study conducted by Palola et al. [4]. The yield was 67% and the virgin carbon fiber 

fabric’s weave was Twill. Other characteristics of the carbon fiber are noted in Palola’s et al. 

publication [4]. 

The matrix was epoxy Araldite® LY 5052 and hardener Aradur® 5052 CH (Huntsmann, USA) and 

they were mixed by weight in a ratio of 100 to 38, respectively, as recommended by the 

manufacturer [5]. 

2.2 Short beam shear test 

SBS samples were manufactured using vacuum assisted resin transfer infusion (VARI). Eight plies 

of rCF were dried in oven for 30 min at 100 °C and stacked in sequence of [0°8]. Vacuum pressure 

of 0.6 bar was used. The laminate was cured at room temperature for 20 h and post-cured for 

12 h at 60 °C. The ILSS was tested using a universal testing machine (Instron 5967, UK) according 

to standard ASTM D 2344 [7]. Nine samples were cut to approximate dimension of 12.5 mm x 

4.2 mm with circular saw (Proxxon, Germany), which had a diamond coated blade. Average 

thickness for the samples was 2.14 mm. Three-point bending configuration was used with span 

length of 5.67 and displacement rate of 1.0 mm/min. The samples were pre-tensioned to 3 N to 

get the same initial set-up. ILSS is calculated using the Eq. (1): 𝐼𝐿𝑆𝑆 =  34 𝐹𝑚𝑎𝑥𝑏∗ℎ ,                     (1) 

where Fmax is the maximum force in the three-point bending, b and h are the sample thickness 

and width, respectively. The fiber weight percentage was calculated to be 59.4 % for the 

laminate. 

2.3 Microbond test 

The FIBRObond micro testing device (Fibrobotics, Finland) was used for microlevel adhesion 

testing [7] [8] to get IFSS. The operator disconnects individual epoxy droplets from the fiber by 

controlling the blades with piezoelectric locators. Figure 1. shows an illustrative picture of fiber, 

droplet, the sample holder, as well as the blades with which the droplet is removed. 

 

Figure 1. FIBRObond testing configuration [9]. 

The fibers were selected from a carbon fiber fabric area that represented the entire fabric. The 

droplets were prepared for six fibers after which they were cured at ambient laboratory 

temperature for 60 h. The same epoxy was used for laminates. The force-displacement curve of 
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each droplet was recorded with a 1 N force cell (Futek jr. S-beam, USA) and droplet length was 

measured using machine vision. The displacement rate was 0.008 mm/s. The six individual rCF 

filaments were tested and each filament contained 8 - 40 tested droplets. To calculate IFSS, a 

slope-based approach was used, where the maximum force to detach each droplet is drawn on 

the graph as a function of the droplet’s surface area. Linear regression fit is then used to get 

IFSS. The microbond data is further discussed in [4]. 

2.4 Scanning electron microscopy 

To ensure the fracture mode of the SBS samples were interlaminar, a scanning electron 

microscopy (SEM, Zeiss ULTRAplus, Germany) was used. Pictures of the fracture surfaces were 

taken from the samples L6, L7 and L8 (see Table 1.). In addition, one cross-sectional sample was 

prepared from the laminate to ensure the matrix’s adhesion to fibers is sufficient. The cross-

section sample was cut from the laminate using a diamond coated blade and was cast in 

transparent resin EpoFix (Struers, Denmark) in vacuum impregnation unit CitoVac (Struers, 

Denmark). A vacuum pressure of 0.2 bar was used. After curing at room temperature for 4 days 

the cross-section sample was sanded with water using #500, #1000, #2000, and # 4000 grit paper 

and polished with polishing cloth and 3 µm and 1 µm diamond suspension in succession. The 

SEM samples were coated with a ~3 nm layer of palladium and platinum mixture (ratio: Pt/Pd 

80/20 wt%). 

3. Results and discussion 

3.1 Interlaminar shear strength 

The SEM images confirmed the matrix had wet the fiber and the laminates were of high quality 

(see Figure 3. a) and 3.b)). The dominant fracture mode for the tested samples was noted to be 

an interlaminar fracture in the three samples imaged.  

In Figure 2. are the SBS samples’ flexural stress and strain behavior. The samples L4 and L9 had 

30 % force drop during the test, which caused the test to stop. This limit was user-defined 

according to standard ASTM D 2344 [7]. Samples L5 and L8 have a different flexural behavior 

after 1 mm of flexural elongation compared to other samples as seen in Figure 2. This can be 

explained by the difference in the thicknesses. L5 is thicker (2.31 mm) and L8 is thinnest (2.05 

mm).  

 

Figure 2. ILSS samples’ flexural stress as a function of flexural strain. 
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Table 1: SBS samples’ dimensions, ILSS values, mean (x), standard deviation (s) and coefficient of 

variation (CV). 

Sample 
Lenght 

[mm] 
Thickness [mm] Width [mm] ILSS [MPa] x [MPa] s CV [%] 

L1 12.59 2.15 4.37 30.28 

36.36 3.62 9.96 

L2 12.67 2.13 4.35 38.07 

L3 12.57 2.13 4.35 37.03 

L4 12.45 2.08 4.10 38.59 

L5 12.50 2.31 4.07 38.18 

L6 12.46 2.14 4.20 42.00 

L7 12.35 2.03 4.00 36.28 

L8 12.48 2.05 4.09 31.53 

L9 12.81 2.24 4.24 35.32 

 

The laminate had abnormal epoxy-free area that is depicted in Figure 3. c). The lowest carbon 

fiber layer was distorted during layup or infusion. Whether there are distortions in other layers 

of the laminate was unknown. However, this is one good example of the challenging sample 

preparation of the SBS test with rCF. The uneven quality and the surface of the fiber can cause 

uneven distribution of the load in the sample and increase the likelihood of stress concentrations 

[10]. In this case, the laminate is also more likely to break under the load when compared to 

virgin carbon fiber. Palola et al. observed surface unevenness on individual rCF [4]. 

 

 

Figure 3. a) SEM image from the cross section of the laminate, b) fracture surface with 

interlaminar debonding, and c) distorted ply where there is little to no resin. 

Factors affecting ILSS are, among other things, carbon fiber fabric weaving, reinforcement layup, 

and thickness [2]. Carbon fibers have low surface activity and adhesion to resins, which 

decreases ILSS [10] and IFSS. Also, the recycled carbon fiber fabric was not of the best quality. 

Instead, there were obvious gaps, which are due to the method of recycling the carbon fiber. 

Since carbon fiber fabric weaving was not the best possible the poor quality might have had 

some effect on ILSS, although good areas of fabric were selected visually for the laminate plies.  

3.2 Interfacial shear strength 

b) a) c) 

Fiber 

Matrix 
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The IFSS was 43.6 MPa and had a standard deviation of 2.5 MPa [4] (see Table 2.). Palola et al. 

conducted the microbond tests on rCF and analyzed the results and considered the factors that 

contributed to them in their study.  The strength of recycled carbon fiber had been eroded in 

recycling because the embedded length of the largest droplets the fiber withstood during the 

test was 42 µm. Palola et al. noticed a 60 % drop in tensile strength of the rCF compared to virgin 

carbon fiber [4]. The FIBRObond measuring device was able to achieve good linear regression, 

which the disturbance term (R2) indicates, although the rCF had significantly lower tensile 

strength.  

Laurikainen et al. [8] address the high scatter and error sources of microbond testing in their 

study, as well as the factors contributing to these. The high scatter of the microbond test was 

largely due to variation in the quality of fibers and the quality of the fiber surfaces, rather than 

the FIBRObond measurement apparatus itself. The total number of droplets they tested was 

1527.  

Table 2: The results of the microbond test for rCF with number of tested droplets, IFSS values, 

disturbance terms (R2), mean (x) and standard deviation (s) [4]. 

Sample 
Number of 

tested droplets 

IFSS 

[MPa] 
R2 x [MPa] s 

M1 8 41.5 0.89 

43.6 2.5 

M2 11 40.6 0.93 

M3 44 37.6 0.95 

M4 31 50.9 0.97 

M5 43 41.2 0.95 

M6 40 49.7 0.98 

 

3.3 Comparison between micro and macro-scale 

Measured ILSS was 16.6 % lower compared to IFSS gotten from the microbond test. A bar chart 

with the shear strengths and standard deviations is presented in Figure 4. The coefficient of 

variation (CV) for the microbond results was 5.7 % and for the SBS 9.96 %. The higher CV for SBS 

can be explained by other fracture modes that might have be present but were not noticed on 

SEM. rCF is more vulnerable to uneven stress distribution in the SBS since fibers might break in 

a longitudinal direction during loading. The microbond test ensures comparability between 

results with identical loading scenarios.  

The effect of carbon fiber fabric quality makes comparing different recycled batches challenging 

with the SBS, as the laminate can have bad areas, where weaving has gaps and distortion. 

Producing the SBS samples could be impossible if there is not enough good fabric to make the 

samples. The effect of weaving must also be considered in the SBS, as it is known to affect the 

distribution of stresses between the matrix and the reinforcement [2]. The microbond test 

eliminates the effects of weaving quality and stacking sequence of the laminate. 
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Figure 4. ILSS and IFSS values with standard deviation.  

The uneven surface of rCF has a different effect in both tests. In the microbond test, the effect 

of the uneven surface is emphasized compared to other contributing factors. The uneven 

surface allows resin droplets to attach to the fiber better through mechanical interlocking, which 

increases the force required to remove the droplet. The results show to have a good linear fit. 

The average R2 value is 0.94. A conclusion about the similar attachment of droplets to the fiber 

between different samples can be drawn. In the SBS, an uneven surface might increase the 

likelihood of uneven distribution of the load in the fibers, and thus increases the probability of 

stress concentrations. The contact stress from the loading points of the SBS will also negatively 

affect the stress distribution lowering the ILSS and inducing unwanted fracture modes [2]. 

Stojcevski et al. [11] compared the shear stresses and test methods in the micro-, meso- and 

macro-scales for carbon fiber and epoxy matrix. The sizing concentrations and the surface 

treatment of carbon fibers were varied. There were also unsized and carbon fibers. As a micro-

scale test, they used a single fiber fragmentation test (SFFS). In their article, they found the shear 

strength for the unsized fibers to be higher at the macro-scale, than the shear strength of the 

micro-scale with each surface treatment. Their results differ from the results of this research, 

where macro-scale results were lower compared to the micro-scale. This is explained by 

significantly different micro-scale testing methods. The microbond test gives higher results 

when compared to SFFS. The matrix used was not the same as in this study, but epoxy, 

nonetheless. The adhesion mechanism can be assumed to be the same for the functional groups 

on the interface, so a careful comparison can be made between the results.  

4. Conclusions 

In this study, ILSS and IFSS values were compared, ILSS being 16.6 % lower than IFSS. The 

microbond test does not consider the volume fraction of fibers, which significantly affects the 

shear strength on the macro-scale. The fibers carry the load and the more reinforcement there 

is, the stronger the composite will be. However, SBS sampling is challenging on rCF if there are 

unevenness and distortion in the fabric. Because of this, the microbond test is a more reliable 

way to obtain shear strength for a given system when there are no resources in use to verify the 

quality of the laminate and tested samples and the fabric used is of poor quality. This allows the 

fiber recycler to compare reliably different manufacturing parameters' effects on shear strength. 

Reliability is also increased by many measuring points in the microbond test. The FIBRObond 

testing device removes the possibility of uneven stress distribution, which produces unwanted 

fracture modes. In addition, a significant number of droplets from different sizes are tested in 
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the microbond test, allowing the use of reliable linear regression. The results are statistically 

averaged by the many data points and gives a sufficient view of the fiber’s interfacial strength 
when several fibers are tested from different places of fabric, as was done in this study. 
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Abstract: Limited research in the shielding effectiveness (SE) of carbon/epoxy composite 

laminates is available but an in-depth understanding of complex nature of shielding mechanisms 

relating to laminate details is not. This paper investigated the SE of carbon/epoxy laminates 

against electromagnetic waves using the 2 port coaxial transmission line method for the range 

of frequencies between 30 MHz and 1.5 GHz. Laminate panels of two different thicknesses were 

used, each in both cross-ply and quasi-isotropic lay-ups. The anisotropic nature of electrical 

conductivity of these panels was also characterised. The obtained scattering parameters were 

analysed to differentiate the contributions of reflection and absorption modes. It was found that 

SE was dominated by the absorption losses with the reflection losses making only the small 

contribution. Both lay-up and laminate thickness had only modest effects, due to that the 

significant part of incident electromagnetic power was consumed by the reflection losses. 

Keywords: carbon/epoxy; composites; shielding effectiveness; electrical conductivity; 

electromagnetic interference. 

1. Introduction 

The shielding of operationally vital electronic devices against the interference of 

electromagnetic waves (EMI) has been tremendously important in various industrial sectors for 

decades [1-14]. Examples include navigation, radar, telecommunication systems, wireless 

electronic devices and mobile phones. The requirements of their shielding performances vary, 

dependent on the size, frequency and shielding protection level, among others. While shielding 

enclosures for less demanding applications are often made of conductive metal-coated 

thermoplastics, for relatively large operationally vital electronic systems, conductive metals 

have been used for enclosure structures. With the increasing development of high-speed and 

greater-power electronic systems with ever greater number of functionality, lightweight carbon 

fibre reinforced composite structures have attracted the significant attention for replacing 

heavy and corrosion-sensitive metallic enclosures. However, due to their electrically anisotropic 

nature, an analytical assessment of their shielding effectiveness (SE) is very challenging. This 

study aimed investigating the SE characteristics of anisotropic carbon/epoxy laminate plates 

with two different thicknesses, each of two lay-ups. Focus was on the contributions of different 

shielding modes to SE. Both data and knowledge of this investigation would be essential to 

eventual design and manufacture of composite enclosure structures. 

2. Composite materials and specimen preparations 
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Carbon/epoxy laminates were made of unidirectional tape-based LTM45/34–700 prepreg with 

a nominal ply thickness of 0.128mm. Individual plies with the dimensions of 300 × 300 mm were 

laid up in a lay-up of either cross ply (CP) or quasi-isotropic (QI) and the laminate stacks were 

cured in an autoclave at 60oC under the pressure of 0.62 MPa for 16 hour to have a nominal 

thickness of 2.0 mm for the 16 ply and 1.0 mm for the 8 ply laminate, respectively. The load (aka 

test) and reference plates shown in Figure 1 were cut from the 300 x 300mm laminates using a 

CNC machine. For electrical conductivity measurement, rectangular coupon samples in various 

sizes were cut with a water-cooled diamond bench saw and the four larger surfaces of each 

specimen were milled to improve their flatness and parallel. Silver paint (RS PRO silver 

conductive paint) was applied on the contact surfaces for the half of all samples to reduce 

contact resistance.  

 

 

Figure 1. Load and reference plates used for SE measuremenint (all dimensions in mm) 

3. Shielding effectiveness measurement and experimental set-up 

3.1 Method of shielding effectiveness assessment 

It is well known that when EM waves impinges the surface of a structure made of isotropic and 

homogeneous conductive material, part of the waves are reflected (R) at the surface, whereas 

the remaining penetrate into the thickness of the structure and that if either the intensity or 

power of the EM waves is high or the thickness of the structure is thin, part of the penetrated 

waves would transmit through the distal surface of the structure (T), as shown in Figure 2. The 

difference of the two is regarded as absorbed (A), with the overall power balance of R + A + T = 

1. For current layered composite laminates, these physical mechanisms ought to be similar. 

Moreover, the fibre-matrix interfaces symbolised by the interior black vertical lines could 

increase interior reflections or diffractions. For a shielding of a layered composite laminate, none 

of EM waves is supposed to transmit through its thickness and thus this perception is 

represented by the summary of three contributing energy or power losses via surface 

reflections, penetrative absorptions and multiple interior reflections or diffractions in Eq. (1). 

This equation has been used to exhibit the SE. 𝑆𝐸 = 𝑆𝐸𝑅 + 𝑆𝐸𝐴 + 𝑆𝐸𝑀𝑅                                                                                                              (1)  

133 133 33 76 
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Figure 2. Electromagnetic shielding process 

As the surface reflection loss 𝑆𝐸𝑅 is dependent on the mismatch of impedance between wave 

propagation medium of air η0 and shielding material ηs, it could be defined by  𝑆𝐸𝑅 = 20log[(𝜂𝑜+𝜂𝑠)24𝜂𝑜𝜂𝑠 ], 𝜂𝑠 = √ 𝑗𝜔𝜇𝜎+𝑗𝜔𝜀                                                                                         (2) 

Where σ is the electrical conductivity of the shielding material, ε dielectric permittivity, μ 

magnetic permeability and ω the angular frequency of the incident EM waves. For a highly 

conductive material, we have 𝜂𝑜 ≫ 𝜂𝑠 and 𝜎>>𝑗𝜔𝜀. Thus, Eq. (2) becomes 

𝑆𝐸𝑅 = 20log( 𝜂𝑜4𝜂𝑠) = 20 log( 𝜂𝑜4×√𝑗𝜔𝜇𝜎 ) ,  𝜂𝑜 = √𝜇𝑜𝜀𝑜 = 377Ω  with 𝜎<<𝑗𝜔𝜀 for air            (3) 

As carbon/epoxy laminates is largely non-magnetic, the reflection loss takes the form of 𝑆𝐸𝑅 = 50 + 10𝑙𝑜𝑔10(𝜎𝑓)                                                                                                                (4) 

in which f denotes frequency. The absorption loss 𝑆𝐸𝐴 is attributed to the Joule heating loss 

generated in the shield and to the interaction between the EM field and electric and/or magnetic 

dipoles (polarisation loss). Since such absorption loss decreases exponentially with the increase 

in the shield thickness t, it is given by 𝑆𝐸𝐴 = 20 log (𝑒−𝑡𝛿) = 20 𝑡𝛿 log(𝑒),  𝛿 = √ 1𝜋𝜇𝑓𝜎                                                                        (5) 

where the penetration depth δ is dependent on magnetic permeability μ. If the intensity of 

incident EM waves could be reduced to 37% of its original strength in non-magnetic shielding 

material [5,13-14], Eq. (5) becomes 𝑆𝐸𝐴 = 15.4 × 𝑡 × √𝜇𝑓𝜎 = 1.7 × 𝑡 × √𝑓𝜎                                                                              (6) 

The energy loss associated with multiple interior reflections or diffractions 𝑆𝐸𝑀𝑅 is related to 

the impedance mismatch at the fibre-matrix interfaces and is given by  𝑆𝐸𝑀𝑅 = 20𝑙𝑜𝑔 |1 − (𝜂𝑠−𝜂𝑜)2(𝜂𝑠+𝜂𝑜)2 𝑒−2𝑡𝛿 |                                                                                                  (7) 

As a result, Eq. (1) becomes 
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𝑆𝐸 = 50 + 10𝑙𝑜𝑔10(𝜎𝑓) + 1.7 × 𝑡 × √𝑓𝜎+ 20𝑙𝑜𝑔 |1 − (𝜂𝑠−𝜂𝑜)2(𝜂𝑠+𝜂𝑜)2 𝑒−2𝑡𝛿 |                                 (8)  

Since, realistically, it is extremely difficult to differentiate the mechanism of interior penetrative 

absorptions from the mechanism of multiple interior reflections or diffractions, they are not 

distinguished here. In this way, a simpler form of the SE can be obtained 𝑆𝐸 = 50 + 10𝑙𝑜𝑔10(𝜎𝑓) + 1.7 × 𝑡 × √𝑓𝜎                                                                                    (9)  

3.2 Experimental set-up of shielding effectiveness measurements 

The SE measurements were carried out using a coaxial transmission line apparatus, which was 

designed and manufactured according to the ASTM D4935 standard for planar materials [15]. 

The 2 port set-up, which is illustrated in Figure 3, consisted of ZNLE3 vector network analyser 

(VNA) coupled with a flanged coaxial specimen holder made of brass. Before measurement, VNA 

was calibrated using a dedicated calibration kit. All measurements were performed with 1 kHz 

bandwidth and input power of 0 dBm in the frequency range from 30 MHz to 1.5 GHz. The 

quantities of the total shielding (SE), absorption (SEA) and reflection (SER) loss were obtained 

from scattering parameters using the following expressions [12]:  𝑆𝐸 = 10𝑙𝑜𝑔 (𝑃I𝑃T) = 10 log (1T) = 10 log ( 1|𝑆21|𝑙𝑜𝑎𝑑2 ) − 10𝑙𝑜𝑔 ( 1|𝑆21|𝑟𝑒𝑓2 )                                 (10) 

𝑆𝐸𝑅 = 10𝑙𝑜𝑔 (𝑃I𝑃𝑅) = 10 log ( 11−R) = 10𝑙𝑜𝑔 ( 11−|𝑆11|𝑙𝑜𝑎𝑑2 ) − 10𝑙𝑜𝑔 ( 11−|𝑆11|𝑟𝑒𝑓2 )                  (11) 

𝑆𝐸𝐴 = 10𝑙𝑜𝑔 (𝑃I𝑃A) = 10 log (1A) = 10 log (1 − RT ) 

= 10 log (1−|𝑆11|𝑙𝑜𝑎𝑑2|𝑆21|𝑙𝑜𝑎𝑑2 ) − 10 log (1−|𝑆11|𝑟𝑒𝑓2|𝑆21|𝑟𝑒𝑓2 )                      (12) 

in which S11 is the reflection coefficient (i.e. the ratio of the reflected to the input power), S21 is 

the transmitted coefficient, P denotes EM power with subscripts I, R, A and T indicating incident, 

reflected, absorbed and transmitted values, respectively.   

 

Figure 3. Coaxial transmission line method for measuring shielding effectiveness 
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4. Results and discussion 

4.1 General characteristics of SE responses 

Figure 4 shows the reflection and absorption attenuation spectra in the frequency range of 30-

1500 MHz for a 8 ply laminate in a lay-up of QI. In the figure, it can clearly be seen that the 

spectra are oscillatory initially in the region between 30 and 150 MHz and then settled to remain 

steady for the rest of the frequency range. In particular, the reflection part was small, whereas 

the absorption part was very dominant, with the SE of about 60 dB. Similar results were reported 

in [10] for similar carbon/epoxy plates. For the laminates of twice the thickness, the overall 

attenuation characteristics shown in Figure 5 are very similar, except that the SE had gone up by 

about 10 dB, as expected. Further observations of the surface reflection losses of the CP 

laminate plates confirmed that the reflection loss was not altered when lay-up was switched. 

Moreover, the surface reflection losses consumed the overwhelming majority of the incident 

EM intensity or power, as shown in Figure 6. As a result, these findings appeared to suggest that 

in this frequency range, even the 16 ply thick carbon/epoxy laminates could be excellent in the 

performance of SE. In addition, it appeared that the increase in frequency could lead to the 

reduction in electrical conductivity values [16]. These opposite trends, when taken into account 

into Eq. (6), might have a cancelling effect so that they showed little net effect. 

 

Figure 4. Attenuation spectra with two different shielding modes in a 8 ply QI laminate 

 
Figure 5. Attenuation spectra with two different shielding modes in a 16-ply QI laminate 
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Figure 6. Incident, reflected, absorbed and transmitted power for a 16-ply QI laminate 

4.2 Effects of lay-up and thickness on SE 

The present carbon/epoxy laminates had the in-plane fibres oriented either in the two 

orthogonal directions (CP) or in four directions with a 450 ply-to-ply increment (QI) but had no 

fibres in the TTT direction. As a result, the forward transmission direction of the EM waves was 

nearly insulative, though the fibre surface-to-fibre surface distances in the TTT direction could 

be as small as less than one hundred micron so that dielectric breakdown of epoxy and fibre-to-

fibre contact provided some limited electric current path network. This is why the average in-

plane electrical conductivity value of 16 ply QI carbon/epoxy laminates was 11064 S/m, whereas 

the average TTT electrical conductivity value was only 37 S/m, which was nevertheless still many 

orders of magnitude greater than a nominal value of 1.4 x 10-12 S/m for current epoxy [17]. These 

characteristics coincided with the present SE measurements in such a way that not only the 

surface reflection loss consumed the majority of incident EM power but also the lay-up effect 

shown in Figure 8 appeared to be marginal, as expected. 

 
Figure 7. Lay-up effect of SE in 16 ply CP and QI laminates 

For the same reasoning relating to the anisotropic electrical conductivity values, doubling the 

laminate thickness was found to generate only a very modest SE enhancement by about 10 dB, 

as shown in Figure 8. Predictions of Eq. (6) for conductive shields were such that doubling the 

thickness could double SEA at the same frequency. However, for the present anisotropic 

laminates with very modest electrical conductivities, doubling the thickness led only modest 
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enhancement on the absorption losses. In addition, not much difference in absorption loss was 

observed between CP and QI lay-ups, as expected.  

  

Figure 8. Reflection and absorption for 8 and 16 ply QI composites 

5. Closing remarks  

Carbon/epoxy laminates of two different thicknesses, each in both CP and QI lay-ups, have been 

evaluated for SE using the 2 port coaxial transmission line method for the range of frequencies 

between 30MHz and 1.5GHz. The obtained scattering parameters were analysed and the 

contributions of reflection and absorption mechanisms to SE were differentiated. It was found 

that the shielding performance of these laminates was completely dominated by the absorption 

losses, whereas the reflection losses made only the small contributions. Both lay-up and 

laminate thickness had only modest effects, due to that the significant part of incident 

electromagnetic power was consumed by the reflection losses. These findings offered a 

comprehensive insight into the shielding properties of carbon/epoxy laminates, which will be 

vital to design and manufacture of composite enclosures. 
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Abstract: In this study, the interfacial properties of a sustainable natural fibre, based on flax, 

with three potentially sustainable advanced matrices are examined. These commercial advanced 

matrices are (i) a vitrimer that combines the beneficial properties of both thermosets and 

thermoplastics, (ii) an entirely bio-based thermoset, and (iii) an advanced thermoplastic resin, 

are investigated for sustainable high-performance fibre reinforced polymer composites. Each of 

the selected matrices offers either recyclability, repairability, reusability, or the use of renewable 

sources and a reduction in the emissions of volatile organic compounds. Microbond tests are 

used to evaluate the interface performance of flax fibres coupled with each of the three matrices: 

interfacial shear strength and critical fibre length are reported. In conclusion, it is found that the 

vitrimer and the bio-based thermoset matrices have better adhesion with flax fibre compared to 

a traditional epoxy matrix, and the advanced thermoplastic resin shows the poorest adhesion 

with flax fibre. 

Keywords: bio-based; flax; interfacial properties; sustainability; vitrimer 

1. Introduction 

Sustainability in fibre reinforced polymer composites (FRPs) has become vital for reaching the 

global sustainable development goals such as climate action, and affordable and clean energy 

[1]. Natural fibres based on or derived from virgin, renewable, and/or biodegradable biomass 

have attracted huge interest as a possible sustainable solution in FRPs [2]. Amongst those, flax 

is a promising reinforcement for sustainable composites since the plant is widely cultivated and 

competitive with synthetic counterparts such as glass fibre in terms of specific mechanical 

properties [3]. Traditional thermoset matrices offer attractive mechanical properties (e.g. 

typical unreinforced Young’s moduli are ca. 3 GPa; ultimate tensile strength in the range 80-90 

MPa) but cannot be recycled or reused due to the existence of covalent crosslinks between the 

chains [2]. Conversely, thermoplastics have the potential to be recycled, but their mechanical 

properties are often weaker than thermosets, as the polymer chains are held by non-covalent 

associations. In this study, the interfacial properties of flax fibres are examined for sustainable 

high-performance FRPs, when combined with three potentially sustainable advanced matrices: 

i. an advanced thermoplastic resin, which offers recyclability and reformability, 

ii. an entirely bio-based thermoset, which offers the use of renewable sources and a 

reduction in volatile organic compounds (VOC) emissions, 

iii. a vitrimer that combines the beneficial properties of both thermosets and 

thermoplastics; offering recyclability, repairability and reusability. 
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The interfacial performance of the flax fibres when coupled with each of the three matrices was 

investigated using the microbond test method [4]. 

2. Materials and Methods 

2.1 Fibre and Matrices 

The flax fibres, sourced from Eco-Technilin-Flaxtape™ (Normandy, Northern France), were 

produced via the use of a proprietary process and were used as received. The tensile strength 

and diameter of the flax fibres were reported in a previous study [5], namely 580 MPa and 64 

μm, respectively.  

Arkema Elium®150 was selected as an example of an advanced thermoplastic resin due to its 

properties such as post-thermoformability, recyclability, and mechanical properties similar to 

epoxy composites [6]. The following steps were applied to prepare the resin; a blend of resin to 

hardener (100:2 ratio), was well mixed, heated in an oven at 40°C for 20 minutes and then held 

at room temperature overnight.  

Furacure, a poly(furfural alcohol)(PFA)-based developmental resin, provided from Bitrez Ltd., 

was chosen as an example of a bio-based resin, being a REACH compliant polymer[7], of high 

bio-based grade with fire resistance, which is advantageous in natural fibre composites [8]. The 

resin is prepared using a 24:1 resin to hardener ratio and cured at  160°C for 120 minutes in an 

oven according to recommendations by the manufacturer.  

Vitrimax T100™, imine-linked vitrimer procured from Mallinda Inc., was selected as an example 

from a dynamically exchangeable covalent polymer network, offering both thermoplastic and 

thermoset features. Commercial vitrimers are comparative newcomers to the field of matrix 

chemistry, although the concept was first observed in a laboratory scale over a decade ago [9]. 

Vitrimers offer remouldability, reshaping, covalent welding, recyclability, reusability, and high 

mechanical performance [10,11]. The following procedures, recommended by the 

manufacturers, were applied to prepare the resin blend: the hardener and resin were blended 

in the ratio (2.5:1), well mixed, and cured in an air circulating oven at 135°C for 60 minutes. 

2.2 Microbond Test 

The microbond method [4] was carried out to determine the interfacial shear strength (IFSS) of 

flax fibres with each of the advanced matrices, and a schematic test setup is illustrated in Fig. 1.  

  

Figure 1. A schematic setup of the microbond test [5]. 
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The fibres were attached to plastic tabs arranged in a silicone holder to maintain a gauge length 

of 40 mm. Dynamax 3139 adhesive was used to attach the fibres to plastic tabs, subsequently 

cured at ambient temperature (ca. 20°C) under UV light (λ = 368 nm) for at least 2 hours. After 

this point, the resin droplets were applied to the fibres and cured by following the procedures 

outlined in Section 2.1. An optical microscope, Zeiss Axio Imager M2 (Carl Zeiss AG, Oberkochen, 

Germany), was used to measure the droplet position on the fibre, its size, and embedded area 

for each microbond test. A Dia-stron LEX820 Extensometer (Dia-Stron Ltd., Andover, UK) was 

used with the microbond apparatus, which comprises a thin metallic plate (microvice) with a 

narrow cut in the middle to accommodate the fibre but to prevent the microdroplet from 

passing through. An appropriate microvice gap separation (gap sizes; 50, 80, 150, 180, 225, 275, 

and 330 μm) was used depending on the size of the droplet to achieve an ideal shear stress 

distribution. After the tests, each fibre was observed using an optical microscope to determine 

the correct failure type. The data for the specimens that showed acceptable debonding failure 

mechanism were deemed admissible for IFSS calculation and critical fibre length. IFSS was 

calculated using Eq. (1):  𝐼𝐹𝑆𝑆 (𝑀𝑃𝑎) = 𝐹𝑑(𝑁)𝐴𝑒(𝑚𝑚2) = 𝐹𝑑(𝑁)𝜋×𝑑×𝑙𝑒 (𝑚𝑚2)               (1) 

where Fd and Ae (d and le) denote debonding force and embedded area (fibre diameter and 

embedded length), respectively. 

3. Result and Discussion 

Figures 2, 3, and 4 show admissible experiment examples from the performed microbond tests 

for Elium, Furacure, and Vitrimax – flax fibre systems.  

 

Figure 2. An example of the microbond test: test data, droplet positions before and after the 

test, respectively, for Arkema Elium®150 - flax fibre systems. 
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Figure 3. An example of the microbond test: test data, droplet positions before and after the 

test, respectively, for Furacure (PFA) flax fibre system 

 

 

Figure 4. An example of the microbond test: test data, droplet positions before and after the 

test, respectively, for Vitrimax T100™ - flax fibre system. 

The test data in the figures are represented as force versus crosshead displacement. Moreover, 

the figures also show the droplet positions before and after the test, respectively. During the 

experiments, the targeted droplet experiences shear force debonding from the fibre at the peak 

force point, which is determined as the ‘debonding force’, and slides into the endpoint of the 

fibre. Figure 5 shows IFSS values of the all matrix – flax fibre systems, in addition to an epoxy–
flax fibre system for comparison. As seen in the figure, the mean and standard error of IFSS 

values were calculated for each of the resins systems with flax for Elium (5.91 ± 0.18 MPa), epoxy 

(11.83 ± 0.79 MPa), Furacure (23.68 ± 1.53 MPa), and Vitrimax (19.96 ± 1.45 MPa). 
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Figure 5. Interfacial shear strength of Arkema Elium®150, Furacure (PFA) and Vitrimax T100™ 

with flax fibres. Error bars represent the standard error of the mean (SEM). For comparison, the 

Prime20LV epoxy–flax fibre system was also used from previous work [5].   

It can be seen that Elium showed the lowest adhesion performance with flax fibre. On the other 

hand, the Furacure and Vitrimax resins showed the highest level of adhesion, and they have 

better adhesion with flax fibre than the standard Prime20LV epoxy system. Moreover, the IFSS 

values for flax with different epoxy systems have been reported variously as 33 MPa (24 MPa 

with maleic anhydride sizing) [12] by using single fibre fragmentation tests, 23 MPa [13], and 

13–17 MPa [14] by pull-out tests. It is noted here that the ‘round-robin’ test programme has 

also shown that pull-out tests give a higher IFSS value than the microbond tests [15]. Therefore, 

Furacure and Vitrimax resin are expected to have higher IFSS values where different pull-out or 

fibre fragmentations tests are carried out.  

For efficient reinforcement in short or discontinuous fibre reinforced composites, the fibres 

must have a longer length than the critical fibre length because this allows maximum stress 

transfer amongst fibres, and the failure of the composite material is likely to be initiated by the 

fibres rather than fibre-matrix debonding. The critical fibre length is calculated from the 

following Eq. (2): 𝑙𝑐(𝑚𝑚)  = 𝜎𝑓(𝑀𝑃𝑎) × 𝑑 (𝑚𝑚)2 × 𝐼𝐹𝑆𝑆 (𝑀𝑃𝑎)                  (2) 

where lc, d, and σf represent the critical fibre length, diameter (at the droplet), and fibre tensile 

strength, respectively. Figure 6 shows the critical fibre length values of the all matrix – flax fibre 

systems, in addition to an epoxy–flax fibre system for comparison. In this study, lc values of the 

matrix–flax fibre systems were found to be 3.12 ± 0.67 mm (Elium), 1.56 ± 0.39 mm (epoxy), 

0.78 ± 0.19 mm (Furacure), and 0.92 ± 0.24 mm (Vitrimer). Therefore, better reinforcement in 

discontinuous flax FRP can be obtained when fibres with longer lengths than reported lc are used 

in manufacturing stages. 
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Figure 6. The critical fibre length of Arkema Elium®150, Furacure (PFA) and Vitrimax T100™ 

with flax fibres. Error bars represent the standard error of the mean (SEM). For comparison, the 

Prime20LV epoxy–flax fibre system was also used from previous work [5].   

4. Conclusions 

This study investigated the interfacial properties of flax fibres with three potentially sustainable 

advanced matrices and compared them with a commonly used commercial epoxy matrix that is 

recommended for infusion. The bio-based (PFA) and vitrimer (imine-linked) resins were 

observed to be good candidates with making composites with flax fibres due to high interfacial 

bonding. Both resins offer sustainability features due to their use of renewable sources, 

decreasing VOC emission, or allowing reuse, recycling, and repair options, and the latter is the 

subject of a future manuscript.  
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Abstract: Z-pins provide effective Through-Thickness Reinforcement (TTR) for prepreg-based 

laminated composite structures. Carbon fibre z-pins yield much higher fracture toughness 

enhancement in pure Mode I than in Mode II. On the contrary, metal (e.g. steel) z-pins provide 

significantly higher apparent fracture toughness in Mode II dominated regimes than their 

carbon-based counterparts. The work presented here combines the properties of carbon fibre 

and metallic z-pins across the mode mixity range by developing hybrid z-pins. An experimental 

parametric study involving single z-pin coupons with different TTR constituents is presented here. 

An Arcan-like rig is used to explore a range of mixed-mode angles, spanning from Mode I to Mode 

II. Commonly used 0.28 mm diameter carbon-fibre z-pin are considered as baseline in this study.  

Keywords: Fracture Toughness; Z-pins; Through Thickness Reinforcement  

1. Introduction 

Prepreg Fibre Reinforced Polymers (FRPs) present excellent in-plane mechanical properties 

along the fibre directions due to the load-carrying fibres and moulding matrix [1]. However, their 

properties out-of-plane are poor and Through-Thickness Reinforcement (TTR) techniques are 

required [2-4]. There are two common methodologies for TTR: stitching and pinning. Stitching 

process uses an industrial sewing machine or loom to introduce TTR prior to curing the prepreg 

or before resin infusion. However, stitching prepregs can create damage such as in-plane fibre 

rupture and stitch needle breakage [5]. Pinning consists on inserting z-pins that secure the 

laminate plies together by friction and adhesion [6]. The first use of this technique was done 

manually in the 1970s, and in the 1980s the process was automated. Z-pins are made of high 

stiffness and strength materials such as titanium alloy, steel or pultruded carbon fibres [6]. Z-

pinning has been demonstrated as the preferred technique for large scale production of TTR in 

laminates as it only needs an additional step in manufacturing and the usual prepreg 

manufacturing steps are performed [4, 6].  

The most common z-pins for aerospace structures are made of carbon fibre. Carbon-fibre z-pins 

provide a higher apparent fracture toughness in pure Mode I than in Mode II. This is because, at 

relatively low mode-mixities, z-pins experience pull-out and friction develops at the interface 

between the laminate and the z-pin, enhancing the dissipation of mechanical energy and, hence, 

the apparent fracture toughness. However, at high mixed-mode angles, carbon fibre z-pins 

experience brittle failure with very small or negligible pull-out. Conversely, metal (e.g. steel) z-

pins provide significantly higher apparent fracture toughness in Mode II dominated regimes than 

carbon fibre z-pins due to the ductility of the metal that causes energy dissipation via plastic 

deformation [7]. However, the fracture toughness enhancement achieved by metal z-pins in 

Mode I dominated regimes is usually far lower than for carbon TTR, because of the properties 
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(friction in particular) of the metal TTR with the laminate interface [6-9]. Hence, a new z-pin 

concept has been put forward here with a carbon fibre skin (hollow carbon rodstock) with a 

metal core, so-called hybrid z-pins, which combine the benefits of both carbon fibre and metal 

z-pins in Mode I and Mode II respectively, providing a balanced toughening action across the full 

mode-mixity range, i.e. Mode I and Mode II and mixed Mode I/II. 

2. Experimental set-up 

Single z-pin samples were manufactured in a quasi-isotropic (QI) IM7/8552 [10] laminate. The 

top sub-laminate stacking sequence is [0/−45/90/45]4𝑠 while the bottom sub-laminate is [90/−45/0/45]4𝑠 to create a fibre mismatch of 90° at the mid-plane to prevent fibre nesting. 

An insert of PTFE release film was placed between the top and bottom sub-laminates to avoid 

bonding of the through-thickness mid-plane during the curing process. Single z-pins were 

manually inserted into the laminate after heating up the uncured laminate on a hot plate. The 

single z-pin sample dimensions were 18 mm x 18 mm x 8 mm. Different z-pins are considered in 

this paper: (1) commonly used 0.28 mm T300 carbon/BMI pin (baseline in this study), (2) 0.5 mm 

T300 carbon/BMI, (3) hollow CFRP rodstock with 0.5 mm external diameter and 0.3 ± 0.05 mm 

internal diameter, and (4) hybrid z-pins formed by hollow carbon rodstock and a metallic core 

as shown in Figure 1. The hollow CFRP rodstock has a larger internal diameter to allow for the 

insertion of a core. It has also been tested on its own to quantify the benefits of inserting a core. 

In the absence of core, the hollow CFRP rodstock is filled with resin from the laminate during 

the curing process. Additionally, solid 0.5 mm CFRP z-pins were considered to evaluate the 

apparent fracture toughness of laminates reinforced with larger diameter z-pins and to directly 

compare with hybrid z-pins. 

 

Figure 1. Hybrid z-pin illustration 

An Arcan-like rig (Figure 2) was used to explore a range of mixed-mode angles, spanning from 

pull-out in Mode I (0°) to pure shear in Mode II (90°). The disc rotates in 15° intervals allowing 

the testing of 7 configurations. The tests were carried out using a calibrated 1 kN load cell and 

bespoke fixture in an electromechanical test machine i.e. AGS-X Shimadzu [11]. 

Metal core 

Composite skin 
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Figure 2. Arcan rig for single Z-pin testing; (a) back view; (b) front view; (c) assembled jig during 

a z-pin pull out test [12] 

3. Experimental results 

A minimum of three samples per Arcan rig configuration were tested, with up to 5 samples at 

the transition region, where some z-pins experienced total pull-out and others breakage at the 

same position during the experiments. The apparent fracture toughness, 𝐺∗, has been calculated 

following the procedure in [12, 13] considering the z-pin misalignment angle inside the laminate. 

To compare the different diameter z-pins, 𝐺∗ has been normalised considering 2% areal density. 

Hence, Figure 3 shows the apparent fracture toughness with respect the corrected mixed mode 

angle for the different z-pins tested. The experimental results for the standard 0.28 mm CFRP z-

pins are taken from [12, 13]. It can be seen that all the z-pins provide a similar apparent fracture 

toughness at low mode-mixity angles. However, the 0.5 mm CFRP z-pins present a significant 

lower value of 𝐺∗ than expected as larger diameter z-pins, i.e. lower frictional energy than 0.28 

mm diameter z-pins. This fact is currently under investigation as the CFRP z-pins should have the 

same outer surface. Regarding Mode II dominated regimes, it can be seen that the hybrid 

CFRP/nitinol z-pin produces almost double the apparent fracture toughness of the hollow CFRP 

rodstock and the solid CFRP z-pins. That is due to the core dissipating energy through plastic 

deformation at shear dominated angles whereas the solid CFRP z-pins and the hollow CFRP 

rodstock experience brittle fracture. The transition region for all z-pins is between 20° and 40° 

corrected mixed mode angle. 
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Figure 3. Comparison of different z-pins 

4. Conclusions and future work  

The performance of different single z-pins have been studied across a range of mode mixities. It 

has been demonstrated that hybrid z-pins increase the apparent fracture toughness in Mode II 

dominated regimes in comparison to CFRP z-pins by a factor of two due to the dissipation of 

energy via plastic deformation of the metallic core. Additional core materials will be considered 

in future experiments to potentially enhanced even more the apparent fracture toughness in 

Mode II. In addition, there is need to understand the difference between 0.5 mm CFRP z-pins in 

Mode I dominated regimes in comparison to the 0.28 mm and hollow CFRP z-pins. The insertion 

and failure mechanism will be investigated by using Scanning Electron Microscopy (SEM). 
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Abstract: In this study, the temperature dependence of heat capacity, thermal expansion, 

density, and thermal conductivity of carbon/polyamide composites has been studied. Results 

showed that the specific heat capacity of the C/PA composite increases with temperature, and 

major transitions have been observed at glass transition (Tg) and melting (Tm) temperatures. 

Due to the presence of fibers, the CTE values in the fiber direction of C/PA samples were smaller 

by an order of magnitude than in the transverse direction. The density measurement results 

showed that with an increase in temperature, volume increases, so density decreases. The laser 

flash technique has been used to measure the heat diffusivity of the C/PA composite, which is 

then used to calculate thermal conductivity. Results showed that the average thermal 

conductivity increases with temperature along the fiber direction and increases with a small rate 

in the beginning and is almost uniformly distributed later, in the transverse direction. 

Keywords: Temperature Dependence; Carbon/Polyamide Composites; Specific Heat Capacity; 

Coefficient of Thermal Expansion; Thermal Conductivity 

1. Introduction 

In thermoplastic composite production, the material must be processed at high temperatures, 

which impacts the thermophysical properties of the material and accurate thermal simulations 

require the knowledge of temperature dependent thermo physical properties. As a result, it's 

becoming increasingly vital to study the behavior of thermoplastic composites at high 

temperatures. Several researchers studied different methods to study the effect of temperature 

on thermal diffusivity, thermal conductivity, heat capacity, coefficient of thermal expansion 

(CTE), and density of isotropic or anisotropic materials. (1–4) used the laser flash method to 

measure the thermal diffusivity and the derived heat capacity and thermal conductivity of 

isotropic metals and fiber-reinforced polymer composites (FRPC).  

The effects of the finite width of the laser flash pulse, heat loss, and sample thickness in thermal 

diffusivity measurement (5) and the influence of stacking sequence of composite samples and 

frequency of the source on thermal wave distribution (6) in the laser flash method have been 

studied. The temperature dependence of specific heat capacity, thermal diffusivity, and thermal 

conductivity of different composite materials has been studied by several researchers (3). The 

thermal conductivity of semi-crystalline and four amorphous polymers was determined starting 

at room temperature and going up to temperatures above the polymer melting point (Tm) for 

semi-crystalline polymers or above the glass transition temperature (Tg) for amorphous 
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polymers, and the peak thermal conductivity values are observed around Tg for amorphous and 

around Tm for semi-crystalline polymers (7). The coefficient of thermal expansion (CTE) of 

different FRPCs was measured over a range of temperatures, and CTE was greatly affected by 

temperature and fiber direction (8,9). The temperature dependance of carbon/epoxy was 

determined and both the in-plane and through-thickness thermal conductivities increase with 

temperature linearly, although the in-plane one increases at a slightly greater rate (10). In this 

study, the temperature dependence of heat capacity, thermal expansion, density, and thermal 

conductivity of carbon/polyamide410 composites has been studied. 

2. Temperature dependance of Heat Capacity of C/PA410 composites 

2.1 Equipment and Methods 

In this experiment, DSC thermograms were recorded with a DSC Q2000 V24.11 Build 124 (TA 

Instruments). Standard samples of UD C/PA410 composite tapes with approximately 8-10 mg of 

mass were used. Liquid nitrogen was used as a purge gas at a flow rate of 50 mL/min. The 

samples were equilibrated at -50 °C and the data were collected at a heating and cooling rate of 

3.00 °C/min over a temperature range of -50 to 300 °C. There was an isothermal dwell of five 

minutes between each step. 

2.2 Results and Discussions 

The specific heat capacity results of the measurements are presented in three transition 

temperature ranges (Table 1). 

Table 1: Average Specific heat capacity of C/PA410 composite with temperature variation 

 Average Specific Heat Capacity (J/g °C) 

 Up to Tg Tg to Tm Above Tm 

Sample 1 0.645 1.703 2.086 

Sample 2 0.686 1.848 2.322 

Sample 3 0.63 1.775 2.157 

Sample 4 0.94 2.334 2.918 

Sample 5 0.627 2.016 2.732 

Sample 6 0.882 1.94 2.424 

Mean 0.74 1.94 2.44 

 

As we see from the heat capacity Vs temperature plot of all samples (Figure 1), the heat capacity 

of the samples increases slightly up to Tg, and the mean specific heat capacity was 0.74 J/g°C. 

Above Tg, the polymer structure is floppy and has sufficient free volume for various molecular 

motions to be able to absorb the added heat. The mean specific heat capacity between Tg and 

Tm is then becomes 1.96 J/g°C. Then at Tm, crystalline regions of the polymer melt. At this stage, 

first, the polymer absorbs a certain amount of heat (the latent heat of melting), and second, the 

polymer undergoes a change in heat capacity. Due to this, the mean specific heat capacity above 

Tm further increases to 2.44 J/g°C. 
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Figure 1: overlay of heat capacity Vs temperature curves of all samples 

3. Temperature dependance of coefficient of thermal expansion (CTE) of C/PA410 

composites 

3.1 Equipment and Methods 

Thermal energy is responsible for atomic or molecular vibrations about a mean position in any 

material. As the temperature of the materials is increased, the amplitude of thermal energy-

induced vibrations increases, and interatomic or intermolecular spacing increases, i.e., an 

expansion of the body occurs. In this work, thermo-mechanical measurements are performed 

on a C/PA410 composite material using a TA Instruments Q400 thermomechanical analyzer in 

expansion mode. The procedure used in this study is presented in table 2. 

Table 2: TMA measurement procedure 

 CTE (Longitudinal) CTE(Transverse) 

1 Ramped heating (10 °C/min) to 200 °C Cooling to -30°C 

2 Cooling (10°C/min) up to -30°C Ramped heating (3 °C/min) to 200 °C 

3 Ramped heating (3 °C/min) to 200 °C Cooling (3°C/min) up to 20°C 

4 Cooling (5°C/min) up to 20°C  

 

3.2 Results and Discussions 

An idealized TMA curve has a linear section below the transition (expansion below Tg) and a 

linear section above the transition (expansion above Tg). The results of the TMA measurement 

of all the samples are summarized in Tables 3 and 4 for fiber and transverse directions, 

respectively. The results of this study showed a significant difference in CTE according to fiber 

orientation. 

 

-6

-4

-2

0

2

4

6

8

He
at

 C
ap

ac
ity

 (J
/(g

·°C
))

-50 0 50 100 150 200 250 300 350

Temperature (°C)

                  Sample1.001–––––––
                  Sample2.001– – – –
                  Sample3.001––––– ·
                  Sample4.001––– – –
                  Sample5.001––– –––
                  Sample6.001––––– –

Universal V4.5A TA Instruments

226/1211 ©2022 Asfew 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 

Table 3: Summary of the CTE values along longitudinal direction 

Samples  
CTE below Tg 𝜇𝑚/(𝑚℃) 

CTE above Tg 𝜇𝑚/(𝑚℃) 

Sample 1 2.916 8.014 

Sample 3 2.731 6.8 

Sample 6 1.843 5.99 

Sample 7 2.814 6.241 𝐂𝐓𝐄 =  𝛍 ± 𝐒𝐃 2.5 +/- 0.4 6.75 +/- 0.77 

 

 

Figure 2: Overlay of Dimension change vs Temperature curves in longitudinal direction 

In the direction of fibers, the CTE is small because of the mechanical restraints imposed by the 

fibers. On the other hand, compared to the CTE in the fiber direction, more than an order of 

magnitude increase in CTE values is observed in the transverse direction. This effect is even more 

pronounced with increasing temperatures.  

Table 4: Summary of the CTE values along transverse direction 

Samples  
CTE below Tg 𝜇𝑚/(𝑚℃) 

CTE above Tg 𝜇𝑚/(𝑚℃) 

Sample 2 69.72 166 

Sample 3 56.55 147.5 

Sample 4 65.46 160.6 

Sample 5 58.05 163.4 

Sample 7 78.95 157.2 𝐂𝐓𝐄 =  𝛍 ± 𝐒𝐃 65.75 +/- 8.1 158.9 +/- 6.4 
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The higher CTE value of the polymer matrix mainly contributed to the higher expansion of the 

composite in the transverse direction.  In addition, the rigid fibers mostly prevent the expansion 

of the matrix in the fiber direction, so the matrix is forced to expand even more in the transversal 

direction. 

 

Figure 3: Overlay of Dimension change vs Temperature curves in transverse direction 

When Tg is reached, a significant increase in the rate of expansion and a change in the slope of 

the curves are observed both in the fiber and transverse direction of the composite. Figure 2 

and 3 showed that the slopes of all curves in the overlay plots showed good agreement, except 

that of sample 4 in the fiber direction and sample 6 in the transverse direction. 

4. Temperature dependance of the density of C/PA410 composites 

Evolution of density with temperature can be calculated from the volumetric expansion values 

at varying temperatures and density at room temperature. The Quantachrome Instruments' 

Multipycnometer density measuring device was used to measure the density of the C/PA410 

composite and was found to be 1.22g/cm3. The calculated evolution of the density of the 

C/PA410 composite over the temperature range of 20–200 C (Figure 4) showed that the density 

drops as temperature increases. 

 

Figure 4: Temperature dependance of density of C/PA410 composite. 
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5. Temperature dependance of thermal diffusivity and thermal conductivity of 

C/PA410 composites 

5.1 Equipment and Methods 

A diode laser source (MDL-N-808/7~10W) with an 808 nm wavelength was used to produce a 

thermal contrast on the specimens' surface to assess the thermal diffusivity of the C/PA410 

sample. A cylindrical lens expanded the laser beam to a vertical line (2mm*6mm), reflected it in 

the mirror, and focused on the sample surface using a convex lens (f200), as shown in the figure 

5. The laser was directed to the surface of the sample for two seconds during each run of the 

experiment, whereby the illuminated strip heated up and the heat began to disperse out of the 

lit zone. The laser source will then be blocked, allowing the heat to shrink back. With a sampling 

frequency of 50 Hz, an IR camera (CEDIP JADE UC J330R, 8-12 micron, 80mK@F/0.8@30C typical, 

14 bits, 320x240 pixels) set perpendicular to the sample surface at 10cm records. For each run 

of the experiment, the camera detected the IR radiation emitted by the sample for 15 seconds 

(2 seconds before the heating started, 2 seconds while heating, and 11 seconds during cooling). 

The amount of IR radiation observed is related to the change in temperature. 

The test was performed on four identical samples (30mm*30mm*1.5mm) at four distinct 

temperatures: room temperature, 50 °C, 85 °C, and 100 °C. At each temperature, two sets of 

experiments were carried out, with the fibers aligned horizontally and vertically to quantify heat 

diffusion along with the fiber and perpendicular to it. The temperature of the sample was 

measured using a thermometer (thin-film standard PT1000 element, 2*10mm) affixed to the 

center part of the sample as indicated in the figure 5. A digital multimeter (34401A) from 

Keysight Technologies was used for data acquisition, and the LabVIEW (National Instruments 

Corporation, USA) environment was used for the temperature readings. 

 

Figure 5: Experimental setup for the thermal diffusivity measurement 

5.2 Result and Discussion 

The recoded IR pictures of each sample at different temperatures are analyzed using MATLAB 

software. The temperature profiles over the width of the laser line were extracted and fitted 

using the Gaussian equation for each collected frame. From this, the FWHM progress with time 

is plotted. The slope of a linearly fitted cooling section of the FWHM with sqrt (t) graph is used 

to compute the thermal diffusivity. Since the FWHM=2.35*√2α*√t, the slope of a linearly fitted 

cooling section of the FWHM with sqrt(t) graph is used to calculate the thermal diffusivity (α) 
using Eq. (1): 
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𝛼 = 𝑆𝑙𝑜𝑝𝑒2.35 ∗ √2                                                                          (1) 

 

As shown in the figure 6, the average thermal diffusivity increased with temperature along the 

fiber direction and was distributed almost uniformly in the transverse direction. 

 

Figure 6: Average temperature dependency of average thermal diffusivity(m2/s) of C/PA410 

samples 

Thermal conductivity at each temperature is calculated from the average thermal diffusivity, 

specific heat capacity, and density values at each temperature. Figure 7 shows that the thermal 

conductivity of C/PA410 composites increases progressively with temperature along the fiber 

direction and with a small increase in the beginning and distributed almost uniformly later in the 

transverse direction for the temperature range between room temperature and 100 °C. 

 

Figure 7: Temperature dependency of average thermal conductivity (W/mK) of C/PA410 

samples 

In nonmetals, increasing temperature increases the lattice vibration, giving higher phonon 

propagation. On the other hand, the density of the composite drops, and the heat capacity 

increases at higher temperatures. Therefore, the thermal conductivity along the fiber direction 

increases with temperature because of the presence of highly conductive continuous carbon 

fibers, and the heat conduction is dominated by lattice vibrations, while this effect is less potent 

along the transverse direction. 
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6. Conclusion 

The thermophysical properties of the C/PA410 composite have been examined in relation to 

temperature. The heat capacity of the samples increased as the temperature rises, but the 

density decreases. CTE of the samples increased with temperature increment and at Tg, a 

significant increase in the rate of expansion is observed both in the fiber and transverse direction 

of the composite. Experimental results of the laser flash method showed that the thermal 

diffusivity and thermal conductivity of the samples increase progressively with temperature 

along the fiber direction and distributed almost uniformly in the transverse direction. 
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Recently crystalline nanocellulose (CNC) has received increased attention in the scientific 

community following a universal push for more environmentally conscious engineering and 

increased sustainability. Due to the combination of high stiffness and low density of CNC, a high 

specific modulus of approximately 90 MPa/(kg·m³) [1] is achieved. However, during processing 

via fused filament fabrication (FFF), the material is exposed to a series of thermal and mechanical 

loads. Therefore, the load history must be considered when characterizing and predicting the 

composite’s properties in the final 3D-printed construction part. A recycled 3D-printable 

polypropylene modified with CNC up to 15 vol% content was examined in this study. Since the 

CNC’s reinforcement effect is mainly determined by the interactions between the cellulose and 

the matrix [2], a maleic-acid-anhydride-based compatibilizer was used. To characterize the novel 

composite shear rheological investigations, dynamic-mechanical analysis (DMA) and 

measurements regarding shrinkage were performed. An unexpected decrease in viscosity with 

increasing filler content was observed. This decrease was attributed to (I) the increased use of 

low viscosity compatibilizer with increased filler content and (II) the thermal degradation of the 

compatibilizer manifested in a color change of the tested material. This hypothesis was verified 

by differential scanning calorimetry (DSC) measurements. These measurements enabled a 

reliable material characterization, which can help to predict the properties of the final printed 

part. 

Keywords: Fused Filament Fabrication (FFF); CNC; Material characterization; Sustainability; 

Recycled PP 

1. Introduction 

Following extensive efforts to develop lightweight and stiff materials from renewable sources 

cellulose and its nanoscale derivates have only recently received increased interest. 

Nanocellulose can be defined as a cellulose material with at least one dimension in the 

nanometer scale exhibiting high tensile strength and stiffness, high flexibility and large surface 

to volume ratio while also being lightweight. Due to these properties, crystalline nanocellulose 

(CNC) has generated high interest as a filler in various composite materials [3]. Using CNC with 

recycled polypropylene (PP) yields a sustainable high-strength nanocomposite material with a 

high potential for processing via fused filament fabrication (FFF), a well-known processing 

method in the realm of additive manufacturing. The reinforcement effect of the CNC can be 

increased by the use of a compatibilizer, since the interactions between matrix and filler are 

crucial for such [2]. However, the interactions between fillers and the polymer chains do typically 

not only impact the material’s mechanical behavior in the final part but may also affect two 

crucial properties for 3D printing: the viscosity and the shrinkage behavior [4] [5]. Whereas the 
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viscosity needs to stay below a certain level to guarantee the material’s overall printability, the 

shrinkage behavior is crucial for successfully predicting the dimensions of the printed part. 

Furthermore, to efficiently design parts out of the novel composite accurate information about 

the material’s stiffness is required. The fact that the material behavior of the printed part is 

significantly influenced by the thermal and mechanical loads to which the polymer is subjected 

during the printing process, must be considered in the characterization. Understanding the 

changes that occur in the material due to processing can help to decrease the amount of testing 

necessary on the final part to ensure proper functionality. In this study a series of test methods 

(shear rheological tests, DMA, DSC, shrinkage tests) were performed on recycled PP with 

different volume contents of CNC and a maleic-acid-anhydride-based compatibilizer to 

accurately determine material behavior during and after printing considering the thermal and 

mechanical loads occurring during FFF. 

2. Materials and Specimen Preparations 

In this study the recycled PP Kruplene-C PP multicolor MFR 0.4-1 supplied by Kruschitz GmbH 

(Völkermarkt, Austria) was used as the matrix material. The composite material was produced 

by melt mixing of the PP together with the CNC CelluForve NCCTM (CelluForce Inc., Montreal, 

Canada) and the maleic-acid-anhydride-based compatibilizer SCONA TSPP 10213 GB (BYK-

Chemie, Wesel, Germany) at 175 °C with a kneader (Brabender Technologie GmbH, Duisburg, 

Germany). As a first step, the PP was melted for 2 min and kneaded for 1 min. The compatibilizer 

was added afterwards, and kneading proceeded for another minute. Lastly, the CNC was added 

to the compound and kneaded again for 17 min. The filaments with diameters ranging from 1.5 

mm to 1.8 mm used for the FFF were produced from the compounds with different vol% of CNC 

using a capillary rheometer (Göttfert, Werkstoff-Prüfmaschinen GmbH, Buchen, Germany). In 

Figure 1, the compounds, and the produced filaments with the different volume contents of CNC 

are shown. The compatibilizer amount in the formulation depends on the amount of CNC in the 

compound, with the volume content of the compatibilizer being 1/10th of the volume content 

of the CNC. 

Figure 1. a) Kneaded compounds with 5 vol%, 10 vol% and 15 vol% (from left to right) CNC in a 

recycled polypropylene matrix b) Filaments with filler contents of CNC produced via a capillary 

rheometer 

3. Material characterization 

3.1 Shear rheological tests 

The MCR 702 MultiDrive (Anton Paar GmbH, Austria) with a plate-plate geometry was used for 

shear rheological characterizations. Disks with a diameter of 25 mm and a height of 2 mm were 

a) b) 
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molded in a vacuum press (Dr. Collin GmbH, Maitenbeth, Germany). After determining the limit 

of the viscoelastic range (LVE) in an amplitude sweep, a frequency sweep with logarithmically 

decreasing angular frequency in the range from ω = 628 rad/s to 1 rad/s was performed using a 

shear strain of γ = 0.1 %. The tests were performed at 185 °C, which equals the representative 

printing temperature for PP. Additionally, an oscillatory test at a constant angular frequency of 

ω = 100 rad/s (approximate shear rates occurring during 3D printing) was performed at 185 °C 

with γ = 0.1 % to investigate the degradation behavior under combined thermal and mechanical 

load of selected materials for 60 min. 

3.2 Dynamic calorimetric scanning (DSC)  

To further analyze the thermal stability of the compound, DSC measurements were carried out. 

The DSC measurements of the nanocomposite with different filler contents, the recycled PP, the 

CNC, and the compatibilizer were performed in a temperature range from 25 °C to 375 °C under 

an air atmosphere using a heating rate of 10 K/min. Furthermore, a DSC measurement at a fixed 

temperature of 185 °C for 60 min was performed to investigate potential degradation over time 

at the printing temperature.  

3.3 Shrinkage tests 

Shrinkage tests were performed using the MCR 702 MultiDrive to analyze the shrinkage behavior 

of the filaments during cooling after the FFF printing process. For the measurements a free 

sample length of 33 mm was used. The samples were heated from ambient temperature to 

150 °C with a heating rate of 10 K/min while being subjected to a small load of 0.05 N. Once 

150 °C was reached, the temperature chamber (CTD 600 MDR) was opened to imitate the 

exposure of the filaments to ambient conditions when exiting the printing nozzle. The 

extensional strain of the sample was detected as a function of time and used to characterize the 

sample’s shrinkage. 

3.4 Dynamic mechanical analysis 

Dynamic mechanical analysis of the filaments was performed using the MCR 702 MultiDrive in 

tension and torsion. The test parameters for the measurements are summed up in Table 1. To 

ensure the used amplitudes are within the LVE range of the material, amplitude sweeps at -60 

°C were performed. For the measurements a free sample length of 33 mm was used. 

Table 1: Parameters for the DMA measurements in torsion and tension. 

Set parameter DMA in torsion DMA in tension 

Heating rate 2 K/min 2 K/min 

Temperature range -60 °C – 150 °C -60 °C – 150 °C 

Frequency 1 Hz 1 Hz 

Deformation 0.1 % 0.03 % 

Constant tensile force -0.5 N Proportional to dynamic load (120 %) 
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4. Results 

4.1 Shear rheological measurements 

In Figure 2, the results from the frequency sweeps are displayed. Interestingly, with increasing 

filler content, the complex viscosity η* decreased. This effect was attributed to the lower 
viscosity of the compatibilizer (purple curve at the bottom in Figure 2) and its increased content 

at higher volume contents of the CNC in the composite. However, the test procedure resulted 

in a distinct color change in the samples as well. Thus, to investigate a possible degradation 

behavior, selected samples were additionally subjected to oscillatory shear for 60 minutes at a 

constant frequency. In Figure 3, the result from the oscillatory shear test at constant frequency 

is given for the pure PP, the PP with a filler content of 15 vol% CNC and the compatibilizer. 

Whereas η* remained constant over the test time of 60 minutes for the pure PP, it decreased 

for the nanocomposite and the compatibilizer. 

Figure 2. Complex viscosity curves of PP, composites with different volume contents of CNC and 

the compatibilizer as a function of the frequency at 185 °C 

Figure 3. Complex viscosity of PP, the composite with 15 vol% CNC and the compatibilizer over 

time at a constant angular frequency of 100 rad/s at 185 °C 
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The changes in the complex viscosity |η*| are displayed in Table 2. A decrease of 12 % and 25 % 

could be observed for the nanocomposite containing 15 vol% CNC and the compatibilizer, 

respectively. Thus, the unexpected decrease in viscosity with increasing filler content, as seen in 

the frequency sweeps (Figure 2), was also attributed to the degradation of the compatibilizer. 

This decrease highlights the sensitivity of the compatibilizer towards combined shear and 

thermal loads. Special attention must be given to the kneading and the printing parameters to 

prevent degradation of the material during processing. 

Table 2: Changes in η* over 60 minutes of PP, PP with 15 vol% CNC and compatibilizer 

Material 
Initial η*  

in mPa·s 

η* after 60 min  

in mPa·s 

Change in η*  

in %  

polypropylene  1.57 * 106  1.56 * 106  < -0.1  

PP + 15 vol% CNC  8.18 * 105  7.17 * 105  -12  

compatibilizer  3.22 * 104  2.0 * 104  -25  

 

4.2 Dynamic calorimetric scanning (DSC)  

In Figure 4, the DSC measurements of the PP, compounds with different filler contents and the 

compatibilizer are shown. PP (red line) exhibits a melting peak at 162 °C, which subsequently is 

also observable for the nanocomposites. While the pure PP, CNC, and nanocomposites with 

different volume contents of CNC exhibit thermal stability well beyond the printing temperature 

of 185 °C, the onset oxidation temperature for maleic-acid-anhydride-based compatibilizer can 

be found at approximately 198 °C.  

Figure 4. DSC measurements of PP, CNC, composites with different volume contents of CNC and 

the compatibilizer under air atmosphere with a heating rate of 10 K/min 

To further analyze the degradation behavior, DSC measurements over time at a constant 

temperature of 185 °C under an air atmosphere were performed. The results of the DSC 

measurements are shown in Figure 5. While no degradation over time could be determined for 
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the pure PP and the nanocomposites, the compatibilizer displayed significant degradation 

beyond 40 min. It can be concluded that the compatibilizer is stable over a relevant period of 

time at printing temperature while no additional loads are applied. 

Figure 5. DSC measurements of PP, composites with different volume contents of CNC and the 

compatibilizer under air atmosphere at a constant temperature of 185 °C 

4.3 Shrinkage tests 

The results of the shrinkage tests are presented in Figure 6. With increasing filler content, 

smaller shrinkage was detected. After 30 minutes of cooling at ambient temperature, the 

filament sample of the pure PP shrunk by 5.00 %, whereas the filament sample of the PP-based 

nanocomposite containing 15 vol% CNC shrunk by 3.52 %. The percentage of shrinkage is applied 

for designing the printed parts so that the dimensions match the constructional requirements. 

Furthermore, using this data, an estimation of the warpage of the final printed part can be 

performed. 

Figure 6. Shrinkage measurements of PP and composites with different volume contents of CNC 

at ambient temperature after heated up to 150 °C 
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4.4 Dynamic response characterization 

In Figure 7, the thermograms of the torsional and tensile DMA are displayed. As expected, with 

increasing filler content of CNC, the material’s stiffness increased as demonstrated by the 
increase of the storage moduli G’ and E’. However, a significant increase in E’ was only detected 
for the nanocomposite with of 10 vol% and 15 vol% CNC filler content. These results led 

credibility to the assumption that agglomeration of the filler occurred, and thus mechanical 

reinforcement was only achieved at the highest filler contents.  

Figure 7. Temperature dependent storage and loss moduli of PP and composites with different 

volume contents in torsion and tension 

5. Conclusions 

Extensive rheological, thermal, and mechanical characterization of PP CNC nanocomposites was 

performed in this study. It can be concluded that the addition of CNC and a maleic-acid-

anhydride-based compatibilizer to recycled PP has a significant impact on the rheological 

properties as well as on the mechanical and shrinkage behavior of the nanocomposite compared 

to pure PP. However, special attention must be given to the thermal and mechanical loads 

occurring during the nanocomposite preparation and further processing. The maleic-acid-

anhydride-based compatibilizer used in this study is especially susceptible to degradation. While 

the compatibilizer exhibited thermal stability for a relevant time frame when no mechanical load 

was applied, the combination of thermal and mechanical load lead to degradation and a 

subsequent decrease in viscosity of the nanocomposite. This behavior must be considered when 

processing the nanocomposite via FFF by avoiding excessively high temperatures. Additionally, 

a decrease in the compound shrinkage compared to the pure PP material under cooling 

conditions present after extrusion of the FFF nozzle could be observed. A lower shrinkage is 

generally advantageous for the processing via FFF since lower warpage of the final part can be 

expected. Furthermore, an increase in stiffness can be observed with increased filler volume 

content. For the lowest filler content, the increase of stiffness is only minimal. It is suspected 

that this is caused by the agglomeration of the CNC inside the composite. This knowledge gives 

an insight into the behavior of PP CNC nanocomposites processable via FFF and can help reduce 

the test effort on the 3D-printed part to ensure the proper functionality of the final product. 
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Abstract: Reinforced polymer composites are increasingly used in various industrial applications 

because of their lightweight and superior stiffness-strength combination. In these engineering 

practices, composites are commonly subjected to multiaxial loads and behave at strain rates 

ranging from low to high. However, most existing studies that focus on the mechanical 

characterisation of composites are limited to single loading modes involving tensile, flexural, 

compressive, and fatigue. The multiaxial behaviour of 30% glass fibre reinforced nylon-66 (PA66-

GF30) is investigated in this study through combined tension-torsion experiments. A thin-walled 

tube geometry of specimens and gripping fixtures are designed to enable appropriate failure of 

the material under tensile and torsional loading. The quasi-static experimental data depict the 

multiaxial failure of PA66-GF30 subjected to different stress states including pure shear, 

combined shear-tension, and plain strain tension. High-rate combined loading experiments are 

implemented using a novel split Hopkinson tension-torsion bar system to unravel the rate 

dependence. 

Keywords: Glass fibre reinforced nylon-66; Combined tension-torsion; Thin-walled tube 

specimen; Rate dependence; Hopkinson bar 

1. Introduction 

Among reinforced polymer composites, glass fibre reinforced polyamide 66 is widely used in 

aerospace and automotive industries because of their excellent mechanical, thermal and 

chemical properties [1]. The broad application in various environments calls for the 

development of constitutive models that are representative of the material behaviours in 

complex loading regimes experienced within realistic scenarios. The material data at different 

stress states and strain rates will be of significance to the improvement of structural design and 

integrity assessment practices [2-3].  

A number of studies have been carried out focusing on the mechanical properties of reinforced 

polymer composites. Eriksson et al. [4] investigated the effect of thermal-oxidative aging on 

tensile strength, modulus, and elongation at break of unreinforced and glass-fibre-reinforced 

recycled polyamide 66. Sattar et al. [5] studied the variability of the meso-structure on the 

flexural and tensile behaviours of glass fibre nylon composite. Kuram et al. [6] conducted tensile 

and impact tests and investigated the effects of recycling number and injection parameters on 

the mechanical properties of glass-fibre reinforced nylon 6. However, existing experimental 

approaches are limited to single loading modes involving tensile, flexural, compressive, and 

fatigue. The realisation of complex mechanical environment, especially featuring multiaxial 
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loading and high deformation rate, remains challenging in a controlled laboratory environment, 

thus resulting in the behaviours of glass fibre reinforced polyamide 66 under such extreme 

mechanical conditions unanswered. 

This study describes combined tension-torsion experiments conducted to reveal the multiaxial 

deformation and failure responses of 30% glass fibre reinforced nylon-66 (PA66-GF30). A 

specimen geometry of hollow cylinder is designed to allow for appropriate failure of the material 

under tensile and torsional loading. Quasi-static stress-strain responses are obtained at a range 

of stress states including pure shear, combined shear-tension, and plain strain tension. A novel 

split Hopkinson tension-torsion bar system is employed to measure the high-rate combined 

loading behaviours.  

2. Material and Specimen 

The material under investigation is 30 wt% glass fibre reinforced nylon 66 (TECAMID® 6/6 GF30 

black) with a density of 1350 kg m-3. The plastic was obtained from commercial sources supplied 

by Ensinger Inc. and was received in the form of thick plates of dimensions 305 x 250 x 40 mm3. 

30% glass fibre reinforced nylon 66 was coded as PA66-GF30 through this study.  

The specimens employed in both tension and torsion experiments are designed as hollow thin-

walled cylinders (Fig. 1) with large and flat ends. The gauge section has wall thickness of 0.5 mm, 

internal diameter of 15.8 mm, and gauge length of 2 mm. PA66-GF30 is easy to machine, and 

the test samples were extracted from the as-received plates via subtractive manufacturing 

methods. The axis of the tubular specimen corresponds to thickness direction of the plates. The 

ends of the specimen are bonded to a pair of aluminium holders via epoxy-based adhesive. The 

holder has a hollow stud with external thread and an octagon hole internally to transmit both 

the axial and torsional loads.  

 

Figure 1. (a) Photo of a PA66-GF30 specimen and aluminium holders; (b) geometry and 

dimensions of the specimen 
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3. Experimental Method 

Quasi-static tension, torsion, and combined tension-torsion experiments were conducted in a 

Zwick/Roell Z250 screw-driven universal testing machine (Fig. 2). The tensile load was applied 

under displacement control at a speed of 0.002 mm/s, while the torsional load 0.03 degree/s. In 

combined tension-torsion tests, the loading velocity of each component was varied to alter the 

contribution of tension and torsion loads. Two combinations (0.002 mm/s and 0.01 degree/s, 

0.001 mm/s and 0.03 degree/s) were selected to obtain tension-dominated and torsion-

dominated stress states, respectively. The applied force and torque were recorded via the 

respective resistive load cells, Zwick Force 100 kN and Zwick Torque Transducer 1000 Nm.   

Two iDs UEye USB 3.0 Cameras were synchronised to video-record the macroscopic deformation 

and failure mechanism of the tubular specimens. The surface of the specimen was painted with 

a fine speckle pattern. High-resolution (2456 x 2054 pixels) pictures were recorded at a frame 

rate of 1 fps via a CMOS sensor. The full-field tensile and shear displacement was calculated 

from the footage through digital image correlation (DIC) analysis. The history of the average axial 

and shear strain within the gauge section of the specimen were then measured from DIC using 

commercial software LaVision Davis.  

 

Figure 2. Quasi-static testing setup 

High-rate combined loading experiments were implemented using a novel split Hopkinson 

tension-torsion bar system that was designed at the Impact and Shock Mechanics Laboratory, 

University of Oxford [4-5]. Deformation and failure of were observed using two Photron SA5 

high-speed cameras positioned perpendicularly to the axis of the tubular sample. The two high 

speed cameras were triggered simultaneously, and the recorded images synchronised with the 

strain gauges signals from the Hopkinson incident bar. The average strain histories on the 

surface of the specimen were obtained by means of DIC analysis of the high-speed images and 

the synchronised stress histories measured by strain gauges located on the transmitted bar.  

4. Results and Discussion 

Experiments presented in this study are summarised in Table 1, categorised according to the 

type of tests by tension, torsion, and combined tension-torsion.  
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A parameter named biaxial loading angle 𝛽(Eq. 1), proportional to the ratio of the direct stress 𝜎  over the shear stress 𝜏, is introduced to describe the relative contribution of tension and 

torsion during combined loading: tan𝛽 = 𝜎√3𝜏 (1) 

In this study, the biaxial loading angle was limited to 0° ≤ 𝛽 ≤ 90°, where 𝛽 = 0° corresponds 

to torsion loading, whist 𝛽 = 90°  tension loading. Any 𝛽  in the interval 0° < 𝛽 < 90° 
represents an arbitrary combination of tension and torsion, in which torsion-dominated 

combined loading can be identified by 𝛽 < 45° while tension-dominated loading by 𝛽 > 45°. 
The larger the biaxial loading angle, the more tension dominated was the combined loading.  

Table 1        

Summary of quasi-static experiments             

Type of test Specimen 

label  

Biaxial 

loading 

angle 

Ultimate stress  Elongation at break 

 MPa  % 

  °  Tension Shear   Tension Shear 

Tension Tension1 90 61.9   25.3  

  Tension2 90 59.4   26.0  

Combined  

tension-torsion 
TT1 65 50.5 13.4  20.9 21.0 

TT2 15 20.9 45.8  14.7 73.1 

Torsion Torsion1 0  55.8   84.3 

  Torsion2 0  55.4   90.0 

 

Tensile and shear stress versus strain responses are presented in Fig. 3, including the tension-

only experiment with one repetition (Fig. 3a), the tension-only experiment with one repetition 

(Fig. 3b), and two representative combined tension-torsion experiments with tension-

dominated loading (Fig. 3c) and torsion-dominated loading (Fig. 3d). A classical viscoplastic 

deformation behaviour can be observed from the engineering tensile and shear stress-strain 

curves. The ultimate tensile strength was measured averagely 60.7 MPa with the deviation not 

more than 2%. The onset of macroscopic fracture was identified from the video footage at strain 

about 25%. It is worth noting a small ‘tooth’ appears way after the yielding point at strain around 

10%. The engineering shear stress-strain curves are highly consistent. The ultimate shear 

strength was measured about 55.6 MPa. Large deformation was observed until failure at strain 

varying from 84% to 90%.  

Due to the concurrent effects of the longitudinal and torsional loading, the combined-loading 

cases present a compromise in terms of the ultimate stress and the strain to failure compared 

with the tension-only or torsion-only cases. Furthermore, the extent of this compromise varies 

with different stress states. The tensile elongation at break in tension-dominated combined 

loading (𝛽 = 65°) and torsion-dominated combined loading (𝛽 = 15°) decreased by 18% and 

80%, respectively, compared to the case of simple tension. While compared to the case of simple 

torsion, the shear elongation at break in these two combined loading cases (𝛽 = 65° and 𝛽 =15°) decreased by 43% and 20%, respectively. 
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Figure 3. Engineering stress-strain curves measured from (a) tension-only tests #Tension1 and 

#Tension2, (b) torsion-only tests #Torsion1 and #Torsion2, (c) tension-dominated combined 

loading test #TT1, and (d) torsion-dominated combined loading test #TT2 

The trajectories of the measured engineering normal and shear strain are presented in Fig. 4a. 

The ratio between the normal strain and the shear strain is nearly constant as demonstrated by 

the linear trend of the strain path. This indicates a constant strain rate loading in tension and 

torsion during the combined loading experiment. Figure 4b illustrates the paths of the 

engineering normal stress and shear stress, which appear bilinear during combined loading (𝛽 =65°  and 𝛽 = 15°). The turning point approximately corresponds to the yielding point, after 

which the development of the shear stress is lower than its component. This is attributed to 

different viscoplastic behaviours of PA66-GF30 in tension and shear as the material undergoes 

strain hardening in tension whilst it quickly saturates and maintains a flow stress plateau in shear 

until failure, as addressed in Fig. 3c and 3d.  

The field of engineering axial strain Eyy and shear strain Exy of the tubular specimen in 

representative tension loading, torsion loading, and combined loading experiments is 

presented in Fig. 5. Two typical moments are selected to reflect the deformation 

process, followed by a post-failure stage showing the fracture pattern. The homogenous 

distribution of the axial strain and shear strain within the gauge section indicates 

uniform deformation of the material prior to failure. Fracture under tension loading 

consisted of a series of discrete short cracks oriented along the circumference of the 

gauge section while slightly tilted. The video footage indicates the crack propagated with  
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Figure 4. Loading path in (a) strain and (b) stress 

 

Figure 5. Deformation process in (a) tension-only tests #Tension1, (b) torsion-only tests 

#Torsion1, and (c) tension-dominated combined loading test #TT1 

245/1211 ©2022 Xu 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 speed at the order of millimetre per second. Fracture under torsion loading appeared 

more wavy but continuous within the gauge section. As a result of the collective effects 

of the axial and rotary loads, fracture under combined loading was composed of 

intermittent cracks along the circumference but significantly tilted.  

5. Conclusions 

The present study details the deformation and failure of PA66-GF30 subjected to 

tension, torsion, and combined tension-torsion loading conditions. A classical 

viscoplastic deformation behaviour was obtained from the engineering tensile and shear 

stress-strain responses. The ultimate strength and elongation at break measured from 

multiaxial loading decreased when compared with the single loading behaviour. The 

loading trajectories demonstrated a constant ratio between the normal strain and shear 

strain, while bilinear development of the normal stress and shear stress was observed. 

High-rate combined loading experiments were implemented using a novel split 

Hopkinson tension-torsion bar system. The experimental results will be discussed in 

future study to unravel the rate dependence of the multiaxial behaviour. 
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Abstract: Although composite materials can, through lightweighting, play a role part in the 

decarbonisation of transport,  they are inherently challenging in terms of sustainability. This is 

because high-performance composites used in the aerospace and automotive sector are often 

made of carbon fibres and thermosets resins that are difficult to recycle. The HiPerDiF (High-

Performance Discontinuous Fibre) method invented at the University of Bristol offers a way to 

remanufacture composites from reclaimed fibres.  The method allows the production of 

composites comprising high volume fractions of highly aligned discontinuous fibres, with high 

processability and performance. Still, greater sustainability credentials can be gained by using 

thermoplastic matrices which have a greater potential for recycling. In this study, the tensile 

properties along the fibre direction of a HiPerDiF PLA/carbon fibre tape under process conditions 

(high temperature below the melting point of the matrix) are investigated. This allows to create 

a formability database that can be used as a basis for the development of process models that 

can help in the development of a robust manufacturing process for the highly formable HiPerDiF 

thermoplastic matrix tapes. 

Keywords: PLA; aligned short carbon fibre, forming, high temperature, fibre volume fraction 

1. Introduction 

Despite the potential that composites offer to save fuel or increase efficiency during a 

lightweight structure's functional life, their production and end of life management impact 

heavily on environmental pollution [1]. More specifically, thermoset composites have been 

contributing to both pollution with a 0% recycle ratio and a logarithmic increase in the 

production volume of composites [2]. Pyrolysis is a commercial option to reclaim fibres by 

burning the thermoset resin. The comminution of the reinforcement into short fibres (3-100 

mm) is a necessary second step to reprocess them into a recycled composite [2]. Using a 

thermoplastic as a matrix will make the end-of-life recycling possible without the need for 

pyrolysis, and therefore reclaiming both matrix and fibres. Moreover, using recycled 

thermoplastic can save about 50% of production embodied energy [3] and would decrease the 

carbon emission by 50%, thus greatly reducing the concerns associated with waste 

management. An easy existing option is through the use of randomly distributed short fibres, 

which are mostly used to reinforce structures with low requirements for structural properties 

as they are characterised by a low fibre volume fraction (Vf). The HiPerDiF (High-Performance 

Discontinuous Fibre) method allows to produce composite tapes with high mechanical 

properties by increasing fibre alignment and volume fraction [4]. There are two main advantages 

of aligned discontinuous fibre composites: high mechanical properties compared to randomly 

oriented ones and the potential for high formability [5, 6]. The forming process should help to 

solve some of the handleability issues (that come with increased material formability) but 
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setting up the right process conditions is typically a very empirical process guided by experience 

and numerous physical trials. A different approach is suggested here whereby a forming 

simulation tool for the HiPerDiF material will be built and used to optimise the forming 

conditions (i.e., temperature, boundary condition, etc.). The present study is a starting point 

toward the manufacturing of defect-free sustainable composite parts with complex geometries 

by forming aligned discontinuous fibre thermoplastic (HiPerDiF) prepreg. The manuscript, more 

specifically, presents new results on the tensile behaviour (of PLA/carbon fibre tapes) under 

processing conditions. This behaviour is assumed to be one of the key mechanisms at play in the 

forming of the HiPerDiF material.  

2. Specimen preparation 

In order to successfully simulate a forming process, the in-plane material properties of the 

prepreg tape are needed. To this effect, tensile test specimens were produced to characterise 

the longitudinal (along with the fibre direction) properties of the tape. The specimen production 

consists of three main steps: reshaping the matrix material, aligning the fibres, and finally, the 

impregnation process. Poly(lactic acid) (PLA) filaments (3D4MAKERS) were used as the matrix 

material [7]. Tenax-J HT C124 of 3 mm length carbon fibres were chosen [8, 9]. The material 

properties of these two-component are given in Table 1.  

Table 1. General properties of matrix and reinforcement [7, 8, 9] 

Properties 3D4MAKERS 

PLA 

 Properties  Tenax-J Carbon fibre 

Tensile Strength [MPa] 110  Tensile Strength [MPa] 4400 

Tensile Modulus [GPa] 3309  Tensile Modulus [GPa] 240 

Elongation [%] 160  Elongation [%] 1.8 

Density [g/cm3] 1.24  Density [g/cm3] 1.77 

Melting Point [°C] 145-160  Type HT C124 

Process Temperature [°C] 170-220  Sizing Water-soluble 

   Cut Length [mm] 3 

   Diameter [µm] 7.0 

 

Short carbon fibres, coated with a water-soluble sizing, are dispersed into water. The water 

mixture is pressurised to push out through a nozzle targeting the alignment plates. The space 

between the plates is the leading parameter controlling fibre alignment because the maximum 

horizontal distance between the top and bottom of a single 3 mm fibre cannot pass the distance 

between plates. Fibres drop on a drain belt where the water is removed by suction. After that, 

aligned fibres are fully dried with infrared heaters. The detailed HiPerDiF manufacturing process 

can be found in [4]. After the alignment process with the HiPerDiF machine, the 5 mm wide dry 

fibre tapes (aligned fibres) are ready for impregnation: a dry fibre tape was sandwiched between 

layers of PLA tapes during the impregnation process inside the mould (Figure 1). The PLA tapes 

were printed from a filament. A fibre volume fraction of 35% was achieved by sandwiching 9 
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layers of fibre tapes between 10 PLA tapes. These sets of layers were placed in the 5 mm slot of 

the female mould. The male mould was placed on top of the tapes and then placed into a 

vacuum bag where impregnation was undertaken under vacuum pressure at 195°C for 4 hours. 

One batch of specimens is shown in Figure 2. To perform digital image correlation (DIC), random 

white dots were sprayed on the specimen, as shown in Figure 3. As also illustrated in the figure, 

the specimen in-plane dimensions were 5 mm x 75 mm. The fibres were oriented along the 

length of the specimen. One of the samples’ cross-sections, with a Vf of about 35% was 

confirmed via thermogravimetric analysis (TGA), is shown in Figure 4.  

 

Figure 1: Representative illustration of the impregnation process 

 

Figure 2: One batch of production 

 

Figure 3: Specimen dimension 
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Figure 4: Microscope image of the specimen’s cross-section 

3. Test setup 

Tensile tests with the fibres parallel to the loading direction were performed at different 

temperatures. The test setup is illustrated in Figure 5. A 10 kN Shimadzu electromechanical 

tensile test machine with a thermal chamber was used. Specimens were loaded quasi-statically 

(1 mm/min) at 20°C, 80°C, 120°C, and 140°C. Four tests were performed for each temperature. 

DIC cameras were placed vertically along with the specimen. To allow the specimen to be 

observed through the narrow gate whilst avoiding light reflection from the glass (in the thermal-

chamber door), the thermal chamber was opened from below and a high-powered light source 

was used to illuminate the specimen. It was assumed that there was not much hot air loss from 

the lower gate, as the hot hair rises with decreasing density. Two thermocouples were used: one 

for measuring the temperature variation inside the chamber (which is about ±5°C due to the on-

off controller) and another for monitoring the temperature of the specimen until it had reached 

equilibrium (with an error of about ±1°C). While the load data were recorded by the Shimadzu 

test machine, the elongation and strain were measured via DIC. 

 

Figure 5: Test set-up 

0.5 mm
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4. Data post-processing 

The stress was calculated as the tensile force applied by the machine divided by the specimen's 

cross-sectional area. The strain data were computed from the average of 8 digital extensometers 

around the necking region which is shown in Figure 6. This is essential to measure the strain 

within the necking region correctly since the average value around the necking region includes 

low strain regions and causes errors in the calculated strain.  

 

Figure 6: Strain measurement with digital extensometer within necking region  

5. Results and discussions 

The results from the experiments described in section 3 are presented in Figure 7 where the 

stress vs. strain curves are plotted. The 20°C results are represented with black dots while 80°C, 

100°C, 120°C, and 140°C tests are plotted in blue, green, yellow and red dots respectively.  

At room temperature, the average strength and average specific strength were measured to be 

645 MPa as the average strength and 463 MPa*cm3/g. This is respectively 13% and 118% higher 

than the aluminium 7075-T6[10]. Good stiffness properties were also obtained with an elastic 

modulus of 63.1 GPa  (only 8% lower than aluminium [10]) and a specific modulus of 44.3 

GPa*cm3/g (75% higher than aluminium [10]). It is also worth noting that, a fibre volume fraction 

as high as 55% could be reached with better fibre alignment [11]. The failure strain was 

measured to be about 1.19%.  

To illustrate the effect of temperature better, a zoomed-in version of the curves is provided on 

the right-hand side of Figure 7. Since the load-carrying capacity of the specimen depends on 

load transfer between short fibres, decreasing viscosity with increasing temperature decreases 

the load carried by the specimens. After an initial linear region (at low strains), the fibres start 

sliding on each other and transfer less load (as the overlap distance between them decreases). 

When the strain reaches around 50% there is not much fibre overlap remaining and the 

measured stresses are nearing 0. Load transfer decreases with the resin viscosity and becomes 

very low near the melting point of PLA (i.e., 150°C).   

252/1211 ©2022 Yavuz 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 7: Stress vs. strain results at all temperatures  

6. Conclusion  

The effect of temperature on the tensile properties of HiPerDiF PLA/carbon fibre tape was 

experimentally characterised. At room temperature, the tape showed good specific properties 

that overmatch aluminium, suggesting a possible use in secondary structures not exposed to 

high temperatures (above 60°C). To reach a better quality and higher volume fraction, better 

alignment is needed and impregnation at higher temperatures can be tried in order to let 

excessive PLA out of the mould and increase Vf. As for high-temperature results for forming, the 

dataset was produced and will be used to guide the derivation of constitutive models that could 

be used for the forming simulations. The data revealed the matrix viscosity importance on the 

measured properties and it is anticipated that the fibre length will also play a key role.  

To be able to perform comprehensive forming simulations and produce defect-free structures 

with reduced physical trails, shear and transverse mechanical properties are also needed, 

besides the tensile longitudinal ones. These will be characterised in the near future. 
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Abstract: The effectiveness of carbonaceous nanoparticles in arresting and delaying damage in 

nanocomposites has been attributed to multiscale toughening mechanisms. To explore their 

application in joined interfaces of composites, this study investigates the use of carbon nanotube 

(CNT) interleaved films for co-cured joining of composite parts and their consequent effects on 

the interfacial fracture toughness. Carbon nanotubes dispersed in a thermoset resin into thin 

films of two discrete thicknesses (200 µ and 500 µ) and three concentrations of CNT dispersion 

were chosen for this study (0.5% wt., 1% wt., and 2% wt.). The films were semi-cured in the oven 

before being incorporated as interleaves in the composite laminate interface. Fracture toughness 

of the interface in mode I loading conditions was determined through double cantilever beam 

(DCB). Micrographs of the fracture surfaces reveal a slip-and-stick based crack jump and arrest 

phenomena in mode I when nanoparticles are added to the interleaved interface. The thickness 

of the interleaves has a more significant effect on mode I toughening mechanisms than the 

concentration of the nanoparticles.   

Keywords: Co-cured composite interface; Interleaf; Carbon nanotubes; Fracture toughness 

1. Introduction 

Composite structures for aeronautical applications can be traditionally joined via adhesive co-

bonding, co-curing, and/or mechanical fastening, which induce interfacial defects and stress 

concentrations under operational loads and increases structural weight. Co-cured joints, unlike 

co-bonded joints have no discernible interface due to diffusion of the adhesive into the laminate 

during cure [1,2]. However, controlling the flow of epoxy in the co-cure region as well as 

mitigating misalignment of the sub-components during co-cure are challenging and lead to 

irregularities. The incorporation of a partially cured epoxy film in the co-cured region ensures 

uniform thickness and restrains the relative sliding of the sub-components during co-cure, thus 

preventing misalignments. This technique also allows for an easier method to integrate the 

adhesive epoxy layer in the composite lay-up process.  

Interleaved composite laminates with a discrete layer of epoxy films between joining surfaces 

have been studied as a strategy to improve damage tolerance during co-cured joining [3–5] and 

limit the need for accompanying mechanical fasteners. Owing to the presence of an interleaf 

film at the interface, larger damage zones arising from microcrack diffusion and crack path 

tortuosity are observed leading to higher interfacial fracture toughness [6]. Research over the 

past two decades has probed the effectiveness of dispersed and aligned carbonaceous 
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nanoparticles (graphene platelets, carbon nanotubes, etc.) in enhancing the mechanical and 

multifunctional properties of polymers [7,8].  Various studies of CNT reinforced polymers have 

shown improved toughness over the neat matrix [9–11] inducing toughening mechanisms, such 

as crack deflection [12], crack pinning [11], CNT pull-out [13,14], microscale and nanoscale crack 

bridging [15]. However, these mechanisms require some degree of interaction between the 

crack front and the CNTs. Recent studies postulate the benefits of adding nanoparticles in a 

targeted fashion with controlled nanoparticle network morphology to trigger/activate 

multiscale damage suppression events as opposed to the less effective technique of 

homogenously dispersing the nanoparticles in a host polymer [12,16].  

In this study, the authors explore the role of interleaf films containing CNT only in co-cured 

interfaces to delay and diffuse damage propagation [17,18] by allowing the CNT to directly 

interact with the crack front. This targeted reinforcement approach is preferred over the option 

to disperse the CNT in the entire matrix phase of the composite. A related previous study 

involving molecular simulations of CNT-dispersed matrix showed that elastic mechanical 

properties of the nanocomposite can be improved by adding CNT up to 2% wt. Loading levels 

beyond 2% wt. were shown to interfere with the epoxy crosslinking process and lead to 

deterioration of mechanical properties [19]. Therefore, we investigate CNT loading levels up to 

2% wt. in the epoxy used for interleaving and consider two different interleaf thicknesses and 

their combined effects on damage propagation mechanisms. 

Motivated by the effectiveness of nano-interleaves on toughening composite interfaces and 

their potential for expanded applications in co-cured composite joints, this study investigates 

the damage mechanisms in the interleaved interface from experiments performed under mode 

I load with double cantilever beam (DCB) specimens. The main parameters studied are the 

nanoparticle concentration and interleaf thickness. Following the mechanical tests, in order to 

investigate the type of interfacial failure (adhesive/cohesive), microcracking in the interleaf, and 

migration of the crack path, the fracture surfaces were examined with optical and confocal 

microscopes.  

2. Experimental Work 

2.1 Materials 

The prepreg used for this study was unidirectional carbon IM7 fiber with HexPly® 8552 epoxy 

resin system of ply thickness 0.13 mm. Neat epoxy interleaves (containing no nanoparticles) in 

the study were manufactured with the API-60 epoxy system – an aerospace grade resin – 

purchased from Kaneka Aerospace Inc. with a compatible thermal cure cycle and properties with 

the HexPly® 8552 proprietary resin system. Filmed interleaves containing multi-walled CNT were 

procured from NanoSperse with the same host epoxy matrix at three nanoparticle 

concentrations (0.5% wt., 1% wt., 2% wt.) and two interleaf thicknesses (200 μ and 500 μ). 

 2.2 Laminate manufacturing with interleaves 

All laminate specimens in the study consist of a [0°12/interleaf/0°12] lay-up and a unidirectional 

fracture interface. Both the neat epoxy interleaf as well as the CNT interleaves are staged (semi-

cured) in the oven, subsequent to their complete cure kinetics characterization [3], to attain a 

resulting degree of cure between 0.3 – 0.35. An initial delamination is embedded in the laminate 
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spanning 35 mm using a Teflon release film of 25 μ thickness. During the laminate consolidation 

process, the interleaf film was introduced at the edge where the Teflon delamination insert 

ended. Figure 1 shows the staged interleaves and their consolidation into the laminate, which 

was cured in the autoclave according to the recommended prepreg cure cycle. The cured plates 

were trimmed and cut into samples of approximately 150 - 160 mm in length and 25 mm in 

width with a diamond-tipped circular saw for the fracture toughness tests. It must be noted that 

the total length of the actual specimen does not affect the test results as long as it is over 100 

mm. The thickness of the specimens varied between 3.3 and 3.8 mm depending on the 

embedded interleaf thickness.  

  
      (a)                                                 (b)  

 
(c) 

Figure 1. Manufacturing and consolidation of the laminate with interleaved interface (a) Neat 

epoxy interleaf (200 μ thickness); (b) CNT interleaf (0.5% wt., 200 μ thickness); (c) integration 

of interleaf in the laminate midplane 

2.3 Test setup and analysis scheme 

Double cantilever beam samples were tested in mode I loading conditions conforming to ASTM 

standards [20] to calculate fracture toughness values and resistance effects to damage 

propagation. The samples tested and their corresponding nomenclature in the rest of this paper 

are reported in Table 1. All fracture tests were performed on a Zwick tension/compression test 

frame with 10 kN maximum capacity. The load frame was attached to a 1 kN load cell for the 

DCB tests. The samples were painted white, and 1 mm markings were made in black ink to track 

crack length propagation. Images from two monochromatic cameras perpendicular of the 

longitudinal axis of the samples were acquired every second to monitor crack length. Images 

from the two cameras were also helpful to determine if the crack front is asymmetric resulting 

in different crack lengths on either side.  
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Table 1. Number of samples and nomenclature based on interleaf type and thickness 

Plate 

no. 

Interleaf 

thickness [μ] 
CNT conc. 

[% wt.] 
Nomenclature 

No. of 

samples 

1 200 0 (Neat) Neat200μDCB 2  

2 200 0.5 0.5%CNT200μDCB 3 

3 500 0.5 0.5%CNT500 μDCB 3 

4 200 1 1%CNT200μDCB 3 

5 500 1 1%CNT500μDCB 3 

6 200 2 2%CNT200μDCB 3 

7 500 2 2%CNT500μDCB 3 

 

Figure 2 illustrates the mode I test with a piano hinge bonded to the sample. The samples in 

mode I were loaded at a constant crosshead displacement of 0.3 mm/min. It was expected as 

well as confirmed with subsequent microscopy that the limited flow of the interleaf epoxy during 

the cure cycle would allow for the crack front to be in contact with the interleaf layer. But a 

sharp and straight crack front with every point fully embedded in the interleaf layer could not 

be verified. Therefore, all samples were pre-cracked using the prescribed pre-cracking technique 

in ASTM D5528 to achieve an initial crack length between 28 and 32 mm.  

      

(a)                                    (b) 

Figure 2. Test setup for mode I fracture toughness testing (a) schematic of the DCB sample 

test with piano hinges; (b) image captured from monochromatic camera of DCB sample  

Data reduction to compute mode I fracture toughness is performed on the load-displacement 

(P-δ) data from the test machine as well as the crack lengths from the captured images using 

the modified compliance calibration (MCC) approach [21]. This approach is chosen because it 

allows to account for the thickness differences among the samples while calculating mode I 

fracture toughness (GI). A least squared plot of the crack length normalized by sample thickness 

(a/h) as a function of the cube root of compliance (C1/3) is generated and the slope of this fit 

corresponds to A1; P is the load and b is the sample width. The critical initiation fracture 

toughness (GIc) is computed by using the critical load (Pcrit) instead of P in Eq. (1).  𝐺𝐼 = 3𝑃2 𝐶2/3 2𝐴1𝑏ℎ                    (1) 
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3. Results and Discussion 

The load-displacement data obtained from the Zwick test frame for a representative sample 

from each set (described in Table 1) are plotted in Figure 3. The data is categorized based on the 

nanoparticle content and compared to the neat epoxy interleaved laminate in each case. While 

the P-δ profile of the neat epoxy interleaved interface indicates a stable, typical crack 

propagation, the inclusion of nanoparticles to the interface remarkably alters the damage 

mechanisms. In each case, the addition of nanoparticles leads to a significant improvement in 

the flexural stiffness of the sample. The slope of the linear P-δ section remains fairly constant 

for a specific CNT wt. content but appears to increase with increasing CNT content. The saw-

tooth profiles in Figure 3 imply unstable crack growth followed by a strong arrest mechanism. 

The peak of each saw-tooth corresponds to the initiation load to propagate the crack at that 

specific crack length; however, the troughs of the saw-tooth indicate an arrest mechanism, 

subsequent to which the sample continues to behave ‘elastically’ with a reduced stiffness but 

no change to the crack length, until the next initiation load. The overall strain energy (area under 

the curve) is higher than the baseline laminate (with neat epoxy interleaf) even at low wt. 

contents of CNT.  

The damage propagation in mode I for CNT interleaved interfaces can be described by a ‘slip-

stick’ mechanism [22] as illustrated in Figure 4, where each sudden load drop in Figure 3 results 

in a crack slip/jump (sudden increase in crack length) but this slip is then arrested by a ‘stick’ 
phenomenon and held intact until the next slip event. The higher the load drop, the larger the 

crack slip tends to be. Although the mechanism of damage propagation is altered, the forces for 

crack arrest (troughs of the saw-tooth) are consistent with the forces in the baseline laminate 

containing the same interleaf thickness, i.e., each CNT interleaved laminate containing a 200 µ 

interleaf possesses a P-δ profile that falls to the baseline laminate P-δ profile at the end of a 

crack slip event.  

Interleaf thickness exhibits a significant effect on the peak initiation loads, arrest loads, as well 

as the overall strain energy of the samples. As mentioned earlier, the thickness of the interleaf 

with no nanoparticles (neat epoxy) determines the lower bound for the P-δ profile when 

nanoparticles are added to the interface. Comparing the laminates with the same CNT wt. 

content but different interleaf thicknesses (Figures 4 (a)-(c)), it can be noted that the slip events 

are ‘delayed’ in the interfaces containing a thicker interleaf. This is demonstrated by the fact 
that each load drop in the P-δ curve occurs at a higher displacement for the 500 µ interleaved 

samples when compared to their thinner interleaved equivalent.  

Micrographs obtained via a Zeiss Keyence Wide-angle laser microscope, as shown in Figure 5, 

also display higher tortuosity to the crack path and undulations in the interface for thicker 

interleaves. The undulations in the micrographs confirm cohesive-dominated failure in the 

thicker interleaf while suggesting a mix of adhesive and cohesive failure regions in Figure 5(a) as 

illustrated by regions of adhesive peeling [23]. Furthermore, Figure 5(b) reveals that the 

waviness of the undulations are clustered close to the mid-line (shorter wave-lengths) and they 

become sparser (with longer wave-lengths) towards the edge of the specimen. This indicates 

that the delamination front is not a straight line but curved and quasi-parabolic. The striations 

as well as the post-processed images from both cameras confirm that the crack length is nearly 

equal on both edges during the test thus implying that the quasi-parabolic crack front is 

symmetric [24].  
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(a)                                    (b) 

 
   (c) 

Figure 3. Comparison of load-displacement curves from DCB tests with neat epoxy interleaved 

interface (a) 0.5% CNT interleaves; (b) 1% CNT interleaves; (c) 2% CNT interleaves 

       

Figure 4. Slip-stick damage propagation (a) schematic of the fracture surface; (b) micrograph of 

failure surface from 1%CNT200µDCB with slip-stick striations 
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(a)                                                             (b) 

Figure 5. Fracture striations and undulations on failed surface (a) in 1%CNT200µDCB;  

(b) in 1%CNT500µDCB 

Data in literature places the critical mode I fracture toughness for IM7/8552 composites in the 

0.2 – 0.23 kJ/m2 range [25]. A larger spread is observed (between 0.2 – 0.27 kJ/m2) [26] when 

using different approaches to determine the critical load (Pcrit) in Eq. (1) such as visually observed 

deviation from linearity, or the 5% offset method described in ASTM D5528. Composite 

interfaces also exhibit a toughening effect to crack propagation owing to fiber bridging ahead of 

the crack front, represented generally with R-curves. As the crack length increases, more energy 

is required to further propagate the crack due to pinning and bridging effects between the fibers. 

The R-curves in Figure 6 contain mean fracture toughness values from multiple samples (as 

described in Table 1) in a sample set. In this study, the presence of an interleaf region does not 

allow for microscale fiber bridging across the fracture interface thus resulting in no R-curve 

effect.  

A neat epoxy interleaf interacting with the crack front improves the mode I initiation resistance 

to the range: 0.25 – 0.3 kJ/m2 [3] according to a previous study by the authors. In this batch of 

samples, however, no statistical difference between the neat epoxy interleaved interface and a 

laminate with no interleaf is observed here. Another remarkable characteristic of interleaved 

interfaces is the absence of any additional resistance as the crack length increases. The R-curves 

remain fairly flat in all cases although significant gains in toughness are observed as a result of 

the addition of CNT to the interleaves. We observe no statistically significant difference between 

laminates containing varying concentrations of CNT within a 200 µ interleaf. This indicates that 

toughening mechanisms in mode I are more sensitive/responsive to the thickness of the 

interleaf than the concentration of nanoparticles. Toughness of the interleaved laminate 

improves up to nearly 4 times with CNT concentrations ≥1% and an interleaf thickness of 500 µ. 

The test data and micrograph striations demonstrate a crack arrest mechanism in CNT-

interleaved laminates. This arrest seems to occur at a load nearly equal to that of a neat epoxy 

interleaved laminate of the same interleaf thickness. Therefore, a neat epoxy interleaf appears 

to set the lower bound for the force-displacement profile of a CNT-interleaved laminate. At 
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higher CNT wt. %, we observe higher initiation loads but larger load drops (corresponding to 

larger crack jumps), whereas increasing interleaf thickness shifts the load drop events (slip) to 

higher displacements indicating a damage delay mechanism. The P-δ data and the micrographs 

affirm that crack growth processes are altered at two scales due to nanoparticle interleaving: at 

the macroscale via slip-stick based jump and via microscale tortuosity behind the quasi-parabolic 

crack front.  

         
   (a)                                    (b) 

   
  (c) 

Figure 6. R-curves from DCB tests compared with neat epoxy interleaved interface  

(a) 0.5% CNT interleaves; (b) 1% CNT interleaves; (c) 2% CNT interleaves 

4. Conclusions 

This study was focused on the incorporation of semi-cured interleaves containing nanoparticles 

in the composite consolidation process and its effectiveness in mode I fracture resistance. 

Interleaves with neat epoxy as well as different concentrations of CNT were staged to a 

predefined degree of cure to maintain their integrity and thickness during consolidation into the 

laminate. Interleaves of two different thicknesses were considered in this study. The double 

cantilever beam samples prepared using this approach were tested under mode I loading.  

The load-displacement data as well as micrographs of failed surfaces revealed a remarkable 

change in the underlying damage mechanisms governing crack propagation in mode I. The 
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addition of nanoparticles to the interleaf resulted in a higher flexural stiffness of the sample 

whereas the critical fracture initiation loads were more sensitive to interleaf thickness. A slip-

stick phenomenon was observed with damage progression where the crack arrest load for a CNT 

interleaf could be predicted by the load-displacement profile of a neat epoxy interleaf of same 

thickness. Improvements in mode I fracture toughness of up to 4 times were observed with the 

inclusion of CNT within a thicker 500 µ interleaf when compared to a baseline interleaf without 

nanoparticles. There is no significant resistance behaviour (R-curve effects) to crack propagation 

as a function of crack length as no bridging effects were observed. Data from the fracture 

toughness tests were augmented with wide-angle microscopy of the fractured surfaces to shed 

light on crack front progression and the microscale mechanisms that lead to damage delay.  
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Abstract: This work investigated some key issues of anisotropic electrical conduction in 

carbon/epoxy laminates, made of the same carbon fibres and epoxy resin, with three different 

lengths and areas, fibre waviness and various electrode-specimen contact conditions. The 

objectives were to ensure that the contributions of extrinsic factors to the electrical 

conductivities not be erroneously attributed to intrinsic ones and to develop an understanding 

for the variation of the electrical conductivities under elevated temperatures. It was found that 

the electrical conductivities were independent of dimensions. It was shown that the increase in 

clamping force increased electrical conductivities. It was found that the paint enhancement 

was modest in the in-plane direction but significant in the through-the-thickness direction. 

These findings suggest that the paint effect was an artefact. It was found that when the level of 

electrical current was increased up to 3 A, the raised temperatures could reach as much as 

500C.  

Keywords: carbon/epoxy laminate; electrical conductivity; electrical current; clamping force; 

temperature. 

1. Introduction 

The electrical conduction and current-induced thermal behaviour of carbon fibre-reinforced 

laminates have attracted lots of attention in the fields of lighting strike protection [1-2], 

electromagnetic interference (EMI) shielding [3-4], electro-thermal de-icing systems [5], high-

speed rotors [6-7] and electrification of composite aircraft [8-9]. Research investigations 

proved extremely challenging, as (a) composite laminates are anisotropic, (b) there is the lack 

of test standard of electrical conductivities for composite laminates even at the coupon level, 

(c) the effects of extrinsic factors on electrical conductivities could erroneously be attributed to 

those of intrinsic parameters and (d) the direct adaptations of standard electrical 

measurement methods for isotropic and homogeneous materials were used for anisotropic 

composite laminates. As a result, not only are the values of electrical conductivities widely 

varying but also there is little accurate and reliable data. Moreover, the relationships between 

the values of electrical conductivities and key intrinsic and extrinsic parameters were not 

established with confidence. This has led to significant difficulties to explore multi-

functionalities of lightweight composite structures in design, analysis, and numerical 

modelling.  

Although several findings on the electrical conductivities of carbon/epoxy laminates were 

reported [1-2,4], there is a dearth of knowledge of how laminate specimen dimensions, 
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current level, silver paint and clamping pressures, fibre waviness and raised temperature affect 

electrical conduction characteristics. A systematic experimental investigation on the electrical 

conduction and electro-thermal behaviour of carbon/epoxy laminates was conducted at 

Loughborough University. Two different carbon/epoxy material systems were employed, 

namely, unidirectional (UD) tape-based and plain weave fabric-based with the same type of 

carbon fibre and epoxy resin. Specimens consisted of rectangular shapes of three different 

lengths for in-plane measurements, square and circular shapes of three different areas for 

through-the-thickness (TTT) measurements. The objectives were to develop an in-depth 

understanding of electrical conduction mechanisms and to examine the effects of both 

intrinsic and extrinsic factors on the anisotropic nature of electrical conduction and electro-

thermal behaviour using two-probe method via solid electrodes. While intrinsic factors were 

lay-up and fibre waviness, extrinsic factors included specimen size, clamping force, conductive 

paint, current level and raised temperature. In this work, the results primarily from the tape-

based laminates were presented. 

2. Carbon/epoxy laminates and measurement methods 

2.1 Carbon/epoxy specimens and preparations 

Two types of carbon/epoxy laminates were made of UD tape and plain weave fabric prepregs, 

respectively, in which both used the same 12k PAN-based Grafil 34-700 carbon fibres and 

LTM45 epoxy resin. The UD tape-based laminate panel of 300×300 mm was laid up 

symmetrically with 16 plies in a QI lay-up of (450/00/–450/900)2s, with a cured ply thickness of 

0.128 mm. The fabric-based laminate panel of the same size was also laid up with 8 plies in a 

QI lay-up in (±450/00/900)2s, with a cured ply thickness of 0.428 mm. Both types of the laminate 

panels were cured in an autoclave at 600C under a pressure of 0.62 MPa for 16 hours to have a 

nominal thickness of 2 and 3.4 mm, respectively. A nominal value of electrical conductivity is 

55556 S/m for Grafil 34-700 carbon fibres [10] and is 1.4x10-12 S/m for LTM45 epoxy resin 

[11]. The respective fibre volume fractions were 61% and 58%.  

To achieve best contact between solid electrodes and specimen faces for both rectangular and 

square shapes, the entire surfaces of each of the two panels were milled symmetrically to 

parallel on a milling machine first. The respective thicknesses of the two panels became 1.86 

and 3.18 mm. For the tape-based laminates, about half of a cured ply thickness was machined 

off from each surface, whereas for the fabric-based laminates, about a third of a cured ply 

thickness was machined off. This operation achieved a geometric flatness and parallel of the 

two surfaces and exposed sufficient carbon fibre filaments. Strips of specifically selected 

widths were then cut using a bench saw with the two cut cross sections of each strip being 

milled to parallel. Individual test specimens of both rectangular and square shapes were finally 

cut off the milled strips. The nominal dimensions of the square specimens were 10x10 mm, 

20x20 mm and 30x30 mm, respectively. The rectangular specimens with the same width of 10 

mm had the respective lengths of 10 mm, 20 mm and 30 mm. The half of all specimens had 

silver paint applied uniformly on their contact faces. The tape-based 16 ply cylindrical 

specimens were extracted with core drills of three different sizes. 

2.2 Measurement method and experimental set-up for volume electrical conductivities 

Since there is no established method for measuring the electrical conductivity of anisotropic 

fibre-reinforced composite laminates, the present method was adapted from a 2-probe 
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method (2PM) in ASTM D4496 [12] recommended for moderately conductive materials. 

Primary considerations for its validity were given to ensure that the composite materials at 

both current and voltage probe contact locations were the same not only in in-plane but also 

in TTT measurements. A composite specimen with a length of L, a width (or diameter) of b (or 

d) and a thickness of t was clamped between two solid electrode boards, as shown in Figure 1. 

When electric current with a selected value flowed in its length direction, the volume electrical 

resistance R was calculated from the measured voltage drops. Then, with the known specimen 

dimensions, the volume electrical conductivity k in S/m was calculated by Ohm’s law as 

      (1) 

in which J denotes the current density over the given area of bt and ΔV is the voltage drop. A 

digital torque screwdriver Norbar 13850 with a range of 0.3 to 1.5 Nm and an accuracy of ±6% 

was used to apply precise clamping pressures. An IR dual laser noncontact thermometer RS820 

with a digital display was used for rapid precise temperature measurements in a range of -50 

to 380°C with an accuracy of ±1%.  

 
 

Figure 1. Two-probe method for measurement of volume electrical conductivity 

3. Results and Discussion 

3.1 Anisotropic electrical conduction path networks 

It is well known that carbon/epoxy laminates are significantly anisotropic electrically, as carbon 

fibre tows in the lamination plane are conductive, whereas epoxy that keeps carbon fibres 

separated in both the in-plane transverse and TTT directions is insulative. Thus, an in-plane 

conduction path network was dominated by the axial electrical conduction of carbon fibre 

tows. The overall in-plane average values from the two in-plane directions shown in Figure 2 

were 11064 S/m for the tape-based laminates.  

For the TTT direction, an electrical conduction path network was commonly attributed to the 

existence of interior randomly distributed fibre-to-fibre contact points. If that were the case, 

the average TTT values would be much greater than the present values of about 37.3 S/m for 
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tape-based laminates shown in Figure 3, as a nominal value of electrical conductivity of 333 

S/m for PAN-based carbon fibres in the diametric direction [13] is about an order of magnitude 

greater. Moreover, the present laminates were well made of commercial prepregs using 

autoclave so that majority of individual fibre filaments were surrounded by epoxy, though 

distances among some of filaments may well be tiny. It can thus be speculated that a TTT 

conduction path could also have short resin tracks among the filaments of both in the same ply 

and at the ply crossing interfaces, in addition to the ‘fibre-to-fibre physical contact’, and that 
those tiny resin tracks may have broken down dielectrically under local raised breakdown 

voltages at the interfaces of the resin tracks. In addition, the voluminous distributions of these 

contact points could be affected by other intrinsic factors such as fibre volume fraction [14], 

lay-up [8], fibre waviness [15] and manufacturing-related consolidation pressures [16].  

  
Figure 2.  In-plane electrical conductivities of tape-based laminates without silver paint 

 

Figure 3. Through-the-thickness electrical conductivities of tape-based laminates  

3.2 Effects of specimen sizes  

Figure 4 shows that a specimen length had a linear relationship with the corresponding 

electrical resistance. This linear trend agreed with prediction of Eq. (1) and confirmed that the 

in-plane electrical conductivities remained independent of specimen length. Figure 5 shows 

that a cross-sectional area had an exponential relationship with the TTT values of electrical 

conductivities, which also agreed with prediction of Eq. (1). This also confirmed that the TTT 

electrical conductivities were independent of the cross-sectional areas of specimens.  
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Figure 4. In-plane resistance variation with specimen length for tape- and fabric-based 

laminates without silver paint 

 
Figure 5. Through-the-thickness resistance variation with cross-sectional area for tape- and 

fabric-based laminates without and with silver paint 

3.3 Effects of clamping force  

Figure 6 shows the variations of the in-plane electrical conductivities with the level of clamping 

torques in a range of 0.5 to 1.3 Nm for the tape-based carbon/epoxy samples without silver 

paint. The established trends appear to be linear and consistent. The tape-based carbon/epoxy 

samples with silver paint exhibited the similar linear trends but with the slightly lesser slopes. 

Although the contact faces of all present samples were carefully controlled to be flat and 

parallel, when using solid electrodes, the values of the electrical conductivities could vary as 

much as 50% in the present torque range. 
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Figure 6. Variations of in-plane electrical conductivity with clamping torque for tape-based 

carbon/epoxy samples without silver paint 

3.4 Effects of conductive silver paint  

Appyling conductive paint (or paste) to the contact faces of composite specimens in electrical 

conductivity measurements has been a common practice. The present data in Figures 3 and 5 

demonstrated that when used with solid electrodes, the paint enhancement on the values of 

the electrical conductivities were significant, especially in the TTT direction. They were 42% for 

the tape-based carbon/epoxy laminates and 67% for the fabric-based laminates. Since the use 

of silver paint on specimen contact faces could not alter the interior conduction path network, 

these significant enhancements thus reflected the lack of achieving the designated current 

densities at the contact faces on the unpainted specimens, rather than the genuine indication 

of the physical properties of the painted specimens. This was again in agreement with 

prediction of Eq. (1) that the value of electrical conductivity was linearly proportional to the 

value of current density. The paint enhancement effets on the in-plane electrical conductivities 

were very modest (less than 20%) due primarily to that the much greater contact with carbon 

fibres existed. All these appear to suggest that the paint enhancing effects on the values of 

electrical conductivities should be viewed either as an artefact or, at the best, as the idealised 

upper limits of the measured values. Therefore, the electrical conductivities values obtained 

from the specimens without conductive paint should be closer to true values of the materials.  

3.5 Effects of electrical current level and raised temperature 

In Figure 7, the variations of raised surface temperatures with the increase in electrical current 

were shown for the in-plane electrical conductivities of the tape-based laminates. Under 

various given levels of clamping torques, a parabolic trend of surface temperatures was 

consistently established from mA to 3 A. There were a couple of attempts of taking the current 

level to 5 A, which led to the destruction of the samples with the temperatures reaching 900C 

and beyond. The temperatures in interior carbon fibres were expected to increase with the 

increased current levels due to Joule heating and thus epoxy separating them was also heated 

rapidly. As epoxy is electrically insulative, its rate of the temperature raises was significantly 

slower than that of carbon fibres, leading to the nonlinear parabolic trend. It was clear from 

Figure 8 that such moderate increase of temperatures led to very little change in electrical 

conductivities. 
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Figure 7. Variations of raised temperature with increase current on in-plane laminate surfaces 

 

Figure 8. Variations of raised temperature with increase current on in-plane laminate surfaces 

4. Conclusions 

The electrical conduction and current-induced thermal behaviour of both tape- and fabric-

based carbon/epoxy laminates were investigated using 2-port method via solid electrodes to 

ascertain the anisotropic nature of conduction path network and the extent of both intrinsic 

and extrinsic factors on the electrical conductivities. The findings suggested that while the in-

plane conduction path network was dictated by continuous carbon fibres, an interior TTT 

conduction path network was formed not only by fibre-to-fibre contact but also by dielectric 

breakdowns of minute resin tracks between filament/fibre tow and filament/fibre tow. It was 

shown that the electrical conductivities were independent of dimensions for both laminates. 

The increase of clamping forces was shown to increase the electrical conductivities linearly. It 

was found that the application of conductive paint enhanced the in-plane electrical 

conductivities only by the modest amount but in the TTT direction the enhancement was 

significant. The increase of current level, albeit increased surface temperatures, did not affect 

the values of electrical conductivities. Since the extrinsic factors such as clamping forces and 

application of conductive paint did not change the conduction path networks, the measured 

volume electrical conductivities were apparent values and therefore the values of electrical 

conductivities obtained without paint ought to be used.  
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Abstract: Intra-ply shear behaviour of uncured composite plies plays a key role to influence the 

component quality in high-volume manufacturing processes for high performance composites. 

This study proposes a simple way to characterise and analyse the intra-ply shear behaviour of a 

carbon fibre/epoxy UD prepreg using picture-frame test with small modifications where the pure 

shear behaviour can be characterised without involving inter-ply friction as observed in cross-

plied UD prepregs. 3D digital image correlation (DIC) are adopted to monitor the out-of-plane 

deformation during the test and identify the valid data range corresponding to pure shear 

deformation. The major advantage of this test is that only load-extension data are required to 

generate correct shear stress-strain relationship and to identify the valid data range if sufficient 

repeats are conducted for each test configuration. Further, a hypo-elastic material model is 

implemented through user subroutines in ABAQUS/Explicit and the simulation model is 

compared against the experimental results. 

Keywords: Prepreg processing; intra-ply shear; picture-frame test; digital image correlation. 

1. Introduction 

The recent advance in rapid cure resin systems makes the high volume manufacturing of 

structural composites possible through prepreg compression moulding (PCM) and double 

diaphragm die-match forming (3DF) processes. In these processes, the stacked prepreg sheets 

will be formed into the desired 3D shapes at high temperature in a preforming or forming stage. 

To correctly predict the material behaviour during the manufacturing process, the most 

important challenge is the proper characterisation of relevant deformation behaviours of 

prepreg laminates. The intra-ply shear is the most predominant deformation modes when 

forming complex structures with double-curvatures. Although this deformation mode for woven 

prepregs has been studied extensively, the intra-ply shear for UD prepregs occurs in form of the 

relative slippage between individual fibres along the fibre direction, which is different to that for 

woven materials. In addition, UD prepregs are far more compliant in the transverse, posing some 

difficulties on the correct characterisation where the pure shear deformation and material 

integrity should be guaranteed.  

Many efforts have been made to tackle the challenges involved in the intra-ply shear 

characterisation for UD prepregs. Groves developed a testing method in which UD prepregs are 

placed between two parallel platens on a rheometer and the shear is induced by the rotation of 

one of the platens in oscillation or steady motion [1]. It is challenging to covert the results for 

modelling due to the fact that shear deformation is not uniformly distributed along the radial 

coordinates. The parallel-shear-plate test developed by Scobbo and Nakajima induces the shear 

deformation via translational motion [2]. Two laminated and consolidated UD prepreg stacks 
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are placed in the gap of three parallel platens. Two platens on both sides are fixed while the 

central platen could oscillate translationally [2] or be pulled out at a constant velocity for steady-

shear characterisation [3]. However, the parallel-shear-plate test suffers the major challenge of 

susceptible inter-ply shear/friction occurring locally at resin rich regions in ply-ply interfaces. 

More recently, Haanappel and Akkerman designed a torsion bar test that involves twisting a 

prismatic specimen made from 80 plies of UD prepregs via the standard torsion fixture on a 

rheometer [4]. Due to the limitation of the rheometer, large strains and high strain rates cannot 

be achieved at the same time in this test. Potter made an initial attempt to address the in-plane 

deformation of UD prepregs via the off-axis tensile test with different fibre angles between 15° 

and 90° [5]. 

The standardised methods for in-plane shear characterisation for biaxial fabrics (i.e. picture-

frame and bias-extension tests) have also been adopted for intra-ply shear tests for UD prepregs 

[6-8]. However, to the best of the author’s knowledge, all existing studies based on these two 
methods only used UD prepregs laminated in the cross-ply lay-up, therefore, the issue of 

ambiguity in intra-ply shear and inter-ply friction is induced again at the cross-over region of the 

specimen for these tests.  

This study proposes the use of standardised picture-frame test for intra-ply shear 

characterisation of UD prepregs due to its simplicity and convenience in terms of both 

experiment and data analysis. A specially designed picture-frame was used for testing UD 

prepregs without involving inter-ply friction that is normally experienced for cross-plied UD 

specimens. DIC analysis was adopted to help identify the out-of-plane deformation during the 

test and extract the correct data for shear deformation. A comparison of shear stress-strain data 

was made among different test conditions to investigate the different factors influencing the 

intra-ply shear response. A simulation model based on hypo-elastic constitutive law was created 

and the results are compared with the experimental observations. 

2. Materials and test setup 

2.1 Material investigated 

The material investigated in this work is PYROFILTM TR366250S unidirectional carbon fibre/epoxy 

thermoset prepreg from Mitsubishi Rayon Co., Ltd. As one of candidates for high volume 

automotive applications, this prepreg is specially designed for compression moulding and has a 

5 minute curing cycle at 140°C and 8 MPa pressure. The preforming or forming process for this 

material is usually conducted at around 80°C. It has a nominal thickness of 0.226 mm. 

2.2 Test setup and specimen preparation 

So far the picture-frame test has only been used for shear characterisation for cross-plied UD 

prepregs which involves possible inter-ply shear at the centre of the specimen. In this study, a 

specially designed picture-frame testing rig (Fig. 1) allows specimens in two fibre directions to 

be placed with a gap in between, hence, the influence of inter-ply shear deformation can be 

eliminated. The test was performed in an environmental chamber on a INSTRON 5985 universal 

testing machine at three different temperatures  and two crosshead speeds. To investigate the 

influence of the specimen size, specimens with different widths and ply numbers are used for 

some of these test conditions.  The full test conditions used in this study are summarised in Table 

1 and five repeats were done for each condition. Specimens with 3 plies were made by 
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consolidation under the vacuum for 90 minutes to minimise the influence of resin rich regions 

at ply-ply interface and the nominal thickness is 0.66 mm. 

   
Figure 1. Picture-frame testing rig designed for UD prepreg intra-ply shear characterisation 

Table 1: Test matrix for investigation on temperature, deformation rate and size effects. 

  Temperature 

  21°C  50°C  80°C  

Crosshead 
speed 

0.25 mm/s 

1 ply – 50 mm  
1 ply – 25 mm 
1 ply – 15 mm 
3 plies – 50 mm 

1 ply – 50 mm 
3 plies – 50 mm 

1 ply – 50 mm 
3 plies – 50 mm 

1 mm/s 1 ply – 50 mm 1 ply – 50 mm 1 ply – 50 mm 

Note: Each entry denotes the specimen configuration tested (i.e. number of plies – width) 

2.3 Specimen behaviour  

As shown in Fig. 1, the deformed specimen can undergo buckling or wrinkling at increased shear 

angles. This is due to the reduction in specimen width during the test (Fig. 2 (a)) causing some 

level of compaction in transverse direction. As the wrinkling may lead to non-uniform strain 

distribution and induce other deformation modes, the onset of wrinkling needs to be defined to 

ensure the data accuracy and minimum interruption from out-of-plane deformation.  

 

Figure 2. Reduction of specimen width in the test 

A DIC system (GOM 12M), synchronised with testing machine via analogue-digital convertor, 

was used to visualise the deformation and identify the range of valid testing data. A matt-finish 

white acrylic paint was sprayed directly on the specimen surface to create a high contrast 
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speckle pattern for DIC. The strain results in DIC post-processing software GOM Aramis v6 is 

expressed in terms of a global coordinate system which is fixed to the DIC system. Due to the 

rigid body rotation of fibres occurring throughout the test, x-axis of the coordinate system 

should be aligned with fibre direction to generate correct strain maps. The transformation of 

coordinate system is performed directly in GOM Aramis for each stage based on the rotation 

angle of testing rig measured using ImageJ image processing software. 

(a) Shear angle [deg] 

   
(b) Out-of-plane deformation [mm] 

   
Figure 3. DIC analysis results at three stages: (a) shear angle and (b) out-of-plane deformation 

for a specimen with 1 ply and 50 mm width tested at 21°C and 0.25 mm/s 

 
(a) 

 
(b) 

Figure 4. (a) DIC out-of-plane deformation history along centre section line and (b) load-

extension curve of a specimen with 1ply and 50mm width tested at 21°C and  0.25 mm/s 

DIC results in Fig. 3 shows a relative uniform shear angle distribution in initial stages of the test 

as indicated by the shear angle histogram in the legend. The uniform shear deformation will no 

longer exist as the specimen deforms further when large out-of-plane deformation occurs. Fig. 

8 (a) shows the history of out-of-plane deformation along the centre line of specimen (Section 

1 in Fig. 3) extracted from the DIC data at different nominal shear angles. As UD prepregs are 
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extremely compliant, it is almost impossible to mount the specimen onto the rig while keeping 

it completely flat, leading to small out-of-plane deformations at the beginning stage (< 1° 

nominal shear angle). At the shear angle of around 3°, there is a sudden change of the 

deformation shape and decrease in specimen width, suggesting the onset of transverse buckling. 

Further evidence can be found from the load-extension curve (Fig. 4 (b)), where the increase of 

load starts slowing down after the initial linear increase. After this stage the representative curve 

may show a further quick increase in load which is mainly caused by the tensile force from 

possible fibre misalignment. In this study the onset of buckling is yet to be determined for each 

test configuration and only the testing data below the nominal shear angle of 3° are considered 

as pure shear with minimum disturbance from other deformation modes. 

2.4 Data reduction  

The shear stress-strain curves can be extracted from the load-extension data following the 

established procedure for picture-frame test as Eq. (1) – (5) below: γ = 90° − 2 ∙ cos−1 (√2𝐿𝑓𝑟𝑎𝑚𝑒+𝑑2∙𝐿𝑓𝑟𝑎𝑚𝑒 )                                                                                                          (1) 𝐹𝑠 = 𝐹2∙cos𝜃                                                                                                                                                   (2) 𝐹𝑛𝑜𝑟𝑚 = 𝐹𝑠 . 𝐿𝑓𝑟𝑎𝑚𝑒𝐿𝑒𝑓𝑓2                                                                                                                                      (3) 𝐿𝑒𝑓𝑓 = √2 ∙ 𝑤0 ∙ 𝐿𝑓𝑟𝑎𝑚𝑒                                                                                                                                (4) 𝜏 = 𝐹𝑛𝑜𝑟𝑚𝑡                                                                                                                                                     (5) 

where 𝐿𝑓𝑟𝑎𝑚𝑒, 𝑤0, γ and 𝜃 are the frame length, specimen initial width, shear angle and frame 

angle, respectively, as indicated in Fig. 2. 𝑑 denotes the crosshead extension, 𝐹  denotes the 

measured force subtracted by the force from dry run without specimen, 𝐹𝑠 denotes the shear 

force, 𝐹𝑛𝑜𝑟𝑚 denotes the normalised shear force, 𝜏 denotes the shear stress and 𝑡 denotes the 

specimen thickness. For UD prepregs, the effective specimen length (𝐿𝑒𝑓𝑓) is calculated based 

on the equivalent shearing area (Eq. (4)) and a uniform shear deformation is assumed. 

3. Results and discussions 

In Fig. 5, result curves are presented in error bands where the coloured area indicates the 

standard deviation calculated from all test repeats performed at the same test condition and 

the dash line in the centre represents the averaged results. As shown in Fig. 5 (a), the normalised 

shear force has relative small variations for specimens with different widths. However, results 

for narrower specimens shows larger scatter in the material response due to the high sensitivity 

to the disturbance from undesired forces, such as forces required to deform the rig and tension 

in fibres caused by misalignment. Higher normalised shear forces for smaller specimens towards 

later stage also suggests the possible large contribution from the fibre tension. From stress-

strain results (Fig. 5 (b) – (d)), it can be found that the turning point of curve for specimens with 

3 plies occurs at a later stage, especially at 21°C, as larger thickness provides more resistance to 

the transverse buckling. Although a late onset of wrinkling for 3 plies cannot be identified from 

results at 80°C, specimens with 3 plies can still provide a more consistent material response due 

to lower sensitivity to unwanted forces. Moreover, a sudden change in the scatter can always 
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be found at the similar strain level of the buckling onset (turning point) as the material behaviour 

gets unstable.  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Size effects study: (a) Normalised shear force-shear angle curves for specimens with 

different widths tested at 0.25 mm/s and 21°C; shear stress-strain curves for specimens with 

different thickness tested at 0.25 mm/s and (b) 21°C, (c) 50°C and (d) 80°C 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Shear stress-strain curves for specimens with 1 ply and 50 mm width tested at (a) 

21°C, (b) 50°C and (c) 80°C 

0 2 4 6 8 10
0.00

0.05

0.10

0.15

0.20

0.25

 1 ply - 50 mm

 1 ply - 25 mm

 1 ply - 15 mm

N
o

rm
a

lis
e

d
 s

h
e
a

r 
fo

rc
e
 (

N
/m

m
)

Shear angle (°)

Variation: specimen width

Tested at 21°C, 0.25mm/s

0.00 0.02 0.04 0.06
0.0

0.1

0.2

0.3

0.4

 1 ply - 50 mm

 3 plies - 50mm

S
h

e
a
r 

s
tr

e
s
s
 (

M
P

a
)

Shear strain

Variation: specimen thickness

Tested at 21°C, 0.25 mm/s

0.00 0.02 0.04 0.06
0.00

0.02

0.04

0.06

0.08

0.10

 1 ply - 50 mm

 3 plies - 50mm

S
h

e
a
r 

s
tr

e
s
s
 (

M
P

a
)

Shear strain

Variation: specimen thickness

Tested at 50°C, 0.25 mm/s

0.00 0.02 0.04 0.06
0.00

0.02

0.04

0.06

0.08

0.10

 1 ply - 50 mm

 3 plies - 50mm

S
h
e
a
r 

s
tr

e
s
s
 (

M
P

a
)

Shear strain

Variation: specimen thickness

Tested at 80°C, 0.25 mm/s

0.00 0.02 0.04 0.06
0.0

0.1

0.2

0.3

0.4

0.5

 0.25 mm/s

 1 mm/s

S
h

e
a
r 

s
tr

e
s
s
 (

M
P

a
)

Shear strain

21°C

0.00 0.02 0.04 0.06
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

 0.25 mm/s

 1 mm/s

S
h
e
a
r 

s
tr

e
s
s
 (

M
P

a
)

Shear strain

50°C

0.00 0.02 0.04 0.06
0.00

0.02

0.04

0.06

0.08

0.10

 0.25 mm/s

 1 mm/s

S
h
e
a
r 

s
tr

e
s
s
 (

M
P

a
)

Shear strain

80°C

278/1211 ©2022 Yuan 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 

Stress-strain results in Fig. 6 shows both temperature- and rate-dependent intra-ply shear 

behaviour of the material. Shear stresses are significantly lower for the test at higher 

temperatures and higher for the test at higher deformation rate. The buckling onset is also found 

to show the temperature and rate dependence. The buckling onset for the test at 21°C occurs 

at around 0.03 and 0.04 shear strain for crosshead speed 0.25 mm/s and 1 mm/s, respectively. 

The buckling onset for high temperature tests all occurs at around 0.02 and just below 0.01 shear 

strain for test speeds of 0.25 mm/s and 1mm/s respectively. Specimens made of more plies 

would be a potential improvement to differentiate the buckling criteria for the test at different 

high temperatures while increasing the range of valid data. 

4. Simulation of UD prepreg in picture-frame test 

In an initial simulation attempt, the hypo-elastic constitutive model developed for describing 

the large deformation behaviour of 2D fibrous materials [9] is implemented through the user 

subroutine VUMAT in ABAQUS/Explicit for the UD prepreg in this study. Only one corotational 

fibre frame was used due to the absence of second fibre direction in UD prepregs. Superimposed 

membrane (M3D4R) and shell elements (S4R) with a seed size of 2 mm sharing the same nodes 

are created to decouple the high in-plane tensile stiffness and weak out-of-plane stiffness in the 

fibre direction. The representative material properties used are E1 = 100 GPa, E2 = 0.1 GPa for 

membrane elements and E1 = 50 MPa, E2 = 5 MPa, G12 = 0 for shell elements. The non-linear in-

plane shear stiffness derived from testing results above is applied to membrane elements only. 

The results of simulation (Fig. 7) shows a uniform shear distribution at the beginning stage of 

test and the out-of-plane deformation is in a similar pattern with that has been observed during 

the experiment (Fig. 3). However, the magnitude of the out-of-plane deformation is significantly 

lower and the buckling occurs at a later stage in simulation results. A further parametric study 

on the factors influencing this behaviour, including transverse out-of-plane rigidity, non-linearity 

of intra-ply shear stiffness, properties in transverse direction, is required to capture the correct 

wrinkling onset in the simulation. 

 

Figure 7. Representative FE results: (a) Shear angle [°] and (b) out-of-plane deformation [mm] 

at nominal shear angle of 0.8°, 2.4°, 5.2°, 8° and 12° 
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5. Conclusions 

The feasibility of using the standard picture-frame test for intra-ply shear characterisation of UD 

prepregs was investigated with a specially designed testing rig. A relatively uniform shear 

deformation can be observed at the beginning stage of the test until large out-of-plane wrinkling 

caused by transverse compaction disrupts the pure shear deformation. DIC analysis was used to 

help identify the onset of transverse buckling and the range of valid testing data. Experimental 

results shows the high dependence of intra-ply shear properties and buckling onset on the 

temperature- and deformation rate. The results from an initial simulation of the test using hypo-

elastic model suggests that a parametric study is required to provide an insight into the  

contributions from additional material properties to the buckling.  

Overall, the simplicity in specimen preparation, experiment and data analysis is the major 

advantage of the test. With sufficient repeats, the buckling onset can be identified as a sudden 

change of scatter in testing results without the need for DIC, hence, only load-extension data 

would be required for the analysis. Specimens with multiple plies of prepregs are recommended 

for tests at higher temperature in order to acquire the valid data over a wider range of strain. 
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Abstract: Interlaminar fracture is one of the most critical failure modes for laminated 

composites. A common method to mitigate this is adding preformed micro-particle filled 

interleaves between the fibre layers. Mode I static fracture tests were carried out on laminates 

containing either glass or polyamide 12 particle reinforced interleaves, to determine the effects 

particle material and interleaf thickness had on the location of crack propagation within the 

laminate. It was found that increasing interleaf thickness delayed interlaminar to intralaminar 

crack migration and promoted cohesive failure through the tough interleaf while delaying fibre 

bridging. Failure of the fibre-matrix interface in the fibre layers either side of the interleaf was 

identified as the primary catalyst for crack migration whilst some limited percolation of fibres 

into the interleaf allowed fibre bridging and cohesive failure to occur simultaneously. These 

findings are pertinent to understanding interlaminar failure and developing new damage 

tolerant interleaf toughened materials. 

Keywords: interleaf; particle toughening; thermoset; composite; model system 

1. Introduction 

The high specific strength and stiffness of carbon fibre reinforced polymer (CFRP) composites 

make them ideal for high performance engineering applications. However, their lack of through 

thickness reinforcement results in matrix dominated out of plane properties leaving laminates 

especially vulnerable to impact damage [1]. This type of damage propagates through the 

thickness of laminates by intraply cracks, which are diverted and become delaminations when 

they meet plys with a transverse fibre orientation [2]. Resistance to delamination is a matrix 

driven property. However composite interlaminar critical strain energy release rates (𝐺𝐼𝐶) are 

often significantly lower than the those of the base resin and increasing the base resin toughness 

does not result in an equivalent increase in composite 𝐺𝐼𝐶  [3]. This been demonstrated to be 

due to crack tip constraint from adjacent plies which prevents the formation of a full crack tip 

process zone prior to fracture [4]. Research into separating fibre layers and reducing this 

constraint using preformed micro-particles to form tough interleaves has led to the 

development of commercially successful material systems [5]. However, the incorporation of 

tough interleaves [6] and choice of interleaf particle material [7] has been shown to affect the 

crack path, causing migration from interlaminar to intralaminar failure. In this work a method of 

manufacturing micro-particle (glass and polyamide 12) toughened interleaves that allows for 

control the interleaf thickness in the cured laminate is described. Static mode I fracture tests 

were performed to determine how interleaf thickness and particle material affect crack path 

migration to the intralayer. Interlaminar vs intralaminar cracks have different energy release 

rates [8] and hence this work aids in understanding the effect of interleaf architecture on the 

damage tolerance of interleaved CFRP laminates. 
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2. Materials and Methods 

2.1. Materials 

A model resin system was created consisting of diglycidyl ether of bisphenol F (DGEBF), 

Triglycidyl p aminophenol (TGPAP) and 4,4'-diaminodiphenylsulfone (4,4’-DDS). A commonly 

used phase separating thermoplastic modifier that forms sub-micron morphology, polyether 

suphone (PES), was also added to the blend. The constituent masses used in the blend to create 

this stoichiometry are detailed in Table 1. This model resin system was used to manufacture 

unidirectional prepreg with AS4A carbon fibres. Interleaf film materials were made using a 

filming machine with the self-same resin described above with the addition of one of two types 

of pre-formed micro particles at 14 wt%; i) polyamide 12 (Orgasol® 2009, diameter: 15±3 µm), 

and ii) silane coupling agent coated silica glass (Microperl® 050 20, diameter 11±6 µm). 

Henceforth, the naming convention will be PA and GL the polyamide and glass particles, 

respectively. 

Table 1: Formulation constituent masses 

Table 2. Laminates and their interleaf film contents 

2.3. Interleaved Laminate Manufacture 

A manufacturing method was developed to produce unidirectional laminates containing particle 

filled interleaves of tailorable thickness at their midplanes. Two six ply sub-laminates were laid 

up with particle-filled interleaf films stacked between them. These laminates were used to make 

fracture specimens, and therefore a PTFE film initial delamination was also inserted, carefully 

butted up to the interleaf in the midplane (Figure 2.1a). Table 2 shows how by controlling the 

areal weight of the individual films and their stacking sequence, the total interleaf areal weight 

and thereby the thickness of the interleaf can be controlled. To mitigate in-cure resin bleeding 

  Constituent masses / g 

Constituent Equivalent weight / g mol-1 Epoxy Epoxy + particle 

DGEBF 165.00 29.79 25.62 

TGPAP 96.00 28.89 24.84 

4,4’-DDS 62.00 21.32 18.34 

PES - 20.00 17.20 

Particle - - 14.00 

Total - 100.00 100.00 

Laminate name Particle type 

Interleaf film areal 

weight / g m-2 

No. of 

films 

Total interleaf areal 

weight / g m-2 

Baseline - - 0 0 

10gsm14wt%PA Polyamide 12 10 gsm 1 10 

30gsm14wt%PA Polyamide 12 30 gsm 1 30 

150gsm14wt%PA Polyamide 12 30 gsm 5 150 

10gsm14wt%GL Glass 10 gsm 1 10 

30gsm14wt%GL Glass 30 gsm 1 30 

150gsm14wt%GL Glass 30 gsm 5 150 
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from the laminates caused by high total interleaf areal weights, cork picture frames lined with 

release film were placed around the laminates as shown in the bagging scheme in Figure 2.1b. 

To reduce the occurrence of fibres from either side of the midplane nesting into one another 

and thereby producing indistinct interleaves, the two plies adjacent to the midplane were 

oriented at ± 5°. The laminates were cured in an autoclave, ramping at 2 °C min-1 up to a 170 °C 

isothermal hold for 4 hours. This temperature was chosen as it is below the PA particle melting 

point and therefore conserves the particle crystallinity and dimensions. 

2.4. DCB Testing 

Figure 2.2 shows the double cantilever beam (DCB) specimen dimensions and mode I testing 

configuration used for fracture testing. The ASTM D5528-13 [9] standard was followed to 

perform three tests per laminate using a Shimadzu AGS-X universal testing machine set up with 

a 1 kN load cell and a crosshead speed of 2 mm min-1. Tests were recorded using an iMetrum 

Video Guage to measure load point displacement and allow crack extension (the distance from 

the load point to the crack tip (𝑎)) to be tracked with the aid of rulers added to the edges of the 

specimens with a thin coat of paint. The modified compliance calibration method was used for 

data reduction as it provided the most conservative 𝐺𝐼 values calculated using Equation 1: 

𝐺𝐼 = 3𝑃2𝐶132𝐴𝑏ℎ  (1) 

where 𝑃 is the load, 𝐶 is the specimen compliance, 𝑏 is the specimen width, h is the specimen 

half thickness, and 𝐴 is a constant calculated from the slope of a least squares plot of 𝐶1/3 vs 𝑎/ℎ. Critical values (𝐺𝐼𝐶) were calculated from the loads at the first point of visual crack 

extension and propagation values were calculated from the loads at each mm of additional 

extension for the first 10 mm of propagation, followed by every 5 mm until the crack had 

propagated 50 mm. 

Figure 2.1. a) Interleaved laminate layup scheme. b) Interleaved laminate bagging scheme. 

Figure 2.2. a) DCB specimen dimensions: PTFE film length (𝑐 = 75 mm), delamination length 

ahead of the load point (𝑎0 = 50 mm), specimen thickness (ℎ ≈ 3.2 mm), specimen width (𝑏 = 

20 mm), and specimen length (𝐿 = 160 mm). b) DCB test configuration. 
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2.5. Analysis of Interleaf Cross-section 

The particle volume fraction (𝑉𝑓) and thickness of the different interleaves were measured from 

optical micrographs of polished 20 mm wide cross-sections cut from the cured laminates using 

a robust and repeatable image processing methodology. This methodology is depicted and 

described in Figure 2.3 using an example 300 µm wide subsection of a micrograph. The average 

height in pixels of the blue segmented region in Figure 2.3c was calculated and converted into 

micrometers to give the interleaf thickness. Particle 𝑉𝑓 was calculated by dividing the total 

number of particle pixels (red, Figure 2.3d) by the total number of interleaf pixels (blue, 

Figure 2.4c). 

3. Results and Discussion 

3.1. Measured Interleaf Thicknesses and Particle Volume Fractions 

Figure 3.1 shows 300 × 200 µm micrograph subsections of the interleaves from each of the 

laminates in Table 3, which details their interleaf film contents and theoretical/experimental 

thicknesses and particle 𝑉𝑓. For the 10 and 30 gsm interleaves, the experimental thicknesses 

exceed those predicted by theory (calculated from the resin density and interleaf areal weight). 

This is a result of the largest particles exceeding the theoretical interleaf thickness and the stiff 

fibres being unable to bend around them. The 150 gsm interleafs are thick enough for the 

particles to densify during consolidation, a process that is accompanied by resin infiltrating the 

fibre layers at the same time as fibres percolating into the interleaf. This percolation of stray 

fibres blurs the boundary between interlayer and intralayer and occurs to a greater degree in 

the interleaves containing GL particles. This is because both particles are added at 14 wt% 

resulting in a lower 𝑉𝑓 of GL particles in the interleaf due to their density being roughly double 

that of the PA particles. 

Figure 2.3.  Image analysis steps for a 300 µm subsection of an interleaf micrograph 

cross-section. a) Original greyscale image. b) Area detected with a region growing algorithm 

(pink) overlaid with a path calculated through the interleaf using Dijkstra’s algorithm [10]. c) 

Final segmented interleaf region (blue) calculated by dividing (b) into 1-pixel wide columns 

and selecting only the pink regions contiguous with the black path. d) Interleaf particles 

thresholded (red) using an adaptive, automatic algorithm developed by Landini et.al. [11]. 
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Table 3. Laminates and their interleaf film contents 

3.2. Propagation Strain Energy Release Rates and Crack Path Migration 

The effect that particle material, particle 𝑉𝑓, and interleaf thickness have on the path the crack 

takes through the laminate is evident from the shapes of the R-curves for GL and PA containing 

laminates in Figures 3.2a and 3.2b, respectively. R-curves (resistance curves) show the how the 

resistance to propagation changes with crack extension and are hence sensitive to the location 

of the crack within the laminate.  

At the start of the tests (extension = 0), the tips of the cracks are at the centre of the interleaves 

and hence the initiation strain energy release rates are referred to as critical strain energy 

release rates (𝐺𝐼𝐶). These values capture the full energy absorbing potential of the particle filled 

resin rich interleaves. For both the PA and GL filled interleaves, interleaf thickness is directly 

correlated to 𝐺𝐼𝐶. Crack tips centred in a thick interleaf are less constrained by the adjacent fibre 

layers, and hence a larger plastic zone can develop prior to fracture. Shear deformation within 

the plastic zone is the key toughening mechanism contributing towards interlaminar toughness, 

with particles maintaining interlaminar separation. The PA particles contribute additional energy 

absorbing mechanisms through their plasticity relative to the surrounding matrix, which enables 

them to bridge and provide traction across the crack faces as they stretch and deform in the 

wake of crack tip. In contrast the GL particles are relatively inert, acting primarily as spacers with 

limited additional contribution to energy absorption. This explains the significantly higher initial 

energy release rates in laminates containing PA particles. 

Figure 3.1. Optical micrographs of interleaf cross-sections. 

Name 

Areal density 

/ g m-2 

Theoretical 

thickness / µm 

Experimental 

thickness / µm 

Theoretical 

particle 𝑉𝑓 

Experimental 

particle 𝑉𝑓 

Baseline N/A - 15 ± 10 0 0 

10gsm-14wt%-GL 10 7 26 ± 11 0.08 0.02 

30gsm-14wt%-GL 30 21 33 ± 16 0.08 0.05 

150gsm-14wt%-GL 150 106 82 ± 31 0.08 0.09 

10gsm-14wt%-PA 10 8 24 ± 10 0.18 0.08 

30gsm-14wt%-PA 30 24 31 ± 15 0.18 0.12 

150gsm-14wt%-PA 150 120 107 ± 44 0.18 0.22 
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Analysing the fracture surface optical micrographs in Figure 3.3, reveals how the interleaf 

characteristics influence the crack path, and using this information in conjunction with the R-

curves reveals the how the location of the crack within the laminate impacts the 𝐺𝐼𝑅. The 

presence of the ±5° plies either side of the interleaf make it clear from the fracture surfaces 

where the crack propagated during the test. The orientation of the fibres in Figure 3.3 indicates 

that for all laminates, the failure process rapidly directs the crack out of the interleaf and into 

the intralayer either above or below the interleaf at different points across the width. This crack 

migration and resulting intralayer propagation results in both individual and bundles of fibres 

building up as ligaments that provide traction across the crack face. Energy is required to either 

pull out or fracture bridging fibres, which contributes to the 𝐺𝐼𝑅. The length of the bridging 

region in the wake of the crack increases with crack extension until it reaches a steady state, 

reflected in the asymptotic R-curves in Figure 3.2. The most significant differences between the 

shapes of the GL and PA R-curves occur in the initial stages of the test where the thicker 30 and 

150 gsm PA interleaved laminates show a clear transitory drop in 𝐺𝐼𝑅. The drop in 𝐺𝐼𝑅 can be 

clearly correlated to the proportion of the crack front propagating cohesively. Cohesive failure 

within the interleaves shows up as dark areas absent from fibre markings close to the initial 

delaminations in Figure 3.3. These regions are much more extensive in the PA interleaves and 

their extent is directly proportional to the thickness of the interleaf.  

The propensity for cracks to migrate to the intralayer demonstrates that failure of the 

fibre-matrix interface is more energetically favourable than cohesive failure within the tough 

interleaf. However, for migration to occur, the elevated stress field at the crack tip must both 

overlap with fibres in the adjacent plies and, at the point of overlap, exceed the interfacial 

strength of the fibre-matrix interface. The thicker the interleaf, the greater the distance between 

the crack tip and the adjacent fibre layer. As crack tip stresses are proportional to 𝑟−2 from the 

crack tip, it is less likely in a thick interleaf for this critical stress overlap to occur prior to cohesive 

interleaf failure. The random nature of local crack growth means that as the crack extends the 

likelihood that this overlap occurs increases and as a result, even the cracks in the 150 gsm 

interleaves end up almost entirely in the intralayer. 

In the GL particle interleaves, there is no drop in 𝐺𝐼𝑅 despite visible regions of cohesive failure 

on the 30 and 150 gsm fracture surfaces. This is because in the GL particle interleaves, fibre 

Figure 3.2.  Mode I resistance curves for a) GL particle reinforced interleaves and b) PA 

particle reinforced interleaves. 
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bridging is prevalent even whilst the crack is failing cohesively. The cross-section of the 

150gsm-14wt%-GL shows that the to the lower 𝑉𝑓 of GL particles allows stray fibres to percolate 

into the interleaf, as described in Section 3.1. This results in crack bridging from the onset of the 

test as evidence from the presence of fibre marks right up to the initial delamination in the SEM 

image in Figure 3.4a. Contrasting this to the complete lack of fibre marks in the cohesive failure 

region of the 150gsm-14wt%-PA laminate in Figure 3.4b tells the story of how particle volume 

fraction can dictate local crack migration and initiate intralaminar failure. 

Figure 3.3.  DCB fracture surfaces with the height of the surface overlaid. The bright regions 

on the left of each micrograph show the location of the initial delamination and the global 

crack propagation direction is indicated by the arrow. 

Figure 3.4.  SEM images of DCB fracture surfaces showing the differences in fibre penetration 

into the interleaf. 
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4. Conclusion 

In this work, static mode I fracture tests were performed in order the study the nature of crack 

propagation within micro-particle interleaved laminates. The results show that creating thicker 

interleaves is critical to maximising the 𝐺𝐼𝐶  of laminates, as less constraint from adjacent fibre 

layers can allow a more fully developed plastic zone to form at the crack tip. Pre-formed interleaf 

micro particles play a crucial spacing role in maintaining that thickness, but their material can 

further maximise 𝐺𝐼𝐶. Of the two materials studied, glass particles provide little in the way of 

additional toughening whereas polyamide 12 particles absorb energy by bridging the crack faces 

plastically and deforming to the point of fracture. 

Interleaf to intralayer crack migration occurred in laminates containing interleaves of all 

thicknesses regardless of interleaf particle material. Increasing the thickness of the interleaves 

served to delay crack migration, which was attributed to the increased distance between the 

crack tip and adjacent fibre layer. As a result, the elevated stress field at the crack tip is less likely 

to exceed the fibre matrix interfacial stress if it overlaps with the fibre layer. Thus, fibre-matrix 

interfacial failure in the vicinity of an interlaminar crack is the likely catalyst for crack migration 

as these regions of failure then draw the crack towards them as intralaminar propagation serves 

as the path of least resistance. 
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Abstract: Process simulation of composites became a powerful tool to predict process-induced 

deformations over the last decades and increases the cost-effectiveness of the development of 

composite parts. In this paper, the thermo-mechanical properties of a CF-PA6 tape were 

characterized by performing DSC and DMA experiments. Modelling parameters were 

determined from experimental data and added to the material database of the commercially 

available process simulation software COMPRO (Convergent). Consequently, the compression 

molding process of CF-PA6 plates and CF-PA6/metal-hybrid laminate plates was simulated using 

finite element analysis. The resulting process induced deformations were compared with 3D 

scans of manufactured plates. The predicted shapes and deformations matched the 

manufactured CF-PA6 plates reasonably well, supporting the functionality of the characterized 

CF-PA6 material data. However, for the hybrid laminates further investigations will be necessary 

to gain a better understanding of the process and the materials, especially the adhesion 

promoter involved, to further improve the accuracy of the PID prediction. 

Keywords: Process simulation; CF-PA6; metal-hybrid laminates; process-induced deformation 

1. Introduction 

Thermoplastic composites gained a lot of attention in many industrial applications over the last 

decades. Industries like automotive and aerospace are main drivers for the development and 

widespread utilization of thermoplastic composite parts. Thermoplastic composites allow for 

short cycle times of typically only a few minutes. When heated above melting temperature, they 

can be formed in the desired shape in a molding tool. During subsequent cooling, the 

thermoplastic matrix solidifies quickly and the mechanical properties are reestablished. This is a 

major benefit compared to thermoset composites, where many undergo time consuming curing 

cycles, lasting up to multiple hours. Process induced deformations occur in thermoplastic and 

thermoset composites during manufacturing, i.e. shrinkage arises during cooling/curing due to 

various mechanisms. Semi-crystalline thermoplastics, e.g. Polyamide 6 (PA6), crystallize partially 

during cooling, which leads to physical shrinkage of the matrix. Additionally, thermal shrinkage 

occurs due to the temperature change. The resulting shrinkage strains contribute to the 

development of residual stresses in a composite part during manufacturing, beside various other 

mechanisms, e.g. tool-part interactions. Residual stresses lead to process-induced deformations 

(PID) in the part and are typically unwanted. Process simulation became a powerful tool to 

predict PID, considering multiphysical phenomena that occur during composite processing  

[1–3]. 

Composite/metal-hybrid laminates, or hybrid structures, are composed of at least two different 

layers consisting of either metals or composites. The development and utilization of hybrid 
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laminates is mainly driven by the aerospace and automotive industry. This material combination 

offers new possibilities for the engineering of structural components. In general, hybrid 

laminates are a good choice for all components that must withstand impacts while being 

lightweight at the same time [4,5]. However, it is still challenging to understand the processing 

of composites and especially of hybrid structures. This study focuses on the characterization of 

the thermo-mechanical behavior of a carbon fiber reinforced polyamide 6 (CF-PA6) tape to 

obtain modelling parameters to further generate a material input file for the commercially 

available process simulation tools COMPRO and RAVEN (Convergent Manufacturing 

Technologies, Canada). Furthermore, the CF-PA6 material file is used in finite element (FE) 

process simulations of composite and metal-hybrid laminate plates to predict arising residual 

stresses during the process and the resulting PID using ABAQUS/CAE and the COMPRO plug-in. 

2. Experiments and Methodology 

The characterized material is the SIGRAPREG®TP C U157-0/NF-T340/46% from SGL Carbon. 

Table 1 provides a brief overview on the tape’s properties, according to the data sheet. All 

evaluations, calculations and modelling approaches which follow were realized with custom 

Python scripts. 

Table 1: Material properties of the CF-PA6 tape. 

Property CF-PA6 

Fiber 

Matrix 

Fiber mass fraction (%) 

Fiber volume fraction (%) 

Melt temperature (°C) 

Glass transition temperature (°C) 

Tape thickness (mm) 

SIGRAFIL®C T50-4.4/255-T140 

PA6 

54 

42 

220 

58 

0.2 

 

2.1 Crystallization Kinetics 

Crystallization shrinkage is a major contributor in the development of residual stresses. Models 

have been developed to predict the crystallization shrinkage by calculating the volume change 

depending on the actual state of crystallinity [2]. The material model that is implemented in 

COMPRO was developed by Gordnian (2017) as part of his doctoral thesis [6]. This model was 

initially developed to describe the crystallization kinetics of CF-PEEK. Due to the similar nature 

of PEEK and PA6 as semi-crystalline thermoplastics, it was assumed that the approach from [6] 

will also work to describe the crystallization behavior of CF-PA6. Differential scanning 

calorimetry (DSC) was used to perform dynamic and isothermal experiments on samples taken 

from the CF-PA6 tape. Samples (n=5) of 5–6 mg were prepared and placed in 40 µL aluminum 

crucibles. All experiments initiated with a heating ramp at 10°C/min to a temperature of 260°C 

followed by an isothermal hold at this temperature for 10 min, to remove any potential thermal 

history from tape manufacturing. Subsequently, in case of the isothermal experiments the 

samples were rapidly (100°C/min) cooled down to the desired isothermal hold temperature 
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below melting temperature (200°C, 202°C, 205°C, 207°C, 209°C, 210°C) and in case of the 

dynamic experiments the samples were cooled down with the desired cooling rate (1°C/min, 

3°C/min, 5°C/min, 7°C/min, 10°C/min, 20°C/min) to room temperature. The experiments were 

performed with a Mettler-Toledo DSC3. 

The recorded heat flow during these experiments was used to calculate the degree of 

crystallinity of the PA6 matrix using the following equation: 𝑋𝑚𝑐(𝑡) = ∆𝐻(𝑡)(1−𝑋𝑚𝑟)𝐻𝑓0 (1) 

where Xmc(t) is the mass fraction crystallinity, ΔH(t) is the crystallization enthalpy, Xmr is the mass 

fraction of the reinforcing carbon fibers and Hf
0 is the heat of fusion for 100 % crystallinity. The 

value of the heat of fusion for PA6 is assumed as 188 J/g [7]. Figure 1 shows the measured heat 

flow, the established baseline for integration, as well as the calculated crystallinity versus time 

for a dynamic and isothermal experiment, respectively. 

 
Figure 1. Heat flow curve (blue) and crystallinity (orange) with the established baseline (black) 

for a dynamic experiment (a) and an isothermal experiment (b). 

The differential form model (rate-type kinetics model) for the description of the crystallization 

kinetics [6] is given in its base form as: 𝑑𝑋𝑑𝑡 = 𝑘(𝑇)𝑓(𝑋) (2) 

where dX/dt is the crystallization rate, k(T) is the temperature dependency of the crystallization 

rate and the dependency of the crystallization rate on the current crystallinity is described by 

f(X). Following the modelling approach in [6], the modelling parameters for the prediction of the 

degree of crystallinity as well as the crystallization onset time (induction time) were derived 

from the experimental crystallization data obtained from DSC experiments and included in 

COMPRO. For a more detailed description of the entire modelling approach, one is referred to 

[6]. 

2.2 Modulus Development 

A ‘cure hardening instantaneously linear elastic’ (CHILE) material model is employed by 

COMPRO in the stress analysis. Hence, the mechanical behavior of the matrix is assumed to 

behave linear elastic at each instance of the process. Experiments with a dynamic mechanical 

thermal analysis (DMTA) with unidirectional (UD) CF-PA6 specimen in a 90° 3-point bending test 
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setup (Figure 2) were conducted. Measurements with the DMTA were conducted with samples 

at room temperature, which were then heated up. Starting from the molten state would not be 

feasible because after the onset of melting and the reduction of crystallinity, no reliable force 

response can be detected. Thus, for the considered temperature range, the degree of 

crystallinity can be assumed to be constant (i.e. maximum value determined with DSC) and thus, 

only the temperature dependent modulus E(T) is measured. The CHILE model for thermoplastic 

matrices included in the COMPRO model library was initially developed for PEEK and is 

presented in detail in [8]. 

 

Figure 2. 90° 3-point bending test for the measurement of the composite’s transversal modulus 

E2. 

The setup parameters for the DMTA measurements (n=5), which were performed with a 

Mettler-Toledo DMA/SDTA861e, are summarized in Table 2. As UD composite samples were 

used for the characterization, the resin modulus was not directly measured. Consequently, the 

transversal elastic modulus E2 of the composite is measured with DMTA over a wide 

temperature range and in the following the isotropic resin modulus Er of the PA6 matrix was 

calculated with the Chamis micromechanical model [9]: 𝐸2 = 𝐸𝑟1−√𝜑𝑓(1− 𝐸𝑟𝐸𝑓,2) (3) 

where ϕf is the fiber volume fraction and Ef,2 is the modulus of the reinforcing fiber in its 

transversal direction. The obtained averaged result for Er over temperature was then used to 

determine the modelling parameters for COMPRO. 

Table 2: DMTA experimental setup. 

Property Value 

Sample dimension (mm3) 

Bending length (mm) 

Displacement amplitude (µm) 

Pre-load force (N) 

Frequency (Hz) 

Temperature range (°C) 

Heat rate (°C/min) 

70 x 10 x 2 

60 

120 

5 

1 

25–210 

2 
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2.3 Simulations 

We simulated the processing of flat CF-PA6 plates and flat CF-PA6/metal-hybrid laminate plates. 

The three-dimensional FE process simulation model, using 2400 quadratic solid elements 

(C3D20), was built in ABAQUS/CAE with the COMPRO plug-in including the CF-PA6 material input 

file. The plates had a length and width of 200 x 100 mm2 and a total thickness of 4 mm. Hybrid 

plates were composed of a 2 mm composite layup, a metal layer and a layer of adhesion 

promoter in between (VESTAMELT® Hylink, Evonik), with neglectable thickness. The investigated 

laminate configurations were as follows: [012, 908] for the CF-PA6 plate and [010]/Aluminum, [02, 

902, 02, 902, 02]/Aluminum, [010]/Steel and [02, 902, 02, 902, 02]/Steel for the hybrid laminates. 

The compression molding tool was represented by two flat plates on the lower and upper side 

of the composite or hybrid plate. The tool segments had a dimension of 200 x 100 x 10 mm3. All 

necessary material parameters for CF-PA6 were included in the material file, i.e. CTE from 

thermomechanical analysis (TMA) data and typical values for heat capacity (1700 J/kg K), heat 

conductivity (0.25 W/m K) and densities (1.23 g/cm3 and 1.09 g/cm3 for the crystalline and 

amorphous phase, respectively). The material properties of the used tooling steel and metal 

layers (aluminum and steel) were also included as non-curing materials in the COMRPO material 

library. 

In the thermal analysis, the entire model (tool segments and laminate) was set to processing 

temperature (260°C) with a predefined field. Cooling was realized in two steps, from 260°C to 

110°C and from 110°C to 80°C via heat conduction. This split was required to implement a 

modification at the interface, i.e. a change in the contact definition, in the following stress 

analysis. The cooling temperature profile, based on thermocouple data measured during the 

compression molding process, was applied as temperature boundary condition to surfaces of 

the tool segment in contact with the laminate. In a third step, the tool segments were removed 

(deactivated) and cooling of the laminate was modelled as convective heat transfer (cooling by 

ambient air) from 80°C to 25°C. The heat convection was realized with a surface film condition 

that was defined on the exterior surfaces of the laminate with an assumed heat transfer 

coefficient of 5 W/m2K for static ambient air. 

In the subsequent stress analysis, the resulting temperature distribution from the previously 

performed heat transfer analysis were used for each corresponding step. A flow compaction 

analysis was skipped because micrographs from processed CF-PA6 specimen showed that the 

resin flow is neglectable and therefore the layer thickness and fiber distribution were assumed 

to be constant. The process pressure of 50 bar was applied on the upper tool segment. The 

bonding, enforced by the adhesion promoter, at the composite/metal interface is thermally 

activated (curable copolyamide bonding agent according to Evonik data sheet). Bonding was 

assumed to occur below melting temperature (approx. 135°C) of the adhesion promoter during 

the cooling process, and this temperature served as starting value for iteratively adjusting the 

simulation. To account for the temperature dependent bonding in the cooling simulation the 

contact interaction properties between the composite and metal layer were modified after the 

first step. In the first step of the stress analysis the contact behavior between the composite and 

metal layer was defined with a frictional penalty behavior and normal hard contact without 

separation. This allowed for some relative movement of the metal and the CF-PA6 laminate. In 

the second step the tangential behavior was changed to rough friction, completely preventing 

tangential sliding. In combination with the normal contact condition this changed contact 
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definition simulates perfect bonding between the composite and metal layer, i.e. a fully cured 

adhesion promoter. In the third step, the tool segments were removed (deactivated) and the 

laminate was able to freely warp. Figure 3 shows an exemplary FE mesh of a process model as 

well as the simulated PID. To simulate CF-PA6 plates only two simulation steps were needed, i.e. 

cooling and tool-removal. 

 

Figure 3. Meshed FE process model (a) and simulated process-induced distortions (b) of a CF-

PA6/metal-hybrid plate. 

The simulation results were then compared to experimentally manufactured plates by 

calculating the out-of-plane deviations of simulation and 3D scans (RS6, Hexagon) of the 

experiments. The geometry comparisons were carried out with Geomagic® Control X™. 

3. Results 

3.1 Crystallization Kinetics and Modulus Development 

The modelled degree of crystallinity during cooling compared with the experiments is shown in 

Figure 4 (a). The comparisons show that the crystallinity growth can be predicted in all 

considered cases. Excellent agreement is shown for cooling rates between 3°C/min–10°C/min 

and still an acceptable agreement for the lower and upper bound of the cooling rate range, i.e. 

1°C/min and 20°C/min, is observed. Thus, the adopted model from [6] is suited for the 

crystallization prediction of CF-PA6. The extracted resin modulus curve obtained from the DMTA 

experiments compared to the predicted PA6 modulus development curve by the CHILE model 

for thermoplastics [8] is shown in Figure 4 (b). Good agreement between the experimental data 

and the model was achieved. 

 
Figure 4. Predicted crystallinity vs. measured crystallinity by DSC at different cooling rates (a) 

and modelled resin modulus vs. extracted resin modulus obtained from DMTA experiments (b). 
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3.2 Simulations 

Figure 5 shows the comparison of predicted PID and 3D surface scans of the experimental plates. 

Generally, in terms of shape prediction, all simulation results were in good agreement with the 

experiments. All plates show the same shape as the corresponding experiment, either a saddle 

shape or a convex shape, depending on the laminate configuration. The deviations of PID 

between simulation and experiment were within an acceptable range of ± 0.3 mm (approx. 

7.0 mm absolute deformation) for the considered CF-PA6 plate, validating the functionality of 

the CF-PA6 material input file. For the hybrid laminates the PID deviations between simulation 

and experiment were within a range of ± 0.25 mm in case of the steel configurations (approx. 

3.0 mm absolute deformation) and within a range of ± 0.75 mm in case of the aluminum 

configurations (approx. 3.5 mm absolute deformation). All simulations overestimated the 

occurring deformations. The chosen bonding temperature (application of full adhesion by 

switching the contact interaction properties) in the simulation of 110°C was iteratively 

determined. Simulations with different adherence temperatures were conducted and 

compared. A bonding temperature of 110°C resulted in acceptable deviation to the experiments. 

However, a more specific clarification (through suited thermo-mechanical experiments) for the 

assumed bonding temperature will be needed. 

 

Figure 5. Top row: simulated out-of-plane deformations for all laminate configurations, middle 

row: corresponding experiments and bottom row: comparison between the simulation results 

and the surface scans of the experiments (PID deviation). 

4. Conclusions 

Crystallization kinetics experiments with DSC as well as modulus development experiments with 

DMTA were executed to determine and model the thermo-mechanical behavior of CF-PA6 and 

included in COMPRO. Good agreement between the experiments and models was achieved. 

Crystallization as well as the development of the orthotropic properties based on the actual 

state of temperature and crystallinity for CF-PA6 can be predicted in simulations. Consequently, 

the crystallization shrinkage can be calculated and considered together with other effects 

(thermal anisotropy, tool-part interactions etc.) in the prediction of residual stresses and PID in 

CF-PA6 composites and hybrid laminates. Comparisons of the predicted PID between the 

simulations and experiments were conducted. The simulation of the CF-PA6 plate was in good 
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agreement with the experiment and predicted the shape of the manufactured part accurately. 

In case of the CF-PA6/metal-hybrid plates a process simulation with separated steps was 

introduced to account for temperature dependent bonding enforced by the thermally activated 

adhesion promoter at the composite/metal interface. The onset (bonding temperature) of full 

adherence between the composite and metal layer during the cooling simulation was identified 

as a crucial factor to influence the magnitude of the predicted PID. However, the onset of 

interface bonding was only based on an assumption derived from an iterative comparison 

procedure. These iterations were carried out within a temperature range where bonding could 

potentially occur during cooling (the temperature range was assumed due to the properties of 

the adhesion promoter and the PA6 matrix). Hence, further investigations of the thermo-

mechanical behavior or more precisely, the bonding activation of the adhesion promoter might 

provide better understanding and further improve the accuracy of the simulation of the CF-

PA6/metal-hybrid laminates. 
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Abstract: The metallic glass presented in this work with alloy composition Ni60Nb20Ta20 (at.-%) 

obtained its amorphous structure through a powder atomization process and was processed into 

an open-porous foam using laser powder bed fusion. Subsequently, the open-porous structure 

was infiltrated with an AlSi12 eutectic aluminum alloy by gas pressure infiltration. For 

manufacturing processes and applications, knowledge of thermal properties of the metallic glass 

foam as well as metal matrix composite is essential. Therefore, characteristics of thermal 

expansion were determined experimentally by dilatometry, specific heat capacity by differential 

scanning calorimetry and thermal conductivity by laser flash analysis. Thermal expansion as well 

as specific heat capacity are measured for the metallic glass foam as well as infiltrated 

composite. Laser flash analysis method was applied to the infiltrated composite only, as this 

method is not suitable for an open-porous structure. Thermal investigations revealed a 

relaxation in the metallic glass, which was investigated in detail. 

Keywords: metallic glass; metal matrix composite; thermal expansion; specific heat capacity; 

thermal conductivity 

1. Introduction 

Compared to crystalline metals, metallic glasses exhibit remarkable properties such as high 

strength, hardness, elastic strain limit due to their amorphous structure [1–3]. Conversely, they 

also exhibit low toughness and high susceptibility to brittle fracture, making them less qualified 

for the use as monolithic structural components [4]. To compensate for brittleness, metallic 

glasses are increasingly used as a reinforcing phase in a hybrid material, such as metal matrix 

composites (MMC) with interpenetrating structures. This requires that the metallic glass has an 

open-porous foam structure so that it can be infiltrated with a metal that has more ductile 

properties [5, 6]. The metallic glass used in this work with alloy composition Ni60Nb20Ta20 (at.-%) 

obtained its amorphous structure through a powder atomization process and was processed 

into an open-porous foam using laser powder bed fusion (LPBF). Subsequently, the open-porous 

structure was infiltrated with an AlSi12 eutectic aluminum alloy by gas pressure infiltration. Due 

to the high crystallization temperature of the metallic glass Ni60Nb20Ta20 alloy (721 °C [7]) and 

the low melting temperature of the AlSi12 alloy (577 °C [8]), it was possible to select a 

corresponding process temperature of 660 °C to maintain the amorphous structure of the 

metallic glass. For manufacturing processes and applications, the knowledge of thermal 

properties of the metallic glass foam as well as the MMC is essential. Therefore, the 

characteristics of thermal expansion were determined experimentally and characterized by 

dilatometer measurements, specific heat capacity by differential scanning calorimetry (DSC) and 
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thermal conductivity by laser flash analysis (LFA). The thermal expansion as well as specific heat 

capacity are measured and investigated on the metallic glass foam as well as on the infiltrated 

composite. The LFA method was applied to the infiltrated composite only, as this method is not 

suitable for an open-porous structure. In addition, the thermal investigations revealed a 

relaxation in the metallic glass, which was also investigated in detail. Metallic glasses are formed 

by supercooling a liquid melt at very high cooling rates (102-108 K/s) [9, 10]. During this process, 

free volume is frozen, and the metallic glass is in a thermodynamic metastable state. Upon 

reheating (below crystallization temperature), a relaxation process begins. Thermally activated 

diffusion closes the free volume and a thermodynamic equilibrium is reached [11–13]. 

2. Material and experimental methods 

2.1 Material 

The metallic glass presented in this work with an alloy composition Ni60Nb20Ta20 

(TaNi39.1Nb20.7 wt.-%) obtained its amorphous structure through a gas atomization process by 

the company Nanoval GmbH & Co.KG (Berlin, Germany). The Nanoval process is crucible-free 

[14] and was carried out in an inert argon atmosphere. Rapid cooling causes the material to 

solidify into an amorphous powder with particle size d50 = 44 µm. The powder was further 

processed into an open-porous foam with a measured reinforcement volume fraction of 37.7 % 

using LPBF. This Process was conducted by the research group “Production and Component 

Behavior” at the Institute for Applied Materials – Materials Science and Engineering, Karlsruhe 

Institute of Technology. Subsequently, the open-porous structure was infiltrated with an AlSi12 

eutectic aluminum alloy by gas pressure infiltration. Due to the high crystallization temperature 

of the metallic glass Ni60Nb20Ta20 alloy (721 °C [7]) and the low melting temperature of the AlSi12 

alloy (577 °C [8]), a corresponding process temperature of 660 °C was selected to maintain the 

amorphous structure of the metallic glass. This results in an interpenetrating MMC with metallic 

glass as reinforcement phase.  

2.2 Experimental methods 

Investigations on thermal expansion of the Ni60Nb20Ta20 open-porous foam, the infiltrated MMC 

as well as the AlSi12 for comparison were carried out in a dilatometer type DIL 402 Expedis from 

Netzsch (Selb, Germany). The examined samples were cuboid-shaped with dimensions of 

5 x 5 x 10 mm³ and plane-parallel surfaces. Due to the different structure of the Ni60Nb20Ta20 

open-porous foam along and across the building direction caused by the LPBF process, the 

material is investigated in both directions regarding thermal expansion. Figure 1 shows on the  

  

Figure 1. Samples for dilatometer measurements parallel (0°) and perpendicular (90°) to 

building direction. (a) Samples of Ni60Nb20Ta20 open-porous foam. (b) Samples of infiltrated 

MMC with AlSi12. 
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left side the Ni60Nb20Ta20 open-porous foam and on the right side the MMC infiltrated with 

AlSi12.Measurements parallel to building direction are identified with 0° and perpendicular to 

building direction with 90°. Three thermal cycles of 20 °C to 500 °C with a constant heating and 

cooling rate of 5.5 K/min were carried out for each sample. The upper temperature limit was 

chosen to remain below crystallization temperature of the metallic glass and melting 

temperature of the AlSi12 (577 °C [8]). The contact force was set to 0.2 mN. To avoid oxidation 

all measurements were performed in an inert argon atmosphere. Therefore, the dilatometer 

was evacuated to a vacuum of 10-4 mbar and purged three times with argon to minimize the 

residual oxygen content. A reference measurement was performed with a Al2O3 sample to 

eliminate any effects of the testing device. All measurements were carried out and evaluated 

according to DIN 51045-1. The coefficients of thermal expansion (CTE) were evaluated in a range 

of 60 °C to 480 °C. 

The specific heat capacity was determined by means of dynamic differential calorimetry in a DSC 

214 Polyma from Netzsch (Selb, Germany) according to DIN 51007. For comparison and 

validation of the results, an Al2O3 sample was again used as reference. Accordingly, a sample 

size of approximately 1 x 2 x 3 mm³ of the Ni60Nb20Ta20 foam and the MMC was chosen. The 

temperature program for the heat capacity measurements is composed of an isothermal start 

phase at 0 °C, a dynamic phase with constant heating rate of 20 K/min up to 200 °C and a final 

isothermal end phase at 200 °C. Since relaxation in metallic glasses has an influence on the 

specific heat capacity, the relaxation temperature Tr was first determined. For this purpose, four 

DSC measurements from ambient temperature to 500 °C (20 K/min) were carried out on one 

sample. All measurements were performed in an inert argon atmosphere. 

Thermal conductivity was determined using laser flash analysis. The measurements were carried 

out with a LFA 1000 of the company Linseis (Selb, Germany) according to ASTM E 1461. In this 

method, the thermal diffusivity (𝑎) of the material is measured, and the thermal conductivity (𝜆) 

is calculated with the density (𝜌) and specific heat capacity (𝑐𝑝 ) using equation 1.  𝜆 = 𝑎𝜌𝑐𝑝                    (1) 

The specimens must have plane-parallel top and bottom surfaces and a defined thickness. This 

resulted in a specimen size of 10 x 10 x 1.6 mm³ as shown in Figure 2.  

 

Figure 2. Samples for LFA. Left: Sample of AlSi12. Right: Sample of the infiltrated MMC. 

Furthermore, the measurements require a continuous sample body, which is why the 

Ni60Nb20Ta20 open-porous foam could not be investigated with this method. Therefore, the 

measurement was additionally performed on an AlSi12 sample for comparison.  
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3. Results 

3.1 Thermal expansion  

Figure 3 shows the temperature-dependent evolution of the thermal strain during the three 

thermal cycles of the Ni60Nb20Ta20 open-porous foam (Fig.3 (a)), the infiltrated MMC 

Ni60Nb20Ta20-AlSi12 (Fig.3 (b)), and for comparison of the AlSi12 matrix itself (Fig. 3 (c)).  

 

Figure 3. Results of dilatometer measurements. (a) Thermal strain of Ni60Nb20Ta20 open-porous 

foam in 0° and 90° direction. (b) Thermal strain of infiltrated MMC Ni60Nb20Ta20-AlSi12 in 0° and 

90° direction. (c) Thermal strain of AlSi12. (d) Differential CTE results for all samples.  

The first heating cycle of all samples exhibit a distinct increase starting at 200 °C, whereas the 

following second and third cycle are on the same track. The Ni60Nb20Ta20 open-porous foam 

exhibits with 0.43 % in 0°- and 0.45 % in 90°-direction nearly the same expansion in both 

directions. However, the sample in 90°-direction shows some remaining negative thermal strain 

after the cycles, as do the sample of AlSi12. AlSi12 exhibits a max. thermal strain of 1.11 %. The 
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infiltrated MMC combines metallic glass Ni60Nb20Ta20 and AlSi12 and results in a max. thermal 

strain of 0.66 % in 0°-direction and 1.0 % in 90°-direction. Additionally, the samples in 90°-

direction exhibit a positive remaining negative thermal strain after the second and third heating 

cycle. The increase in the first cycle can be attributed to relaxation in the metallic glass [11] and 

to an internal stress generated in MMCs during solidification at manufacturing process [15]. In 

order to exclude these influences, only the average value from the second and third heating 

process is considered in the analysis of CTEs shown in Figure 3 (d). The determined CTE of the 

metallic glass Ni60Nb20Ta20-0° is constant value of (9.24 ± 0.10) x 10-6 K-1 with increasing 

temperature. The CTE of Ni60Nb20Ta20-90° remains nearly the same at (11.17 ± 0.26) x 10-6 K-1 with 

a small increase starting at 250 °C. In contrast, the CTEs of the MMC as well as the matrix material 

AlSi12 are not linear with increasing temperature. The CTE of the Ni60Nb20Ta20-AlSi12 in 0°-

direction decreases with increasing temperature from (14.65 ± 0.19) x 10-6 K-1 at 60 °C to 

(11.21 ± 0.96) x 10-6 K-1 at 480 °C. Whereas, the CTE of the Ni60Nb20Ta20-AlSi12-90° is 

(15.88 ± 0.32) x 10-6 K-1 at 60 °C and increases to a maximum of approx. 21 x 10-6 K-1 at 300 °C. 

Subsequently, the value decreases again to (20.12 ± 0.94) x 10-6 K-1 at 480 °C. Similar behavior is 

observed for the AlSi12-matrix. The CTE starts with (21.35 ± 0.25) x 10-6 K-1, increases to a 

maximum of approx. 25 x 10-6 K-1 between 300 - 400 °C and decreases to (24.72 ± 2.88) x 10-6 K-1. 

3.2 Specific heat capacity and relaxation 

In order to obtain a specific heat capacity independent of the thermal history of the material, an 

upper temperature limit was first determined experimentally using DSC measurements 

(Fig. 4 (b)). The DSC signals of the first heating cycle differs from the three following ones. 

 

Figure 4. Results of DSC measurements. (a) Specific heat capacity of Ni60Nb20Ta20 open-porous 

foam MMC Ni60Nb20Ta20-AlSi12. (b) DSC signal of Ni60Nb20Ta20 open-porous foam. 

The relaxation temperature Tr therefore corresponds to the temperature at which the DSC 

signals start to diverge at approximately 200 °C. Consequently, this value was chosen as upper 

temperature limit for the determination of the specific heat capacity of the metallic glass 

Ni60Nb20Ta20 and the MMC Ni60Nb20Ta20-AlSi12 (Fig. 4 (a)). Both cp values increase with increasing 

temperature. Ni60Nb20Ta20 starts at 0.39 ± 0.01 kJ/kgK at ambient temperature (20 °C) and 
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increases until 0.42 ± 0.01 kJ/kgK at 200 °C. Whereas, the MMC Ni60Nb20Ta20-AlSi12 starts with a 

much higher value at 0.44 ± 0.01 kJ/kgK at 20 °C and increases until 0.47 ± 0.01 kJ/kgK at 200 °C. 

3.3 Thermal conductivity 

For the evaluation of the AlSi12 sample a density of 2640 kg/m³ and a heat capacity of 

0.90 kJ/kgK was used according to literature [16], with a measured thermal diffusivity of 

(0.65 ± 0.02) x 10-4 m²/s resulting in a thermal conductivity of 154.43 ± 4.21 W/mK. The thermal 

conductivity of the infiltrated MMC Ni60Nb20Ta20-AlSi12 is 59.44 ± 1.01 W/mK and was calculated 

with a measured density of 5690 kg/m³, the result of the investigated heat capacity of 

0.44 kJ/kgK at ambient temperature and a measured thermal diffusivity of (0.24 ± 0.01) x 10-

4 m²/s. All results are summarized in Table 1.  

Table 1. Results of thermal conductivity measured by LFA. 

Material ρ (kg/m³) cp,20°C (kJ/kgK) a (x 10-4 m²/s) λ (W/mK) 

AlSi12 2640 [8] 0.90 [16] 0.65 ± 0.02  154.43 ± 4.21 

Ni60Nb20Ta20 10790 0.39 ± 0.01 -  - 

Ni60Nb20Ta20-AlSi12 5690 0.44 ± 0.01 0.24 ± 0.01 59.44 ± 1.01 

 

4. Discussion 

The results show that the thermal expansion of the two components of the MMC differ strongly. 

Whereas the AlSi12 has a high max. thermal strain of 1.11 % and CTE of 21 to 25 x 10-6 K-1, which 

corresponds with literature [17, 18], the metallic glass Ni60Nb20Ta20 exhibits a significantly lower 

max. thermal strain of 0.43 % and 0.45 % and CTE of 9 to 11 x 10-6 K-1. There is no data published 

for the metallic glass Ni60Nb20Ta20
 yet, but an estimation according to [19] leads to an approx. 

CTE of 8.97 x 10-6 K-1 by using the glass transition temperature Tg = 936 K  of the same composition 

in [20], which confirms the results. The metallic glass shows an increase in thermal expansion 

during the first heating cycle starting at 200 °C, due to thermal relaxation as confirmed by the 

DSC measurements. In addition, a slight anisotropy between the sample parallel (0°) and 

perpendicular (90°) to building direction is apparent. AlSi12 also shows an increase during the 

first heating cycle, starting at 300 °C, which suggests that internal residual stresses already exist 

in the material. MMC with components whose CTE differ greatly exhibit thermal residual 

stresses after manufacturing. These are generally expected to be compressive stresses in the 

reinforcement phase and tensile stresses in the matrix when the CTE of the matrix material is 

higher than the CTE of the reinforcement phase [15, 21]. All these effects combined lead to the 

resulting thermal expansion of the MMC Ni60Nb20Ta20-AlSi12. Due to the structure of the 

Ni60Nb20Ta20 open-porous foam, the samples exhibit anisotropy in 0°- and 90°-direction. This is 

further enhanced by the different component proportions in the respective directions. The 

properties of the metallic glass dominate in 0°- and of the AlSi12 in 90°-direction. Therefore, the 

MMC in 90°-direction has a significantly higher thermal expansion of 1.0 % than the MMC in 0°-

direction with 0.66 %. The anisotropy in the CTE is equally evident. The AlSi12 dominated MMC 

(90°) behaves similarly to the CTE of AlSi12 and increases from 15 to 21 x 10-6 K-1, with increasing 

temperature. Whereas the metallic glass dominated MMC (0°) decreases linearly from 

14 to 11 x 10-6 K-1, and thus a linear behavior more typical for metallic glasses [19]. All thermal 
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expansion results are consistent with results of a MMC with Ni60Nb20Ta20 as particle 

reinforcement phase in literature [18]. 

The resulted specific heat capacity show that AlSI12 with 0.90 kJ/kgK (20 °C) combined with 

Ni60Nb20Ta20 with 0.39 kJ/kgK (20 °C) increases the cp of the MMC to 0.44 kJ/kgK. The cp of the 

metallic glass has not yet been determined, which is why there are no comparative values. 

However, if the value is compared with the cp of the individual components (cp,Ni = 0.45 kJ/kgK, 

cp,Nb = 0.26 kJ/kgK, cp,Ta = 0.14 kJ/kgK [16]), it can be seen that the values correspond well and lead 

to the conclusion that the results of the MMC also appear realistic. 

Same applies to the heat capacity of the MMC, no comparable literature values are yet available. 

However, the result of the AlSi12 shows that the method provides realistic results, since 

154 W/mK corresponds to literature [8, 16]. Considering that nickel (67 W/mK), niobium 

(54 W/mK) and tantalum (54 W/mK) [16] have a significantly lower thermal conductivity than 

AlSi12, it can be concluded that the results of the MMC with 59 W/mK appear realistic. 

5. Conclusion 

A metallic glassy Ni60Nb20Ta20 open-porous foam and infiltrated MMC were successfully 

investigated in terms of thermal expansion, specific heat capacity and thermal conductivity. 

Thermal expansion was investigated parallel (0°) and perpendicular (90°) to building direction 

and a pronounced anisotropy was determined. Samples in 90°-direction exhibit a significantly 

higher thermal expansion with increasing temperature than samples in 0°-direction. The 

determined heat capacity and thermal conductivity also provide new values for the metallic 

glass Ni60Nb20Ta20 as well as the MMC. 
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Abstract: Mechanical properties of continuous fiber reinforced composites are affected by the 

microstructure within carbon fiber (CF) tows. Herein, the effect of fiber distribution and fiber 

interlacing within CF tows on the tensile strength of CF tow/epoxy composites was studied. Three 

types of T700 grade CF tows with different microstructure and sizing treatment were prepared. 

Fiber distribution was evaluated by scanning electron microscope (SEM). Fiber volume fraction 

and minimum distance between CFs were calculated using numerical simulations. Quantitative 

evaluation of fiber interlacing was proposed, and it was applied to the three CF tows. Tensile 

strength of CF tow and CF tow/epoxy composites were measured, and compared with interfacial 

shear strength. Finally, two fiber interlacing models were proposed: core-shell structure model 

and uniform distribution model. Uniform distribution model with high fraction of 0° aligned CFs 

was advantageous to enhance the tensile strength of CF tow and the composites. 

Keywords: Carbon fiber reinforced polymers; Microstructure; Fiber distribution; Fiber 

interlacing; Tensile strength  

1. Introduction 

Fiber distribution and fiber interlacing, which is related to the relative distance and angle 

between CFs, become non-uniform during the CF tow manufacturing process. It is clear that 

material properties of CF tows with arbitrary microstructure have different values from those 

predicted theoretically.  

Previous studies have focused on fiber distribution in the cross-section of composite materials 

and its effect on material properties at microscale using scanning electron microscopy (SEM) 

and micro-computed tomography [1]. Further, attempts have been made to reflect the 

orientation of reinforcements in the case of short fiber or particle reinforced plastics [2]. To the 

best of our knowledge, there has been no study challenging the quantitative evaluation of fiber 

interlacing to find the correlation with the mechanical properties of carbon fiber reinforced 

polymers (CFRPs). 

In this paper, we investigate the effect of microstructure of CF tows on the tensile strength of 

the CF tow/epoxy composites. Three types of T700 grade CF tows with different microstructures 

were compared each other. Tensile strength of CF and interfacial shear strength were measured. 

Fiber volume fraction and the nearest distance between the CFs were evaluated by using SEM 

images. New method to quantitatively measure the degree of fiber interlacing was proposed, 

and applied to three CF tows. Tensile strength of CF tow and CF tow/epoxy composites were 

measured according to the ASTM standard. Comparing the experimental results, we proposed 

the core-shell structure model and uniform distribution model to characterize the 

microstructures within CF tows.  
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2. Experiments 

2.1 Materials 

Three kinds of 12K tows consisted of T700 grade CFs with different sizing agents were prepared. 

The CF tows have same fiber diameter of 7 μm, elongation at breakage of 2.1 %, and sizing level 

of 1 %. However, they have differences in tensile strength of CF and the interfacial shear strength 

(IFSS) as shown in Table 1, which were measured by ASTM D3379-75 and micro-droplet test, 

respectively [3,4]. 

Epoxy resin (YD114, Kukdo Chemicals, Republic of Korea) and curing agent (Jeffamine D230, 

Huntsman, USA) were mixed in a volume ratio of 3:1 and used as a matrix of the CF tow/epoxy 

composites. 

Table 1: Sample designations and mechanical properties with respect to the sizing agents 

Sizing agents A B C 

Sample designation A_CF B_CF C_CF 

Tensile strength of CF (MPa) 4673 5165 5083 

IFSS (MPa)* 26 10.4 22.9 

* : IFSS between each CF and YD114/Jeffamine D230 mixture 

2.2 Evaluation of fiber distribution parameters 

CF tow/epoxy composites were made by impregnating the three kinds of CF tows with an epoxy 

resin/curing agent mixture and curing at 80°C for 2 hrs. Cross-section of fabricated specimen 

was polished and immersed in aqueous sulfuric acid solution to expose CFs by dissolving the 

matrix. Fiber distribution was evaluated by observing the pre-treated cross-section of the CF 

tow/epoxy composites using scanning electron microscope (SEM; AIS1800C, Seron Technologies 

Inc, Republic of Korea). Using in-house MALAB code, fiber volume fraction and minimum 

distance between CFs were calculated from SEM images and compared each other [1,5]. 

2.3 Evaluation of the degree of fiber interlacing 

Figure 1 shows the experimental setup to generate the fragmented fiber debris by passing the 

CF tows through a roll mill with thinner gap than the thickness of CF tows. We assumed that the 

fiber interlaced points are most vulnerable to stress concentration when subjected to shear 

force, so all the debris was generated by cutting the fiber interlaced regions. Test was conducted 

with respect to the observation length from 16 m to 128 m, and mass of CF tow specimen was 

measured before and after the test to get the mass of fiber debris. Breakage/tow weight ratio, 

which is the mass of broken fibers per initial mass of CF tow, was calculated for quantitative 

evaluation of the degree of fiber interlacing.  

2.4 Tensile test of CF tow and CF tow/epoxy composites 

Tensile test of CF tow and CF tow/epoxy composites was conducted in accordance with ASTM 

D4018-99 [6]. For CF tow/epoxy composite specimen, impregnated and consolidated CF tows 

with an epoxy resin/curing agent mixture content of about 35 % were prepared. End tab of CF 

tow and CF tow/epoxy composite specimens were fabricated using 2-mm-thick glass fiber 
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reinforced plastic and leaflet paper, respectively, and film type epoxy adhesive was used for 

attachment. Specimens with gauge length from 50 mm to 150 mm were tested at a loading 

speed of 10 mm/min. Maximum load for failure was measured using universal testing machine 

(INSTRON 4469, Instron Corp, USA), and converted into tensile strength. 

 

Figure 1. Experimental setup to evaluate the degree of fiber interlacing within CF tow 

3. Results and discussion 

 

Figure 2. Fiber distribution parameters: (a) fiber volume fraction, (b) minimum distance 

between CFs 

Figure 2 represents the two parameters of fiber distribution within CF tows. Three CF tows had 

almost the same fiber volume fraction and the distance between nearest CFs when the deviation 

is considered. Therefore, CF tows can be assumed to have no difference on fiber distribution. 

Figure 3 shows the breakage/tow weight ratio of CF tows with respect to the observation length. 

The breakage/tow weight ratio tended to converge as the observation length increased in all 

three kinds of CF tow. This is because fiber interlacing in the spinning process is not only caused 

by artificial factors, but also occurs unintentionally, so that it becomes probabilistically stable as 

the observation length increases. Comparing the three CF tows based on the observation length 

of 128 m, breakage occurred the most frequently in A_CF, followed by B_CF and C_CF. Therefore, 

the degree of fiber interlacing of A_CF is the largest among the three CF tows, which means the 

highest frequency of fiber contact. 
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Figure 3. Degree of breakage generation with respect to CF tow observation length 

Figure 4 represents the tensile strength of CF tows with respect to gauge length. Tensile strength 

of CF tow was higher in the order of B_CF, C_CF, and A_CF. Because three CF tows are composed 

of CFs with different tensile strength, compensation was done by calculate and compare the 

tensile strength ratio of CF tow and CF as shown in Table 2. A_CF has the highest tensile strength 

ratio and decreases in the order of B_CF and C_CF. It can be predicted that the fraction of 0° 

aligned CFs in A_CF will be higher than that of B_CF and C_CF, so well-aligned microstructure is 

effective to maintain the tensile strength during up-scale from CF to CF tow. 

 

Figure 4. Tensile strength of CF tows with respect to gauge length 

Table 2: Maintenance of tensile strength of CF tows compared to CFs 

Gauge length (mm) 
CF tow tensile strength / single CF tensile strength (%) 

A_CF B_CF C_CF 

50 56.26 54.48 52.88 

100 53.61 53.86 50.01 

150 53.26 52.18 46.65 
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Figure 5. Tensile strength of CF tow/epoxy composites with respect to gauge length 

Figure 5 shows the tensile strength of CF tow/epoxy composites. Tensile strength of A_CF was 

the highest for all gauge length and decreased in the order of B_CF and C_CF. It should be noted 

that the tensile strength of CF tow/epoxy composites has the same tendency with the tensile 

strength ratio of CF tow and CF. Moreover, A_CF with the highest IFSS showed definitely high 

tensile strength of CF tow/epoxy composites despite the absolute low tensile strength of CF and 

CF tow. 

 

Figure 6. Fiber interlacing models within CF tows 

Based on the experimental results, two types of fiber interlacing model were proposed as shown 

in Figure 6. Core-shell structure model is for fiber interlacing morphology of B_CF and C_CF. On 

the other hand, microstructure of A_CF was modeled as uniform distribution model. The 

uniform distribution model was more advantageous than the core-shell model in enhancing the 

tensile properties of the CF tow due to a higher degree of CF alignment and more uniformly 

interlaced geometry. The uniform distribution model was also favorable in increasing the tensile 
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strength of CF tow/epoxy composites. Since the stress generated at the fiber/matrix interface 

by tensile loading decreases as the degree of fiber alignment increases, uniform distribution 

model delays the CF/matrix interface failure up to higher tensile load than core-shell model, 

resulting in better tensile strength. In conclusion, fiber interlacing has a dominant effect on the 

tensile strength of CFRPs, and the uniform distribution model is advantageous on tensile loading 

by lowering the stress on fiber/matrix interface. 

4. Conclusion 

In this study, effect of fiber interlacing on the tensile strength of CF tow and CF tow/epoxy 

composites was investigated. Based on the newly proposed method to evaluate the fiber 

interlacing, two fiber interlacing models were suggested for each kinds of CF tows. According to 

the experimental results, following conclusions were derived: 

(1) Three kinds of CF tows were assumed to have the same fiber distribution. 

(2) Degree of fiber interlacing within CF tow was evaluated by applying shear force on CF tow 

and measuring the mass of fiber debris. 

(3) Tensile strength of CF tow and CF tow/epoxy composites were measured. Tensile strength 

ratio of CF tow and CF was calculated to predict the fraction of well-aligned fibers. 

(4) Two fiber interlacing models were proposed: core-shell structure model and uniform 

distribution model. Uniform distribution model was efficient to enhance the tensile strength of 

both the CF tow and CF tow/epoxy composites. 
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Abstract: SiC/SiC ceramic matrix composites are promising cladding candidates to improve the 

accident tolerance of the fuel in pressurized water reactors. Indeed, their excellent mechanical 

properties at high temperatures (above 1200°C) would give them additional margins to face a 

loss of coolant. In this work, the mechanical behavior of a filament wound tube under cyclic 

tensile stress is performed in order to investigate the impact of two types of manufacturing  

defects on the mechanical behavior. The defects studied correspond to local modifications of the 

composite microstructure. For both classes of defects, the same methodology is used, consisting 

in performing mechanical cyclic tensile tests in the tube axis direction with post-analysis to assess 

fine parameters. The results allow characterizing the elastic behavior, as well as, the behavior 

during matrix microcracking through the consideration of unload-reload cycles. Microstructiral 

analyses are performed to establish the mechanical properties/microstructures relationship. 

Keywords: mechanical behavior; manufacturing defects; SiC/SiC; tubes 

1. Introduction 

Ceramic matrix composites (CMC) are attractive materials for high-temperature applications, 

due to their stability up to 1600°C [1]. Therefore, they are studied with a view to application in 

many high value-added fields. For example, these materials, and more specially the SiC/SiC 

composites are prime candidates for fuel cladding in pressurized water reactors, because of their 

high temperature resistance and their stability under irradiation when materials are pure and 

well-crystallized [2]. Using SiC/SiC composites could increase reactor safety, especially for E-ATF 

(Enhanced Accident Tolerant Fuels) applications, aiming to improve fuel cladding properties in 

the event of a loss-of-coolant accident (LOCA) [3]. In fact, unlike zirconium-based fuel cladding, 

SiC/SiC composites can maintain their geometry and integrity in extreme situations (beyond 

1200°C in oxidizing steam environment). They show a strongly reduced oxidation compared to 

zirconium-based fuel cladding under such accident conditions.  

The mechanical behavior of SiC/SiC CMC has been studied widely in the literature either 

experimentally or by modeling. Unidirectional composite have been investigated with the shear 

lag model [4, 5] and 2D plate architectures have already been characterized [6]. Attention will 

then be focused on tubular architecture in this work. Less data are found in the literature in this 

field because few applications use this geometry, outside nuclear and some aeronautical ones 

[7].  

In this paper, two batches of tubular test specimens representative with dimensions of fuel 

cladding tubes were studied [8]. Each batch presented a local modification of the morphology, 
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the first one consisting in variation of core chemical composition while the second one in surface 

defects. The objective of this paper is to describe the damage phenomena of various SiC/SiC 

tubes with various microstructure characteristics by relying on a damage models for 

unidirectional composites. In a first part, the material is described, as well as the experimental 

protocol of the tensile tests. In a second part, the analysis of the mechanical behavior is carried 

out.  

2. Description of material and tensile tests 

2.1 Manufacturing process of SiC/SiC tubes 

The tubes were made of three components: silicon carbide (SiC) fibers, SiC matrix and 

pyrocarbon (PyC) fiber/matrix interphase. The fibrous preform was made of 3rd generation Hi-

Nicalon type S fibers. Two reinforcement layers were produced by filament winding with an 

angle of +/-45° along the tube axis, using cylindrical tooling to ensure tubular geometry and good 

surface finish. The PyC and SiC were deposited by Chemical Vapor Infiltration (CVI). In a first 

step, pyrocarbon interphase with a thickness between 50 and 100 nm was deposited on fibers, 

in order to optimize fiber/matrix coupling and to promote deflection of the matrix cracks. Then, 

a first layer of matrix was deposited to consolidate the structure and allow the mandrel removal 

by chemical attack [9]. Two successive infiltration cycles finalized the tubes densification. Finally, 

external and internal finishing surface treatment steps were possible. In this study, only the 

influence on grinding will be conducted for this step. The dimensions of the tubes were given in 

Table 1 and 2; the average cross section area of tubes was 17mm². 

2.2 Manufacturing defects 

The two types of local morphology changes investigated are referred to as defects in the 

following. The first defect type refers to a change in core composition, while the second results 

from grinding step. The tubes were assumed to be composed of two parts: the plies, consisting 

of matrix, fibers and porosity and the outer surfaces of the tube, called seal coat, composed of 

matrix only.  

Table 1 details the composition of the two grades of tubes of batch 1. Within the plies, porosity 

was lower in grade 1-B than in grade 1-A. Indeed, in grade 1-B, the matrix within the plies, 

deposited during the first CVI step, was not pure and contained silicon, unlike grade 1-A which 

contained only SiC. This can been explained by the conditions during the CVI cycles that differed 

from the nominal conditions. 

Batch 2 was dedicated to the investigation of the influence of surface defects. For this purpose, 

different amounts of seal coat were removed by grinding from the inner and the outer surfaces. 

2-RR grade denotes reference as-manufactured tubes. The following grades (2-OI, 2-O+I and 2-

O+I+) refer to all outer and inner grinded tubes, respectively noted O and I. Thickness of 

remaining seal coat and tube dimensions for the different grades are given in Table 2.. The seal 

coat had been completely removed during the grinding operation for those tubes labelled with 

a "+". On those surfaces, plies are directly uncovered and some fibers have been damaged by 

the grinding operation. On the other tubes, the seal coat was still present on the surface of fiber 

preform and it was expected to smooth the external surfaces. 

 

313/1211 ©2022 Morel 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 

Table 1: Characteristics of the microstructures of the two grades of the batch 1. 

Batch 1 1-A  1-B 

Tube 
Outer diameter 9.59 mm 9.50 mm 

Inner diameter 8.31 mm 8.22 mm 

External layers 
Outer thickness 65 µm 30 µm 

Inner thickness 53 µm 100 µm 

Plies 

Fiber fraction 40 % 34 % 

Porosity  7.7 % 5.3 % 

Matrix fraction 52.3 % 60.7 % 

 

Table 2: Characteristics of the microstructures of the two grades of the batch 2. 

Batch n°2 2-RR  2-OI 2-O+I 2-O+I+ 

Tube 
Outer diameter 9.68 mm 9.53 mm 9.28 mm 9.31 mm 

Inner diameter 8.31 mm 8.32 mm 8.28 mm 8.43 mm 

External layers 
Outer thickness 84 µm 75 µm 0 µm 0 µm 

Inner thickness 58 µm 61 µm 58 µm 0 µm 

Plies 

Fiber fraction 37 % 

Porosity  8.5 % 

Matrix fraction 54.5 % 

 

2.3 Cyclic tensile test protocol 

 

Figure 1. Set-up of cyclic tensile tests. 

Tensile tests were performed on tubes from both batches. Load was applied parallel to tube axis 

leading to a local multi-axial loading of each ply. The test procedure is described in ISO 20323 

standard [10]. The specimens were 65 mm and 70 mm long for batch 1 and 2, respectively. The 

tubes were glued in a mandrel with epoxy adhesive. The tube and gripping clamp assembly was 
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installed on the testing device. The upper part was screwed on it, while the lower part was 

directly glued to a grip itself screwed to the lower part of the tensile machine (see Fig. 1). This 

method guarantees tube alignment with respect to the loading direction [10]. The force was 

measured with a 25 kN load cell (HBM U10M). The strain was measured thanks to longitudinal 

extensometers with 25 mm (INSTRON 2620-603) and 30 mm (MFA1) gauges length for the batch 

1 and 2, respectively. Loading rate was 0.05 mm/min.  

Cyclic as well as monotonic loading mode was applied on batch 1. A maximum of 4 cycles were 

performed, with a single one is in the elastic domain, with a minimum stress of - 50 MPa at each 

cycle. The number of cycles and the level of damage were sufficiently low to avoid fatigue 

phenomena [8]. An example of the stress-strain curve for a cyclic test is shown in Figure 2. 

 

Figure 2. Mechanical behavior curve for grade 1-A. 

3. Mechanical behavior 

3.1 Elastic behavior  

The Young's moduli are given in Figure 3. It can be noticed that the 1-B grade presents a softer 

behavior than 1-A (resp. 213 GPa on average against 271 GPa). This was attributed to the 

presence of silicon in the matrix core. Indeed, the elastic modulus of silicon is around 150 GPa 

against 416 GPa for the CVI-SiC (β-SiC) matrix [11]. For the 2nd batch, when the seal coat is 

removed, the elastic modulus of tube decreases. The seal coat matrix is stiffer than the core 

composed of fiber, matrix and porosity.  
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Figure 3. Elastic modulus for batch 1 (left) and batch 2 (right). 

In parallel, an analytical model was developed to simulate tube elastic behavior as a function of 

the composition. This model is based on the equations of the continuous media mechanics 

(hypothesis of small perturbations and equilibrium). For each layer of tube, a behavior law was 

determined. For the seal coat, an isotropic behavior was assumed [11]. For the core layers, the 

behavior was determined in three steps. At first, only the isotropic matrix was considered then 

pores were added by assimilating them to blunt cracks [12] and finally, the behavior of the fibers 

fiber was added only in the fiber axis.   

The experimental and analytical analysis of elastic behavior enabled to assess the role of the 

external layers of matrix. The latter stiffen the composite owing to their composition (i.e. layers 

with only matrix, without porosity) and increase the isotropy of tube structure. When the 

thickness of tubes is reduced, the external layer tend to play the same role as the internal layer 

of matrix, for the same thickness. On the other hand, the study of the onset of matrix cracking, 

not detailed in this paper, shows that the external seal coat layers crack first, especially the outer 

matrix layer. The outer SiC grains present a more fragile behavior because of their specific 

microstructure consisting in large columnar arrangement.  

3.2 Damage behavior  

The tube damage behavior was then studied. In the case of unidirectional CMC, the first cracks 

appear in the matrix. These cracks are then deflected at the fiber/matrix interface (Figure 4). 

Therefore, a load transfer occurred from the matrix onto the fibers. In addition, around the 

cracked areas, debonding between the fiber and the matrix appeared. Slip between the fiber 

and the matrix took place, characterized by the shear stress𝜏. Different quantities characterize 

the damage in the composite, particularly in cyclic tests [4]. In this paper, a focus on two 

quantities highlighting the impact of the two defects was studied. 

 

Figure 4. Shear lag model. 

The cycle width at half-maximum characterizes the slippage in the composite [4] (see Fig. 2). 

Indeed, during a cycle, no new crack occurs; the hysteresis induced by the energy loss was only 

due to slippage. In unidirectional composites, slippage is located at the fiber/matrix interface. 

However, slippage in the tubes can occur between fiber and matrix in the core preform or 

between the plies. Figure 4 shows the evolution of the slippage during the cycles for the two 

batches as a function of the strain at the beginning of the cycle. 

On the 2nd batch, no difference between the grades was observed. The external layers of the 

matrix had no impact. Slippage was essentially located in the fibrous preform, at the fiber/matrix 

interface or between the plies. Therefore, the shear lag model can be applied.  
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On the 1st batch, a difference was observed. The slippage is more important on grade 1-A. In a 

first approximation, it was assumed that the preform behaves like a unidirectional composite. 

Thus, the effect of the fiber orientation and the shear stress associated with this orientation 

were neglected. According to the shear lag model [5,6], the stresses in the matrix at a given level 

of a crack were defined by equation Eq. (1). 2𝜏𝐿𝐷𝑅𝑓 = 𝜎𝑚(∞) − 𝛾 + 𝜎𝑚𝑇                  (1) 

with𝑅𝑓 the fiber radius, 𝛾 the equivalent stress of the energy jump at the level of matrix break,  𝜎𝑚𝑇  the thermal residual stress and 𝜎𝑚(∞) the stress in the matrix away from the crack. 

Debonding length was defined by Eq. (2). Thus, as the elastic matrix modulus 𝐸𝑚 in the matrix 

decreased, debonding length decreased. The fiber/matrix slippage occurred over a shorter area, 

leading to thinner cycles width, which confirmed the experimental observations (Figure 5). 𝐿𝐷 = 𝑅𝑓2𝜏 (𝐸𝑚𝜖(∞) − 𝛾 + 𝜎𝑚𝑇 )                 (2) 

 

Figure 5. Cyclic width at mid-height in function of the strain 

 for batch n°1 (left) and batch n°2 (right). 

The second characteristic quantity considered is the evolution of the tangent modulus at the 

beginning of discharge1 𝐸⁄ ∗
. Figure 5 shows its evolution for the two batches as a function of 

the strain at the beginning of the cycle. This quantity characterizes the damage evolution within 

the composite.  

First, the impact of matrix seal coat on the damage was studied on the 2nd batch. By analyzing 

the micrographs in the final state and studying the properties at breakage of the different 

components, it was evidenced that the external layers of the tube were cracked. However, the 

presence of matrix seal coat seemed to have no impact on the tube damage. In order to justify 

this experimental observation, a simplified model was considered. It was composed of two 

layers: the first one (∙𝑐), in the core, and two external layers (∙𝑒). In the following, the cross-

sectional area, the damage and the elastic modulus of each layer will be noted as 𝑆., 𝑑. and 𝐸.0 

respectively. The damage behavior of this two-layer material as given in Eq. (3), allowed the 

strength 𝑁 and the strain𝜖 to be related. The equivalent damage of the two layers 𝑑, was 

deduced as Eq. (4). 𝑁 = [𝑆𝑒𝐸𝑒0(1 − 𝑑𝑒) + 𝑆𝑐𝐸𝑐0(1 − 𝑑𝑐)]𝜖                                  (3) 
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𝑑 = 1 − 𝑆𝑒𝐸𝑒0(1−𝑑𝑒)+𝑆𝑐𝐸𝑐0(1−𝑑𝑐)𝑆𝑒𝐸𝑒0+𝑆𝑐𝐸𝑐0                                              (4) 𝛼 = 𝑆𝑒𝐸𝑒0 𝑆𝑐𝐸𝑐0⁄                                                        (5) 

Moreover, by considering the section ratios and by performing a Taylor expansion of 𝛼  defined 

by Eq. (5), Eq. (6) is obtained. Therefore, the core layer was well predominant in the damageable 

behavior of the composite.  𝑑 ≈ 𝑑𝑐 + 𝛼(𝑑𝑒 − 𝑑𝑐)                                                                     (6) 

On the 1st batch, a slight difference was noticed between the two grades, which is due to the 

differences measured in the elastic domain (≈ 20%). The core composition change modified in a 

similar way the tangent modulus 𝐸∗ but did not influence the damage evolution. The 

measurement of the tangent modulus 𝐸∗was difficult and subject to error. The measurement 

error is in the order of magnitude of the differences in elastic behavior, so it is difficult to analyze 

further. 

 

Figure 6. Evolution of at the tangent modulus 1 𝐸⁄ ∗
 in function of the strain at the beginning of 

the discharge for the both batches.  

In summary, the seal coat layers had limited impact on the slippage and the evolution of the 𝐸∗ 

modulus. Indeed, even if they cracked, the thickness of the matrix remained small compared to 

the core of the material. Their damage was therefore negligible. On the other hand, the changes 

in the plies composition had an influence on the mechanical behavior. A softer matrix decreased 

the interfaces slippage but softened the damageable behavior. 

4. Conclusion 

First, the characteristics of two different batches of tubes were described to investigate the 

impact of a morphological modification within the plies and the impact of the seal coat layers, 

respectively. In a second step, the mechanical behavior was analyzed by focusing on the elastic 

modulus and two characteristic quantities for the matrix cracking part, describing the sliding and 

the damage progression. Simplified modelling considering the plies as unidirectional 

composites, allowed relationship with microstructure to be established. Thus, it was highlighted 

that the seal coat layers allow stiffening and making the composite more isotropic in the elastic 

part while they have no impact on the behavior in the matrix cracking part. The presence of Si 
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in the plies makes the matrix in the core more flexible, which results in a decrease of the 𝐸and 𝐸∗ moduli, in comparison with reference tubes. A softer matrix also leads to a decrease of the 

cycle width, which corresponds to the description of the shear-lag model.     

For further study, it would be now interesting to describe the cycled behavior in compression. 

As the cracks perpendicular to the loading direction are closed under compressive loading, it will 

be possible to obtain additional information on the cracks in shear. These different descriptions 

would make it possible to evidence the different mechanisms that appear during the matrix-

cracking phase of the tubes to describe the damage mechanisms of the composite in more 

details. This will allow building a damage model representative of the mechanisms based on the 

shear lag model.  
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Abstract: The search for technological solutions decoupling the sealing function from the mechanical 

strength of composite tanks would allow a significant reduction in the cost/performance ratio of 

launchers. Moreover, the use of particular propellants can lead to chemical incompatibilities between 

the container and the content, causing the failure of the storage systems. The deposition of a polymer 

coating on the internal surface of the tank can thus act as a protective layer against chemical 

incompatibilities and at the same time guarantee the tightness of the tank in spite of composite 

damage. However, coating process may induce temperature aging that affects cracks development in 

the composite laminate. The coating has therefore an ambivalent effect regarding permeability issue. 

Keywords: coating; damage; barrier layer; thermomechanical load; micro-crack 

1. Introduction 

The lightening of space structures remains a crucial issue, but today it cannot be 

dissociated from those related to the reduction of production costs and sustainable 

development. With the emergence of numerous players, the space sector has become 

extremely competitive, thus encouraging the development of new technologies. Thus, the 

concept of a reusable launcher, still considered utopian ten years ago, is today a reality. By 

combining this technology with more easily recyclable materials and robust industrialization 

methods that limit waste and energy resources, the space sector can aim for the same high 

environmental standards as other sectors such as the automotive and aeronautics industries. 

Industrial players are looking for innovative solutions to improve performance, and the 

potential for performance gains on tanks remains high. A coefficient is used to compare the 

mechanical performance between the different type of tank: (Pressure x Volume)/ Mass (in 

bar. L. kg-1). At present, Type IV tanks allow to gain +278% of performance compared to Type I 

aluminum tanks, but the development of Type V tanks could further improve this potential [1] 

provided that other functions are fulfilled. Therefore, the use of an internal coating allows to 

decouple the structural function and the sealing function of the composite tanks but also to 

free itself from the problems of incompatibility of composite materials with cryogenic 

propellant such as liquid oxygen [2,3]. 

 This study proposes to characterize the mechanical properties at room temperature 

as well as in a cryogenic environment more likely to correspond to a liquid oxygen environment 

of a laminated composite after the deposition of a polymer coating. The deposition process of 

the latter and its impact are studied. Firstly, the manufacturing of samples used in this study 

will be presented. Secondly, the experimental methods dedicated to the study of transverse 

cracking process is detailed. Then the results will be exposed, to finish on a conclusion of the 

study and the perspectives of work. The purpose of this study is to ensure the sealing of our 

tank, and can only be achieved by controlling these cracks. Indeed, only this measure seems 

to be conservative on straight specimens [4]. 
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2. Experimental methods 

2.1 Materials 

 

The composite samples are manufactured with a specific tooling for filament winding that can 

be visualized on figure 1, allowing to realize two composite plates of dimension 330 mm x 330 

mm. 

 

Figure 1 Dry filament winding 

The specimens are made by dry filament winding of T700SC 24K fibres from Toray® (see figure 

1) and then infused to make a composite plate with an epoxy resin coupled with two different 

hardeners, and following their complete polymerization cycles. The lay-up used in this study is 

[0/90/0] in order to observe transverse cracking in 90° ply. At the end of the composite 

manufacturing process, a coating with a controlled thickness based on thermosetting resin 

with embedded polytetrafluoroethylene (PTFE) particles is applied to half of one plate. This 

coating cycle consists of a linear temperature rise, then a plateau at 140°C for 20 minutes 

during which the glass transition temperature of the composite material is exceeded, and 

finally a decrease up to the room temperature. The thermal cycle of the coating process, is 

shown in figure 2. It is worth noting that applying the coating on half the plates allows 

producing a composite laminate without coating but having the same temperature history 

than the coated composite. 

 

Figure 2 Thermal cycle of the deposit process 

Glass transition-

Temperature of composite 
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Two batches of 6 tensile specimens are then cut to the dimensions 240 mm x 25 mm within 

the 2 plates (see Figure 3). The specimens are then tested using a previously used setup 

detailed in Section 2.2 [4,5]. 

  

Figure 3 Laminate plate with coating on half a face 

2.2 Cracking test 

The tests aim to evaluate the impact of the coating process on the mechanism and creation of 

through cracks in the composite. The cracking test (see figure 4) allows to visualize the 

appearance of damage, mainly through cracks, within the specimens.  

3 specimens of each batch are then tested:  

• Blank specimens, at room temperature 

• Half-coated specimens, at room temperature 

• Blank specimens, at cryogenic temperature 

• Half-coated specimens, at cryogenic temperature 

The Table below shows all the specimen used for this study: 

Specimen 

(Range) 

Coated 

(PTFE)/Uncoated 

Temperature 

(Kelvin) 

Lay-up Ply 

thickness 

1 to 3 Uncoated* Room (293 K) [0/90/0] 200 μm 

4 to 6 Half-coated Room (293 K) [0/90/0] 200 μm 

7 to 9 Uncoated* 143 K [0/90/0] 200 μm 

10 to 12 Half-coated 143 K [0/90/0] 200 μm 

Tableau 1 List of specimens 

 *No temperature cycle 

The specimens tested at room temperature make it possible to discriminate the influence of 

cryogenic conditions from the tests in case of influence of the latter on the laminated 
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composite. The so-called "cold" or "cryogenic" conditions represent a controlled temperature 

environment at -130 degrees Celsius (143 K). 

 

Figure 4 Test bench for observations under thermomechanical load 

In order to identify the damage and to evaluate it, we will use, as in the literature, a damage 

variable noted ρ and called cracking rate [6,7]. This variable is generally scaled to allow 

comparison between different ply thicknesses. The reduced cracking rate 𝜌 ̅ is defined as 

follows (Equation 1): 

  (1) 

where 𝑁𝑐𝑟𝑎𝑐𝑘 is the number of transverse cracking and 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠90° 𝑝𝑙𝑦 is the thickness of 

90° ply. 

The results will be presented thanks to the evolution of this variable as a function of the 

deformation applied to the laminate. Note that the observation length is 80 mm as defined in 

[5,6].  

3. Results 

The 80 mm long specimens are cut into 4 observation sections (areas) of 20 mm each. The 

observation face is previously polished to allow the observation of the reduced cracking rate. 

In a first step, the analysis of the semi-coated specimens was performed. This value is large 

enough to manage material dispersion [5]. Firstly, the study of the damage within a half-coated 

specimen at room temperature was carried out.  This first analysis allows to differentiate the 

impact of the coating and the impact of the coating process on the laminate composite. The 

results are presented in figure 5. 

�̅� = 𝑁𝑐𝑟𝑎𝑐𝑘𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑛𝑔𝑡ℎ . 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠90° 𝑝𝑙𝑦 
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Figure 5 Evolution of the reduced cracking rate of the central ply of [0/90/0] laminate in specimen 4 as a function 

of the mechanical strain applied to the laminate 

The analysis was repeated on the 3 half-coated specimens to verify the trend of the results and 

confirm them. No significant difference could be detected between the different areas of each 

specimen. Clearly, the coating does not influence the physicochemical properties that 

contribute to the onset and development of transverse cracks in the laminate. 

The 2 following figures (figure 6 & 7) present the results of all the test specimens: 

  

Figure 6 Evolution of the reduced cracking rate,at room T° of the central ply of a [0/90/0] laminate as a function of 

the mechanical strain applied to the laminate 
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Figure 7 Evolution of the reduced cracking rate, at -130°C of the central ply of a [0/90/0] as a function of the 

mechanical strain applied to the laminate 

The figure 6 highlights the good reproducibility of the results on all the specimens tested. A 

truly clear tendency emerges: the onset of cracking occurs much earlier on all the specimens 

treated (the onset occurs respectively 52% earlier at room temperature and 64% earlier at 

cryogenic temperature). The cracking kinetics remains similar for the specimens at room 

temperature, but a slight dispersion appeared for the specimens tested at cryogenic 

temperature. 

Potentials sources of these early primers will be discussed in the following section.  

4. Conclusion & future work 

 

In this study, laminated specimens were tested following a heat treatment, allowing to 

evaluate the impact of a coating process on the mechanical properties of a composite, and 

more particularly on the appearance of transverse cracks. Specimens were also tested under 

cryogenic temperature conditions to simulate a real cryogenic tank environment. The study 

showed that the coating process reduces the cracking threshold for both tested temperatures. 

The phenomenon triggering this early initiation probably comes from the heat cycle applied 

for the deposition of the PTFE coating. Indeed, tests on the half-coated specimens showed that 

there is no influence of the coating on the initiation threshold and kinetics of the cracking 

process of the laminated composite. Phenomena induced by heat cycle are complex as it 

involves various potential physicochemical mechanisms. Several authors deal with similar 

issues [8,9]. However, in this study, it seems that physicochemical degradations are related to 

the overtaking of glass transition. A non-exhaustive list of potential mechanisms is presented 

below: 

• The overshoot of the glass transition can lead to a reorganization of the polymer chains 

inducing a narrowing of the bonds [9]. In addition, the heat treatment may induce a 

post-cure on the uncross linked molecular chains after the curing of the laminated 

composite. This phenomenon can be defined as an increase in the rate of matrix 

crosslinking. 

• The thermo-oxidation is an aging effect of polymer matrix undergoing thermal loading 

under oxygen environment [10]. It occurs mainly at temperatures above 120°C [8]. 

Thermo-oxydation modifies the structure of materials linked to their instabilities and 

their interactions with atmospheric oxygen. This phenomenon cuts the chains of the 
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macromolecular network. Thermo-oxidation is able to influence the initiation of 

cracking of composite laminates under mechanical loading [8,11]. 

• The complexity of polymer industry can induce other chemical changes due to polymer 

history (curing process of composite, coating process). However, it is the least 

preferred cause in our case, because of the absence of the appearance of this 

phenomenon in the literature.  

These working hypotheses will influence a part of our future work. Further studies are 

necessary to confirm the results. Indeed, by using analyses in particular of differential scanning 

calorimetry one could detect if the matrix has a complete rate of cross-linking and thus 

affirmed or invalidated the hypothesis of the complete cross-linking. 

Concerning thermo-oxidation, one element confirms this hypothesis, namely the change in 

color of the matrix after exposure to the oxygen environment [12]. However, the exposure 

times are generally much longer than those used in our study and exceed several hundred 

hours. Microscopic analysis were used to evaluate the degradation of the surface of the matrix, 

but they have been unsuccessful. IR spectroscopy on virgin and treated sample will be analyzed 

thereafter to detect a difference in molecular composition and thus verify the presence or not 

of oxidation [13]. Another evaluation of oxidation using Vickers micro/nano-indentation could 

be performed. 

The change of chemical composition inducing a mechanical change will remain more difficult 

to foresee. Additional chemical analysis could be implemented if neither of the two hypotheses 

above is validated. However, this study shows a clear trend, a coating process with a heat cycle 

above the glass transition temperature is not adequate to maintain the initial transverse 

cracking threshold of the laminated composite.  

After the work on composite cracking, a study on the transfer of cracking from the laminate 

composite to the coating will be performed. It will allow to define if a potential cracking of the 

composite leads to a transverse cracking of the coating and thus of potential leakage path.  
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Abstract: In this research, two model interphases between E-glass fibres and epoxy resin were 

designed and studied in terms of adhesion and mechanical strength from nano to macroscale. 

The first one is made from a reactive sizing of APTMS silane coupling agent and DGEBA pre-

polymer film-former. The other one contains a non-reactive MTES silane and neutralized DGEBA 

film-former. The sizings were evidenced by SEM/AFM observations and XPS spectroscopy. The 

characterization of the elaborated composites by AFM nano-mechanic mode, micromechanical 

tests revealed the effect of the sizing chemistry on the interfacial properties between glass fibres 

and matrix. The interfacial strength is more important for the composites reinforced with 

APTMS-DGEBA sized fibres than those elaborated with MTES-BGEA sized fibres. In each case, an 

interphase area of around 200 nm width is detected at fibres vicinity. In this area, the elastic 

modulus is more than 25% lower than the bulk matrix modulus. 

Keywords: Sizing chemistry; interface/interphase; glass fibres; epoxy composites; nano and 

micro-mechanics. 

 

1. Introduction 

Glass fibre-reinforced composites merge excellent mechanical properties with light weight, 

which justifies their increasing use in areas such as automobile, aircraft, sports equipment, or 

construction. The properties of a composite depend on the intrinsic properties of the fibres and 

the matrix. It is admitted that fibre-matrix interface region plays an important role in defining 

the composite properties and especially, the strength of the bonds across this interface. 

Considerable efforts have been devoted over the last 25 years to understand and monitor this 

interfacial area between the fibre and the matrix.  Indeed, this area propagates in the matrix to 

form an interphase [1]. 

 

Several studies [2-5] have been published to predict and improve the properties of the 

composite by controlling the interphase, but the investigation of this complex region remains 

difficult. The properties of the interphase are substantially influenced by the surface treatment 

of the fibres [6-8]. Increasing research efforts on interphase study indicated that the 

microstructure and mechanical property gradients within the interphase are ranging from 

nanometres to micrometres [9-13]. 

 

The objective of this work is to study composite materials with simplified sizing systems, from 

nano to macroscopic scale. This study aims to understand how the main constituents of sizing 

modify the interfacial strength, the mechanical properties of composites as well as their 
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durability. To achieve this goal, two model interphases between glass fibres and epoxy resin 

with opposite behaviours were designed. The first one contains a reactive sizing made of a 

coupling agent and a film-former to create chemical bonds between the glass fibres and the 

epoxy matrix. The other one contains a non-reactive silane and a neutralized film former, which 

cannot form chemical bonds between the epoxy matrix and the glass fibres. Model composites 

are then elaborated with the different sized fibres and characterized at different scales. 

 

2. Experimental section 

E-glass fibres are cleaned to remove the organic impurities from their surface. The silanes used 

for reactive sizing is 3-Aminopropyltrimethoxysilane γ-APTMS, and that of non-reactive sizing is 

methyltriethoxysilane MTES. A Bisphenol A diglycidyl ether-based epoxy DGEBA, 

Diethylenetriamine DETA and Diethylamine DEA were used in this study. A DGEBA pre-polymer 

was used as reactive film former in the sizing. A neutralized film former Bisphenol A glycerolate 

diethylamine BGEA (or neutralized DGEBA) was synthesized in the laboratory and used as non-

reactive film former. 

2.1.  Silane-grafting and film former deposition on glass fibres 

The glass fibres were immersed either in APTMS or in MTES solutions (1% wt.) in ethanol for 1h 

at room temperature. Afterwards, the fibres were rinsed and treated for 30 min at 110°C in the 

oven, followed by a condensation overnight at room temperature. Regarding the film-forming 

agents, the APTMS and MTES silane-grafted fibres were immersed 20 min in respectively the 

DGEBA and the BGEA film former solutions at a concentration of 0.005 mol L-1 in acetone. The 

glass fibres were then removed and cured overnight in the oven at 60°C. The sized fibres have 

been characterized by SEM/AFM microscopy and XPS spectroscopy to confirm the sizing 

deposition (results not shown). 

2.2. Elaboration of resin and of glass fibre-reinforced epoxy composites 

DGEBA pre-polymer was mixed with DETA hardener in an amine/epoxy stoichiometric ratio r of 

1. The mixture was well stirred until it becomes homogeneous. To elaborate the resin and the 

composite plates, the DGEBA-DETA mixture was deposited respectively in empty molds and 

molds containing 25%-30% sized fibres. All samples were cured in the oven during 2h at 60°C 

followed by 2h at 120°C and finally 4h at 140°C. 

2.3. Characterization methods 

The microfractography of the composite materials were observed using scanning electron 

microscopy (Zeiss-Supra 40 VP/ Gemini column) in secondary electron mode SE2. The samples 

were previously coated with thin layer of carbon. AFM experiments were performed on a 

Multimode 8 microscope (Bruker) using the PeakForce Quantitative Nano-Mechanics mode (PF-

QNM). The reduced modulus can be fitted according to the DMT model [14]. AFM 

measurements were done with an RTESPA-300 probe and the spring constant of the cantilever 

was determined by the SADER method [15]. The typical spring constant k was 40 N/m and the 

cantilever tip radius was calibrated using a polystyrene sample. 

The thermo-mechanical properties of composite materials were investigated using DMA Q800 

(TA Instruments). Experiments were performed by using the single cantilever mode at a heating 

rate of 3°C min-1. DMA was operated with an amplitude of 20 µm at a frequency of 1 Hz. The 

mechanical test was carried out on resin and composite plates using an INSTRON machine 
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equipped with a force cell of 100 kN according to standard NF EN 2746. The specimen was 

stressed at a constant test speed of 1 mm min-1. Each result is an average of five test specimens. 

Two micro-mechanical tests based on fragmentation and pull-out methods were carried out to 

show the influence of sizing chemistry on the mechanical properties and the interfacial strength 

between fibres and matrix. These tests were performed with a DMA machine on unidirectional 

micro-composites under longitudinal tension, which enables the detection of low forces [16,17]. 

The samples were carefully handled and at least 10 specimens were analysed for each test. The 

pulling speed used for fragmentation and pull-out experiments was 0.5 % min-1. 

3. Results and discussion 

3.1. Mechanical and thermomechanical properties of the composite plates 

The storage modulus and the loss factor (Tan δ) curves of the composite plates elaborated with 
the reactive sizing (EP-APTMS-DGEBA) and the non-reactive sizing (EP-MTES-BGEA) are 

presented in fig. 1. The storage modulus curves exhibit a similar behaviour. At glassy state, the 

storage modulus remains constant and then sharply drops in the temperature range between 

140 and 160°C, followed by a plateau at higher temperature. The glassy storage modulus of EP-

APTMS-DGEBA is around 20 % higher than EP-MTES-BGEA, which could be attributed to stronger 

interfacial properties between the fibre and the matrix. The Tα of the EP-APTMS-DGEBA is 

around 150°C, similar to that of the EP-MTES-BGEA. 

 

 
Figure 1. DMA curves of EP-MTES-BGEA and EP-APTMS-DGEBA composites: storage modulus 

and Tan δ. 

The results of the 3-points bending tests are summarized in fig. 2. The behaviour of the resin 

sample is elastic with low plastic deformation. For composites, the behaviour is elastic fragile 

with a deformation and a tensile strength much lower than those of the resin alone (fig. 2a and 

2b). The elastic modulus of composites is superior to that of the pure resin because the presence 

of fibres limits the elastic deformation of the matrix. Comparing the mean values, it seems that 

the EP-APTMS-DGEBA composite is more resistant in transverse mode, which could reveal a 

better charge transfer between the matrix and the fibres sized with the reactive system (fig.2c). 

Nevertheless, the deviation is too high to draw unambiguous conclusions. The experiments 

should be improved to increase the test sensitivity and clearly discriminate both systems. 
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Figure 2. Mechanical properties of resin and composites obtained by 3-point bending test. (a) 

stress at break (MPa), (b) strain at break (%), (c) flexural modulus (GPa). 

 

3.2. Interfacial adhesion by microfractography analysis 

Fig. 3 shows SEM microfractography of the failure regions for the epoxy composites elaborated 

with the reactive (APTMS-DGEBA) and the non-reactive (MTES-BGEA) fibre sizings. The EP-

APTMS-DGEBA shows substantially more epoxy remaining on the fibre surface, while the EP-

MTES-BGEA sample shows a cleaner fibre surface. The silane with amino groups can react with 

the film former, and in the other hand, silanols create Si-O-Si siloxane bonds (covalent bonds) 

or hydrogen bonds with silanols on the glass fibres [18,19]. MTES-BGEA is less reactive or 

inactive to the resin even if it has hydroxyl groups which can create hydrogen bonds, but it is not 

enough to maintain the system and to obtain a good adhesion. The epoxide rings of BGEA are 

already neutralized so it cannot react. Fibres and matrix can only be linked by hydrogen bonds 

and Van Der Waals interactions. This suggests a higher probability for adhesive failure for EP-

MTES-BGEA system than in the case of EP-APTMS-DGEBA system. It is consistent with the fact 

that BGEA is non-reactive with both the resin matrix and MTES coupling agent. 

 

 

Figure 3. SEM microfractography of epoxy composites reinforced with (a) APTMS-DGEBA sized 

fibres, (b) MTES-BGEA sized fibres. 

3.3. Pull-out and fragmentation micromechanical tests 

Fig. 4 shows the curves obtained by the fragmentation tests and represents the normalized 

stress (MPa) as a function of strain (%). In order to compare the results, the stress is divided by 

the average number of fibres in each system. For these experiments, the maximum force of the 

cell-force was reached before the sample fracture. As observed for the whole curves and 

whatever the strain level, the values of the normalized stress of the APTMS-DGEBA specimens 

are twice higher than those of MTES-BGEA ones. This significant increase in the normalized 

stress reflects a more efficient load transfer from the matrix to the fibre, due to a higher 

adhesion when fibres are sized with the reactive system. 
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Figure 4. Normalized stress versus the strain in the case of APTMS-DGEBA and MTES-BGEA 

systems during fragmentation test. 

In the case of the non-reactive sizing, the matrix and the fibres can be deformed almost 

independently. The reinforcement is consequently more limited in that case. A non-linear 

behaviour is visible in each case beyond 0.5-1 % of strain. It can result from the beginning of 

fibre fracture. Moreover, at that strain, stress gradients are generated in interfacial areas due 

to the important difference between the Young modulus of fibres and epoxy matrix.  

The fig. 5 shows the results of pull-out test for both embedded sized fibres. The average fibres 

number was respectively 5 and 10 for APTMS-DGEBA and MTES-BGEA systems. To compare both 

configurations, the forces were normalised by the number of fibres. The length of embedded 

fibres was not fully optimized due to the flow of the resin from the drop to the fibres by 

capillarity. Some fibres could consequently break before pulling out the resin. However, and 

despite the dispersion, a difference between the two systems is clearly noticeable. The curves 

show an increasing slope for both systems attributed to the free fibres alignment before 

reaching the elastic strain and the interfacial shearing [16]. Discontinuities are observed on 

MTES-BGEA curves around 1.4 % of strain and the normalized force values for MTES-BGEA are 

much lower than APTMS-DGEBA ones over the whole curve. The results are consistent with the 

fragmentation results. 

 

Figure 5. Normalized force versus the strain in the case of APTMS-DGEBA and MTES-BGEA 

systems during pull-out test. 

Both fragmentation and pull-out tests show up the higher interfacial strength obtained with 

APTMS-DGEBA system compared to MTES-BGEA system due to a better load transfer between 

the matrix and the sized fibres. 
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3.4. Interphase properties at nanomechanical scale 

To accurate information about the glass fibre/polymer matrix interface at the nanometer scale, 

AFM observations were performed on the interface regions. In fig. 6 the most representative 

mechanical maps obtained for the EP-APTMS-DGEBA and EP-MTES-BGEA systems are 

presented. Section analysis profiles of the modulus are also shown. In the case of composite 

reinforced with APTMS-DGEBA sized fibres (fig. 6a), the AFM nanomechanical analysis shows a 

clearly defined interface between the fibre and the matrix. A deep observation of the DMT 

modulus scans reveals the presence of some areas around the fibres with low elastic modulus, 

which correspond to interphase zones. These lasts have a width of around 200 nm with modulus 

values around 2.5 GPa compared to 3.5 GPa in the matrix beyond 1 µm from fibre. 

In the case of fibres sized with MTES and BGEA, referred to as non-reactive system, the contrast 

in modulus values between the resin and the fibres is lower than for the reactive system. 

Moreover, the interface is not always clearly visible. It indicates that the fibres may be recovered 

by the resin during the cross-section polishing. When detected, the interphase width can reach 

up to around 200 nm with a modulus value around 2.5 GPa. The gap between the interphase 

modulus and the matrix modulus is lower than that observed in the reactive system. This can 

result from the spreading of the resin on fibres, which partly hinders the interphase response. 

 

Figure 6. DMT modulus maps and section analysis obtained for composite reinforced with (a) 

APTMS-DGEBA reactive sized fibres, (b) MTES-BGEA non-reactive sized fibres. The section’s 
analysis shows the variation of the E’ around the fibres. 

Even the reactivity character of the APTMS and DGEBA film former, an interphase zone has been 

probed for this system. The coupling agent creates covalent bonds between the fibre and the 

matrix. It reacts with the epoxy groups of the film former and the matrix pre-polymer.  While for 

the non-reactive sizing system, the cohesion between the matrix and the fibres is poor which 

results in the spreading of the matrix on fibres. Despite this phenomenon, an interphase is also 

observed. In that case, it can result from plasticizing effects of the non-reactive BGEA which 

diffuses inside the matrix at fibre vicinity during the composite elaboration. The matrix modulus 

value beyond 1 µm from fibre surface are similar between the two systems, which is consistent 

with DMA results. 
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4. Conclusion 

The objective of this work was to correlate the impact of two different sizings on the adhesion 

and the interfacial properties between an epoxy-based organic matrix and glass fibres. The 

control of the interfacial properties is determinant in glass fibre-reinforced composite materials.  

The characterization at macroscale using DMA and 3-points bending tests does not clearly show 

the influence of the sizing chemistry on the interfacial properties of the glass fibre-reinforced 

epoxy composites. However, the experiments at microscale using pull-out and fragmentation 

tests revealed the sizing’s influence on adhesion and charge transfer at the matrix/fibre 
interface. The results of two micromechanical tests showed the same trends and were 

consistent with microfractography SEM images of the two composite systems. The adhesion was 

more important for composites with APTMS-DGEBA sizing due to the affinity and the creation 

of covalent bond with matrix. The MTES-BGEA sizing decreased the adhesion and limited the 

charge transfer from matrix to fibres. Interestingly, the AFM experiments in nano-mechanics 

mode were a powerful tool to probe the presence of interphase zones at the vicinity of the 

fibres. The detected interphases have thickness of about 200 nm with an elastic modulus value 

less than the matrix bulk. 
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Acid digestion is a widely used method for determining matrix, fibre and void content of fibre-

reinforced polymer (FRP) composites. Current test standards governing the use of these methods 

prescribe, for some polymer systems, particularly hazardous chemicals including sulphuric acid 

and hydrogen peroxide. To reduce the health and safety risks associated with the measurement, 

it would be beneficial for users of these standards to conduct digestion using nitric acid only, 

being a far safer chemical to use. This paper reports on methods developed to perform successful 

digestion measurements on composite systems incorporating phenolic, cyanate ester and 

polyfurfuryl alcohol polymer matrices using nitric acid only and digestion conditions currently 

outside the recommendations of ISO and ASTM test standards. These materials were chosen as 

systems known to be particularly difficult to digest without attacking the fibres. The methods 

have been validated by characterising the appearance of residual fibres from the digestion 

process using scanning electron microscopy (SEM). 

Keywords: Microwave-Assisted Acid Digestion; Fibre Volume Content; Void Content; Quality 

Assessment 

1. Introduction 

Fibre volume fraction and void content of fibre-reinforced polymer (FRP) composites are 

important characteristics influencing material performance and extensively used in material 

analysis, as input properties for modelling alongside manufacturing quality control [1, 2]. The 

acid digestion method, standardised in ISO 14127:2008 [3] and ASTM D3171-15 [4], is one of the 

techniques most widely used by industry to measure volume fraction properties of carbon fibre-

reinforced polymers (CFRP). The method involves removing the polymer matrix phase of a 

composite specimen through digestion in acid to leave the reinforcing fibres only. Fibre volume 

fraction and void content are calculated using the constituent polymer and fibre densities, the 

initial mass and density of the composite specimen and the mass of the fibres following matrix 

removal. 

Several safety precautions require consideration when carrying out the technique. For 

composites incorporating common epoxy matrices, the method can be conducted in a 

reasonably safe manner as polymer digestion is possible using concentrated nitric acid which 

has relatively easy to follow control measures. Different polymer types however (e.g. phenolic 

and cyanate ester) typically require more hazardous reagents to achieve full matrix digestion 

with current standards recommending mixtures including sulphuric acid and hydrogen peroxide. 

Due to the health and safety risks associated with the use, storage, and disposal of these 

mixtures there is a desire to achieve digestion of these polymer types with nitric acid only. Whilst 

this approach reduces health and safety risks, omitting such reagents can inhibit the digestion 

process, putting more emphasis on developing optimum digestion conditions for a given 
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material type. This is particularly important considering the method’s assumption that the 
polymer matrix is fully digested by the acid without attacking and removing material from the 

reinforcing fibre. Regions of undigested polymer or removed fibre from acid attack will introduce 

errors in the measurement with the potential to over - or under - estimate fibre volume fraction 

and void content. 

Currently there is little guidance available on how to validate that digestion conditions are 

appropriately digesting the composite. This paper reports on work carried out to develop and 

validate digestion conditions using nitric acid only for polymers where this is not currently 

specified in existing standards. In particular, the use of scanning electron microscopy (SEM) is 

employed to assess the visual characteristics of residual fibres following digestion to validate 

conditions have not attacked the reinforcing fibres or left regions of undigested polymer. 

2. Experimental 

2.1 Materials and Specimen Preparation 

This work has investigated acid digestion of CFRP systems incorporating phenolic, cyanate ester 

and polyfurfuryl alcohol polymer matrices. These have been chosen due to previous difficulty 

encountered when attempting to fully digest the polymer matrix without attacking the 

reinforcing fibre using nitric acid only. Details of the materials including cured polymer density 

and fibre density were provided by the material suppliers and are given in Table 1. Density values 

were taken from technical data sheets due to measured values of the actual constituent 

densities not being available. Due to confidentiality agreements, manufacturing processing 

conditions have been withheld. Specimens for digestion (~1 g) were machined from supplied 

material using a CompCut 500 composite plate saw and dried to constant mass at 105°C before 

testing. Due to difficulty in digesting cyanate ester, specimens had to be reduced to ~0.5 g. 

Table 1: CFRP systems investigated 

 

2.2 Volume Fraction by Microwave-Assisted Acid Digestion 

Acid digestion was undertaken in general accordance with the procedures described in 

ISO 14127:2008, Method A, Procedure 2 [3] and ASTM D3171-15, Procedure F [4]. Before 

digestion, the initial mass and density of each specimen was determined in accordance with the 

immersion method described in ISO 1183-1:2019, Method A [5]. Digestion was carried out using 

70% concentrated nitric acid (HNO3) in an Ethos Up Milestone microwave digester supplied by 

Analytix Ltd (Boldon, UK). Specimens were placed inside vessels with the chosen acid profile 

Composite System Polymer Matrix Polymer Density (g/cm3) Fibre Density (g/cm3) 

Solvay TM80S-NS (pre-preg) Phenolic 1.26 1.76 

Cytec MTM 110 (polymer) 

Tenax HTA40 E13 (fibre) 
Cyanate ester 1.28 1.76 

Evopreg PFC502-C650T  

(pre-preg) 

Polyfurfuryl 

alcohol 
1.20 1.80 
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(acid type, quantity, and mixing ratio) and ramped to reach the set digestion temperature within 

10 mins. Temperature was maintained to ± 2°C by automatic adjustment of the microwave 

output power which was limited to a maximum of 800 W. Following digestion, the contents of 

the vessel were cooled to ~65°C and the reinforcing fibres separated from the acid solution using 

a vacuum pump to pull the acid and digestion residue through a pre-weighed filter. The residual 

fibres were washed several times through the filter using deionised water and acetone before 

being dried to constant mass at 105°C. All mass measurements were made to 0.1 mg using a 

calibrated Mettler Toledo X105 analytical balance. The fibre volume fraction (Vf) was 

subsequently calculated using the mass of the fibres following digestion (Mf), the mass of the 

initial specimen (Mi), constituent fibre density (ρf) and the density of the composite (ρc): 

𝑉𝑓 =  𝑀𝑓𝑀𝑖  𝜌𝑐𝜌𝑓  [× 100]  (1) 

Digestion parameters including acid profile, digestion time and temperature were varied during 

the experiments to achieve successful matrix removal. Once an optimised set of digestion 

parameters had been established, (see Section 2.3) five repeats at those conditions were carried 

out to assess repeatability. 

2.3 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to validate digestion parameters by visually 

assessing the condition of residual fibres and checking for either fibre attack or regions of 

undigested polymer. SEM images were taken using either the InLens or SE2 detector in a Zeiss 

Supra SEM at an accelerating voltage of 2.5 or 5.0 kV and a 20 µm aperture. 

3. Results and Discussion 

3.1 Digestion Using Concentrated Nitric Acid (70% HNO3) 

Initial digestion runs evaluated typical conditions when digesting with nitric acid (HNO3) as 

recommended in ISO 14127:2008 [3] and ASTM D3171-15 [4]. Specimens were digested in 20 ml 

of 70% concentrated HNO3 for 30 mins at temperatures between 120 and 160°C. Previous 

studies [6] had shown temperature to be the dominant factor influencing digestion, so was 

initially chosen as the main variable.  

Figure 1 shows SEM micrographs taken of the residual fibres from digesting phenolic composite 

specimens in 70% concentrated HNO3 for 30 mins at 120 and 160°C. At these two ends of the 

temperature range, evidence of both undigested polymer and fibre attack were observed. 

Whilst the bulk of the polymer resin has been removed at 120°C (Figure 1(a)), a ‘stained’ 
appearance was noted on the surface of some of the fibres indicating fibre attack. At the higher 

digestion temperature of 160°C (Figure 1(b)) further indication of fibre attack is present, 

observed as a flaky appearance of the fibre surface where material has been removed by the 

acid. Even at these higher temperatures this micrograph also shows regions of undigested 

polymer present amongst the fibres. These regions show up as high contrast areas that result 

from the ‘charging’ of the polymer that occurs in the SEM due to the non-conductive nature of 

the polymer [7]. These results show that using the recommended acid profile (20 ml of 70% 

HNO3), no temperature window exists in which the material can be optimally digested. Similar 
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observations were seen when analysing cyanate ester and polyfurfuryl alcohol under these 

conditions. 

 

Figure 1 – SEM micrographs of the residual fibres from digestion of phenolic composite after 30 

mins using 70% concentrated HNO3 at (a) 120°C, and (b) 160°C. Blue and red arrows indicating 

attacked fibre and undigested polymer, respectively. 

3.2 Digestion Using Diluted Nitric Acid (35% HNO3) 

The results using 70% concentrated HNO3 indicated digestion conditions were too aggressive 

and a more controlled treatment of the specimen was required to remove the polymer matrix 

without attacking the fibres. To achieve better control, digestions were undertaken by diluting 

70% HNO3 with deionised water at a 1:1 ratio, effectively reducing the acid concentration to 

35%. Specimens of all material types were digested in a mixture of 5 ml HNO3 and 5 ml deionised 

water over a range of time and temperatures and the residual fibres assessed under SEM. 

 

Figure 2 – SEM micrographs of the residual fibres from digesting phenolic composite for 30 

mins using 35% concentrated HNO3 at (a) 140°C, (b) 160°C, and (c) 180°C. Blue and red arrows 

indicating attacked fibre and undigested polymer, respectively. 

SEM micrographs of the residual fibres following digestion for 30 mins using 35% HNO3 for 

composite systems containing phenolic, polyfurfuryl alcohol and cyanate ester are shown in 

Figures 2, 3 and 4, respectively. Figure 2 shows the evolution of residual fibre condition with 
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changing digestion temperature for the phenolic composite. At 140°C regions of undigested 

polymer can be observed on the fibre surface (Figure 2(a)). As the temperature was increased 

to 160°C the acid has removed all the polymer phase without affecting the fibre condition 

(Figure 2(b)). Some very fine debris is observed and whilst it is unknown if this is undigested 

polymer or other constituents, such as a filler, it is assumed these will have little effect on 

calculated values of fibre volume fraction. On increasing digestion temperature further to 180°C, 

evidence of acid starting to attack the fibre is observed from the stained appearance on the fibre 

surface. In addition, the striations that can be observed on the clean fibres at 160°C are not 

present, further indicating removal of fibre material. Similar observations were seen for 

polyfurfuryl alcohol, although complete removal of the polymer matrix was possible at lower 

temperatures. Only at 100°C (Figure 3(a)) were some small regions of undigested polymer seen. 

In contrast, cyanate ester specimens presented greater difficulty in achieving complete polymer 

digestion without fibre attack despite reducing the specimen size from 1.0 to 0.5 g. Figure 4(a) 

shows the residual fibres after digestion at 160°C and whilst these appear clean, large 

macroscopic clumps of undigested polymer were present in the filter from the filtration process 

following digestion. As with phenolic and polyfurfuryl alcohol specimens, increasing digestion 

temperature above 160°C showed evidence of fibre attack (Figure 4(b)). To achieve complete 

matrix removal for cyanate ester specimens, further trials were carried out increasing the 

digestion time to 60 mins. Complete digestion with no observations of undigested polymer was 

found to be possible at 160°C as evidenced in Figure 5(b). 

 

Figure 3 – SEM micrographs of the residual fibres from digesting polyfurfuryl alcohol composite 

for 30 mins using 35% concentrated HNO3 at (a) 100°C, (b) 160°C, and (c) 180°C. Blue and red 

arrows indicating attacked fibre and undigested polymer respectively. 
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Figure 4 – SEM micrographs of the residual fibres from digesting cyanate ester composite for 

30 mins using 35% concentrated HNO3 at (a) 160°C, and (b) 180°C. Blue and red arrows 

indicating attacked fibre and undigested polymer respectively. 

 

Figure 5 – SEM micrographs of the residual fibres from digesting cyanate ester composite for 

60 mins using 35% concentrated HNO3 at (a) 150°C, and (b) 160°C. Red arrows indicating 

undigested polymer. 

Digestions at 160°C for 60 mins were also carried out for the phenolic and polyfurfuryl alcohol 

materials to assess the influence of extended digestion time on these materials. Figures 6 shows 

micrographs for the residual fibres following digestion for all materials at 160°C for 60 mins. 

These show that increasing digestion time at 160°C does not appear to further initiate fibre 

attack. Interestingly, although the different materials investigated use different grades of carbon 

fibre, the evidence from all SEM micrographs indicate fibre attack is only initiated with this acid 

profile at digestion temperatures above 160°C. 

The analysis of residual fibres with SEM has indicated that polymer digestion with nitric acid only 

is possible for composites comprising of a range of different matrices as well as epoxy. The 

digestion conditions shown to be successful are currently outside those recommended in ISO 

14127:2008 [3] and ASTM D3171-15 [4]. It is suspected that this has been achieved by creating 

a more controlled digestion of the material. By reducing the HNO3 concentration the polarity of 

the acid mixture is lowered enabling slower microwave absorption during heating. This, 

combined with the weaker acid reducing pressure inside the reaction vessel, would result in a 

more controlled, less aggressive digestion process, enabling the polymer to become fully 

digested without fibre attack. 
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Figure 6 – SEM micrographs of the residual fibres from digesting (a) phenolic, (b) polyfurfuryl 

alcohol, and (c) cyanate ester composites for 60 mins using 35% concentrated HNO3 at 160°C. 

3.3 Fibre Volume Fraction Measurements 

To further validate digestion conditions, five repeat digestions at 160°C for 60 mins were carried 

out on all materials. The results for calculated fibre volume fraction (Vf) are given in Table 2. 

Values for void content (Vv) have not been reported due to the high uncertainty of the 

theoretical values for polymer density used to calculate Vv leading to erroneous values. Had 

more accurate polymer density values been measured or known, Vv could have been easily 

derived. The high level of repeatability observed from the low coefficients of variation (CV) 

further indicate optimal digestion. Large variability would be expected if either under- or over-

digestion was present. The higher CV for cyanate ester specimens is likely a result of these 

specimens being of smaller volume (0.5 g) and therefore individual specimens potentially 

encompassing different sections of the unit cell of the composite. 

Table 2 – Statistics for fibre volume fraction (Vf) for each composite determined from 5 repeat 

digestions 

Polymer Matrix Mean, 𝑽𝒇 (%) Standard Deviation, 𝑽𝒇 (%) CV, (%) 

Phenolic  56.4 0.8 1.38 

Polyfurfuryl Alcohol  55.4 0.7 1.28 

Cyanate Ester 54.4 1.9 3.46 

 

4. Conclusions and Further Work 

This work has established methods for carrying out acid digestion using nitric acid only on 

materials where this is not currently stipulated in standards. By omitting the use of hazardous 

reagents such as hydrogen peroxide and sulphuric acid, the developed methods significantly 

reduce the health and safety risks associated with this measurement. Further, the digestion 

conditions established have included temperatures and times outside of those currently 

recommended within ISO 14127:2008 [3] and ASTM D3171-15 [4]. Validation of digestion 
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conditions was conducted through characterising the appearance of undigested polymer and 

attacked fibres in the residual material from digestion. These visual characteristics are of use for 

validating digestion conditions on other materials and where alternative digestion systems are 

used. 

An interlaboratory study including other polymer types for which hazardous reagents are 

recommended would further confirm the methodologies outlined within this measurement 

note. Such an investigation could also establish the repeatability and reproducibility of the 

method required for standardisation. 
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Abstract: The study aimed to evaluate how tensile properties and fracture toughness of the 

epoxy resin change as a function of core-shell rubber (CSR) particle filler content (0-6 wt.%). Three 

additives, i.e., ACE MX series 125, 156, and 960 containing CSR particle filler were added to CHS 

Epoxy 582. It was found that the effect of ACE MX additives on the tensile properties of the epoxy 

resin was significant. The tensile strength and elastic modulus were decreased by 10-20% but 

fracture toughness was increased by approx. 60-100 % at the highest CSR content. No significant 

difference in the fracture toughness among the additives was revealed proving that smaller CSR 

particles were the same effective as bigger ones. Though, in general ACE MX 156 showed the 

highest improvement of fracture toughness which was approx. 108% at CSR content 4 wt.%. 

Keywords: epoxy; core-shell rubber particles; tensile properties; fracture toughness 

1. Introduction 

Epoxy polymers are widely applied as matrices in composite technology. They are characterized 

by the relatively high elastic modulus and tensile strength, low creep and good performance at 

elevated temperatures [1]. Though the structure of highly crosslinked thermosetting polymers 

results in rather high brittleness with poor resistance to crack initiation and propagation [2]. 

To enhance their toughness, epoxy resins can be mixed with core-shell rubber (CSR) particles 

consisting of a soft rubbery core and a hard shell around it. Mostly they are produced by 

emulsion polymerization and further added to epoxy resins. Thus, in contrast to phase-

separating rubbers, it is possible to control the particle size by changing the core and shell 

diameters [3]. The shell material of CSR particles should be compatible with the epoxy polymers, 

and therefore, typically poly (methyl methacrylate) (PMMA) is preferred to be used. The 

materials for the core include butadiene, siloxane and acrylate polyurethane [4, 5]. 

The addition of CSR particles was found to have a detrimental effect on tensile properties of the 

epoxy resin (DGEBA) and no effect on its glass transition temperature at the same time [2]. The 

elastic modulus and tensile strength of the epoxy were reduced by 27 and 36%, accordingly, for 

the 15 wt.% content of CSR. Nevertheless, the improvement of about 550% for the fracture 

energy was defined for the same composition of CSR filler particles. Similar results were 

obtained for the epoxy filled with CSR particles from 0 to 38 vol.%. The glass transition 

temperature and Poisson’s ratio were gradually increased while both tensile and compressive 
properties of CSR-modified composites were significantly decreased which was attributed to the 

lower Young's modulus and higher Poisson's ratio of rubber [6]. The toughening mechanisms 
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such as shear band yielding, core to shell debonding and plastic void growth were defined by 

using SEM of fracture surfaces and analytical models [2, 6]. 

Generally, both rigid and soft particles were found to improve the fracture toughness of epoxy 

[7, 8]. The rigid particles toughen epoxy through crack pinning, crack deflection/bifurcation 

effects, whereas the toughening mechanisms of the soft particles are filler debonding, and the 

subsequent void growth as well as the matrix shear band. 

The aim of the work was to evaluate how tensile properties and fracture toughness of the epoxy 

change as a function of CSR particle filler content (0-6 wt.%) for three different types of CSR 

particles. The most effective composition will be further used to manufacture carbon-fibre 

reinforced composite and evaluate the effect of CSR particles on its interlaminar fracture 

toughness. 

2. Materials and Methods 

2.1 Materials 

The investigated materials were based on CHS-Epoxy 582 (Spolchemie, Czech Republic) [9], 

which is a diglycidyl ether of bisphenol A having an epoxide equivalent weight (EEW) of 165-173 

g/mol. It is recommended for the use in composites, adhesives, wind energy, construction, 

electronics, and corrosive coatings. The hardener was Telalit 0420 (Spolchemie, Czech Republic) 

which is a cycloaliphatic amine [10]. It was used in the ratio of 100:25 to cure the epoxy resin. 

Three types of CSR particles characterized by different particle size and material were used. 

These were ACE MX series additives 125, 156, and 960 supplied by Kaneka (Belgium). The 

composition and properties of the CSR particles are provided in Table 1, but the photo of all 

mixtures is given in Figure 1. Each additive contains a specific CSR type dispersed in the epoxy 

with concentration of 25 wt.% in DGEBA. The shell material for all CSR particle types was PMMA, 

EEW for all of them was 243 g/mol, and the density was 1.1 g/cm3 [11]. Four different 

compositions for each CSR particle type were studied for the epoxy at filler fraction 0, 2, 4, and 

6 wt.%. 

 

Figure 1. 25 wt.% concentrate of CSR particles ACE MX-125, MX-156 and MX-960 in the epoxy. 

Table 1: CSR type and mass fraction dispersed in epoxy [11]. 

Additive name Core material CSR size [nm] 

ACE MX-125 Styrene butadiene 100 

ACE MX-156 Polybutadiene 100 

ACE MX-960 Siloxane 300 
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2.2 Preparation of the Test Samples 

To manufacture pure epoxy samples, the epoxy resin was manually mixed with the hardener for 

approx. 10 minutes. After it the mixture was degassed using the vacuum pump. For CSR-

modified epoxy resin, certain content of CSR particles was added to the epoxy and manually 

mixed, degassed, and then mixed with the hardener for approx. 10 min. After the degassing all 

mixtures were poured into silicon moulds. According to supplier recommendations [9], all 

samples were cured in the moulds overnight at room temperature, then 2 h at 60 °C, 1 h at 80 °C, 

and 1 h at 120 °C. After curing, the samples were measured and sanded to get rid of 

imperfections. 

The silicon moulds were produced on-site according to standards for the determination of 

tensile properties [12, 13] and fracture toughness [14]. Thus, dog-bone samples and tapered 

double cantilever beam (TDCB) samples (as shown in Figure 2) were manufactured at a quantity 

of at least 5 samples for each test and CSR particle type, and each filler content. No 

agglomeration of CSR particles was observed by optical microscope Olympus BX51. 

 

 

(a) (b) 

Figure 2. Scheme of dog-bone (a) and TDCB samples (b) (the dimensions are given in mm). 

2.3 Tensile Tests 

Quasi-static tensile tests were performed for the test specimens with different CSR content 

using Zwick 2.5 universal testing machine with a crosshead speed of 2 mm/min at room 

temperature. Tensile strength was defined as the maximal achieved value of stress in the 

specimen, and the elastic modulus was calculated from the slope of a secant line between 0.05 

and 0.25% strain on a stress-strain plot by using equation: 𝐸 = 𝜎2−𝜎1𝜀2−𝜀1 ,                   (1) 

ε1 and ε2, σ1 and σ2 are corresponding strains and stresses, respectively. 

Five test samples per each CSR type and content were tested, and the values given correspond 

to their arithmetic mean value. 

2.4 Fracture Toughness Testing 

The correct measurement of the stress intensity factor (SIF) requires a specimen with a sharp 

pre-crack. TDCB specimens which were made in the silicone moulds had an initial notch with 1 

mm width and a round end, which may substantially increase the apparent fracture toughness 

of the material. The initial pre-crack of 2-5 mm length was created in the specimen before testing 

75  
12  
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by the sharp knife strike. In addition, side grooves of the depth approx. 1.875 mm were provided 

to avoid crack deflection and to maintain the crack path along the midplane of the specimens 

[14]. The tests were conducted on Zwick 2.5 universal testing machine at room temperature of 

22 °C with a constant displacement rate of 1 mm/min. SIF was calculated using Mode I load for 

a crack length <20 mm within constant SIF region. 

The SIF value for the non-grooved specimen can be calculated using the following expression: 𝐾𝑛𝑔 = 2𝑃𝑐 √𝑚𝑏 ,                   (2) 

where Pc is the critical load, b is the width of the specimen and m is a geometrical parameter, 

which for the specimen of the considered geometry equals 0.6 mm-1. For the specimen with 

grooves, the expression for the SIF should be modified as 𝐾𝑔 = 𝐾𝑛𝑔 ( 𝑏𝑏𝑛)𝑥 ,                  (3) 

where bn is the reduced width of the specimen at the grooves’ location, and the value of the 
exponent was determined from a series of three-dimensional finite element simulations with 

grooves of different length. 

2.5 Density Measurements 

The density of all samples was determined at room temperature (22 °C) by using hydrostatic 

weighing in isopropyl alcohol and Mettler Toledo XS205DU balance with a precision of ± 0.05 

mg. First, the density of isopropyl alcohol was determined by using a sinker of known volume 

10 cm3. Then the mass of the samples was registered in air (ma) and in the liquid of known 

density (ml). The density of the samples was determined by the formula: 𝜌 = 𝑚𝑎𝑚𝑎−𝑚𝑙 (𝜌𝑙 − 𝜌𝑎) + 𝜌𝑎,                 (4) 

where 𝜌𝑙 and 𝜌𝑎 is the density of the liquid (0.785 g/cm3 for isopropyl alcohol) and of the air 

(0.0012 g/cm3 for air). 

3. Results 

3.1 Density and Porosity 

The experimental results for density are provided in Figure 2. It obvious that the addition of all 

types of CSR particles resulted in the decrease of the density for CSR-modified epoxy. It is 

possible to estimate the density of the composite by using mixture rule 𝜌𝑐 = 𝜌𝑓 × 𝑣𝑓 + 𝜌𝑚 × (1 − 𝑣𝑓),                (5) 

where 𝜌𝑓 and 𝜌𝑚is the density of the filler (CSR particles) and polymer matrix (epoxy), but 𝑣𝑓is 

the volume fraction of filler, accordingly. The density of the epoxy was experimentally found to 

be 1.159 ± 0.002 g/cm3. Considering the known density of 25%-CSR-modified epoxy of 1.1 g/cm3 

[11], the density of CSR particles was found to be 0.91 g/cm3 [2]. 

The volume fraction of filler was obtained from the equation [15]: 𝑣𝑓 = 𝜌𝑚×𝑐𝑓𝜌𝑚×𝑐𝑓+𝜌𝑓×(1−𝑐𝑓),                  (6) 
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where cf is the weight fraction of the filler. 

According to Figure 3, the mixture rule (Eq. (5)) provided an overestimated evaluation for the 

density of all CSR-modified epoxy materials. Therefore, the efforts were being made to evaluate 

the density of the composites by adding additional phase such as air filled pores which could 

exist in the composites and as a result could lower the density: 𝜌𝑐 = 𝜌𝑓 × 𝑣𝑓 + 𝜌𝑝 × 𝑣𝑝 + 𝜌𝑚 × (1 − 𝑣𝑓 − 𝑣𝑝),              (7) 

where 𝜌𝑝 is the density of the air and 𝑣𝑝 is the volume fraction of pores in the composites. 

 

Figure 3. Density of the epoxy filled with CSR particles (indicated on the graph) vs. filler volume 

fraction (symbols – experimental data, solid and dashed lines – evaluation by Eq. (5) and Eq. 

(7), accordingly. 

Thus, from Eq. (7) the volume fraction of the pores was obtained by the following expression: 𝑣𝑝 = 𝑣𝑓×(𝜌𝑓−𝜌𝑚)+𝜌𝑚−𝜌𝑐𝜌𝑚−𝜌𝑝 ,                 (8) 

The results for the volume fraction of the pores were not significant for all materials and were 

approx. 2 vol. %. This value was considered in further calculations of the elastic modulus of CSR-

modified epoxy. 

3.2 Tensile properties 

The representative stress-strain curves for the neat and CSR-modified epoxy with ACE MX-125 

are provided in Figure 4a. Similar results were obtained for the other additives. As it was 

expected the addition of CSR particles diminished the tensile properties such as elastic modulus 

and tensile strength and led to the increase of maximal deformation. According to Figure 4b the 

elastic modulus of all studied materials significantly decreased with increasing CSR content. The 

elastic modulus of 1.99 ± 0.04 GPa was found for unmodified epoxy. Generally, it had the lowest 

value for ACE MX-960 at all filler fractions which could be attributed to lower effective stiffness 

of particles due to the highest CSR size in comparison with the other additives (see Table 1) [2]. 

The tensile strength of the epoxy (73 ± 3 MPa) decreased by approx. 10-20% with the addition 

of CSR particles. Again, slightly lower tensile strengths were found for ACE MX-960 in 

comparison to the other CSR particles. It could be noted from Figure 4a that the maximal 

deformation increased (from 4.9 ± 0.6% till 7.2 ± 0.5%) with the increase of CSR content revealing 

348/1211 ©2022 Glaskova-Kuzmina 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 

plasticization/softening effect resulted from the inclusion of softer filler particles in a brittle 

matrix. 

 

(a) (b) 

Figure 4. Representative stress-strain curves for the epoxy and epoxy modified with ACE MX-

125 at different filler fractions indicated on the graph (a) and elastic modulus vs. volume 

fraction of filler (dots -experimental results for different CSR particles, solid and dashed lines – 

evaluation by Eq. (9) without consideration of the pores and with the pores, accordingly) (b). 

Different analytical models, e.g., Halpin-Tsai [2], Lewis-Nielsen [2, 6] and Mori-Tanaka [6] were 

applied to describe the reduction of the elastic modulus of the epoxy filled with CSR particles. In 

this work, Hansen model [16, 17] considering spherical particles embedded in spherical shells of 

matrix was used. Thus, the elastic modulus of the composite filled with CSR particles could be 

estimated by using following formula: 𝐸𝑐 = (1−𝑣𝑓)+(1+𝑣𝑓)𝐸𝑓 𝐸𝑚⁄(1+𝑣𝑓)+(1−𝑣𝑓)𝐸𝑓 𝐸𝑚⁄ × 𝐸𝑚,                 (9) 

where Ef and Em is the elastic modulus of the filler (CSR particles) and the epoxy matrix, 

accordingly. The effective elastic modulus of CSR particles was equal to 4 MPa [2], thus resulting 

in a decrease of the elastic modulus of the composite with the increase of filler volume fraction. 

The porosity was also considered by adding volume fraction of the pores (0.77-2.00 vol.%) to 

the overall filler content. The results of evaluation by Eq. (9) are shown in Figure 4b. Generally, 

at higher filler contents Hansen model allowed to predict the reduction of the elastic modulus 

by approx. 20% due to addition of soft CSR particles to the epoxy resin. 

3.3 Fracture toughness 

The fracture toughness of the unmodified epoxy was experimentally found to be 0.83 ± 0.07 

MPa·m1/2 which is slightly lower than the values reported in the literature for the epoxy resins 

[6, 7]. As seen from Figure 5 the addition of CSR particles resulted in a steady increase of the 

fracture toughness for all three types of the additives. No significant difference in the fracture 

toughness among the additives was revealed proving that smaller CSR particles were the same 

effective as bigger CSR particle. Though, in general ACE MX 156 showed the highest 

improvement of fracture toughness which was approx. 108% at CSR content 4 wt.%. The 

optimum rubber content beyond which fracture toughness does not improve was reported by 

many authors in the literature [6, 18]. In this work, according to Figure 5 the optimum CSR 

particle content could be estimated as 4 wt.% for all additives. Of course, this result is only 
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relevant for certain dispersion conditions of CSR particles in the epoxy since. Nevertheless, the 

manual mixing of CSR particles in the epoxy resulted in noticeable improvement of the fracture 

toughness. Also, low fraction of pores that was indirectly estimated from density measurements 

reveals sufficient quality of the manufactured samples. 

 

Figure 5. Fracture toughness for the epoxy and epoxy modified with ACE MX-125, 156, and 960 

at different filler fractions (indicated on the graph). 

4. Conclusions 

The epoxy resin was modified by the addition of three different types of CSR particles at different 

content. The addition of relatively soft CSR particles led to the slight decrease in density, and 

significant decrease in elastic modulus and tensile strength. The reduction of the elastic modulus 

was described by Hansen model, and good agreement was found at high filler content. 

Nevertheless, it was testified that the fracture toughness of the epoxy could be significantly 

improved by the addition of all investigated types of CSR. Optimum CSR particle content was 

found to be 4 wt. % for all CSR particle types. No significant difference in the fracture toughness 

among the additives was revealed proving that smaller CSR particles were the same effective as 

bigger CSR particle. Though, in general ACE MX 156 showed the highest improvement of fracture 

toughness which was approx. 108% at CSR content 4 wt.%. 

Possible combination of rigid and soft particles could be a compromise to simultaneously 

improve both tensile properties and fracture toughness, which cannot be achieved by the single-

phase particles independently. 
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Abstract: Pre-impregnated composite plies have the potential to be shaped into high-

performance structural components through processes like Thermoforming manufacturing. The 

process conditions affect the mechanisation and moulding of these prepreg plies and could lead 

to undesired defects like out-of-plane wrinkles. An essential aspect to avoid part imperfections 

during the thermoforming is understanding how the prepreg will respond to the mechanical 

demands. A complete experimental characterisation was achieved concerning the difficulties 

reported in the literature due to the presence of viscoelasticity and the irregular bonds between 

the plies. The experimental campaign consisted of tests at several strain rates and temperatures. 

A new method is proposed to produce coupons that have cured tabs zone with the central part 

of the coupon without being cured. The values of uncured ply properties and the modelling 

approach were validated using benchmark tests. The validity is checked by comparing the 

experimental response with the predictions of the numerical model. 

 

Keywords: Prepreg; Viscoelasticity; Material Characterisation; Thermoforming. 

 

1. Introduction 

Structures designs in the aeronautical industry increased the employment of pre-impregnated 

(prepregs) thermoset/thermoplastic composites. Since this material has an incomplete cured 

resin, which is very malleable, the part production is usually referred to manufacturing systems 

like hot plate press, vacuum infusion, sheet moulding compound and thermoforming. The 

knowledge about the interaction between material and process parameters is essential to 

achieve the best outcome from the manufacturing process selected. 

Moulding a composite laminate part is a process that involves a number of discontinuities or 

undesired defects like in-plane or out-of-plane wrinkles, non-uniform thickness and fibres 

buckling. These defects are stress concentrators that will affect the lifespan of our structure 

(1)(2). In order to produce a very refined component, the mechanical response of prepreg 

composite in an uncured state needs to be characterised and modelled. 

There is vast information regarding the mechanical behaviour of prepreg laminates with a cured 

state of the resin, but regarding uncured prepregs, the scenario is not defined and is full of 

uncertainness. The viscoelastic behaviour present in prepregs (3) makes it unable to use the 

standards methods designed for composite materials. Especially when heat is introduced in the 

process, the resin becomes more fluid, allowing the plies to slide between them, producing a 

miscalculation of the stress. This problem has been reported in the literature, and different 
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alternatives have been proposed (4)(5). However, there is no consistency between the methods, 

or the setup is not feasible. 

A practical solution is proposed that allows using the standard methods without miscalculating 

the stress resistance, and the repeatability of the test is constant even when varying the cross-

section of the coupons. This methodology was employed to calculate all the principal stress 

resistances necessary to characterise a composite laminate. In this work, the setup for this 

method is shown. We validate the result by comparing test results between coupons produced 

with or without this procedure. 

 

2. Sample Production Procedure and Material Characteristics 

HexPly® AS4/8552 UD prepreg composite sheets were employed to build the laminates. 

Hexcel® fabricates this material with a nominal fibre volume of 57.42% embedded with a 

thermoset resin with a density of 1.3 g/cm3.  

The prepreg plies are stacked to the desired sequence, and the coupons are cut according to 

the ASTM D3039 standard method recommendations. Before testing, the samples are placed 

over a “partial curing” plate, as seen in Figure 1: 

 

Figure 1. Partial Curing Plate. 

 

This rectangular plate will allow curing of the ends of the samples creating a tab zone of 20x20 

mm, which corresponds to the grip area of the testing machine clamps. The plate has six ducts 

that go all through the plate and allow to insert of four cartridge heaters at the ends of the plate, 
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which are denominated as the curing zones, and two ducts at the central part of the plate where 

a constant cold flow will keep this not curing zone cold and therefore the sample will not cure. 

Between these zones, there are two sockets where a thermal insulator material will be inserted 

to reduce heat transfer. The partial curing process consists of heating the ends of the sample at 

100 °C and cooling the centre to keep it under 20°C. A vacuum bag system should be employed 

during the whole process to reduce the void content. After 6 to 8 hours with these conditions, a 

sample with cured tabs and fresh material in the middle is obtained. 

The dimensions of the plate can be adapted according to the sample dimensions required, but 

it is essential to consider that the distance between the hot and the cold zone will affect the 

heat transfer and, therefore, the temperature balance over the plate. Another detail about this 

procedure is that the curing time has an impact on the curing grade of the samples since carbon 

fibres and other types of fibres are heat conductors. Thus, there is a heat gradient from the end 

of the sample to the centre, causing different curing grades along the sample that can affect the 

stress resistance. To avoid any problems regarding this effect, we recommend using the same 

curing time for all the sample production. 
 

3. Experimental Test and Partial Results 

The tests performed in order to validate the partial cure process consist of laminates with a 

stacking sequence of [±45]𝑛𝑠 .Which is a symmetric laminate that, in our case, we considered 

8 and 16 plies. A tensile test was performed with samples that possessed cured tabs and samples 

without curing. The test was performed at room temperature (RT=22°C) with a 0.5 mm/min 

strain rate for both cases. Figure 2 and Figure 3 illustrate the results, respectively: 

 

Figure 2. Tensile Shear Test using samples with 8 and 16 plies without cured tabs. 
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For this first case, we can realise that increasing the thickness will reduce the stress resistance. 

This effect was observed for this case and for all the fibre directions considered. A simply 

explanation could be that a poor bond exists between the plies, and at a specific load, the plies 

will slide between each other, and the load supported will correspond only to the plies in contact 

with the testing machine clamps while the plies in the middle will not support any load. The 

stress calculated decreases with increasing thickness since a lower load is sustained and a more 

extensive cross-sectional area exists.  

Another way to prove this effect is to check the strain distribution over the sample. In a regular 

tensile test, we expect a region where the strain is concentrated (centre of the sample). 

However, in an uncured prepreg sample, this region does not exist and what we observe is that 

different strain concentration points appear and disappear during the tensile test (Figure 4a). 

 

 

Figure 3. Tensile Shear Test using samples with 8 and 16 plies with cured tabs. 

Curing the tabs will guarantee that the load is transmitted to all the plies. Therefore, the stress 

measured does not decrease with an increasing number of plies. In an ideal scenario, we should 

expect the same stress resistance value independent of the dimensions of the cross-section. 

However, we should keep in mind that an uncured prepreg laminate might present 

inconsistencies like fibre rotation during the loading (6), and the interaction between the plies 

(7) will cause a difference in the expected result. The calculated stress should not decrease in 

any hypothesis while increasing the ply number. Thus, we consider that our proposal solves load 

transfer problems through the thickness in uncured prepreg laminates. Additionally, as the 

temperature increases, these inconsistencies have less impact on the final result. 
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In counterpart to the previous case, when we cure the tabs, we will observe a strain 

concentration region just in the middle of the sample (Figure 4b). 

 

      a                     b 

              

Figure 4. Strain distribution at 10% of strain. a) Uncured prepreg sample b) Cured tab sample. 

 

4. Conclusions 

A sample production process was proposed to solve the problem of load transfer through the 

thickness in uncured prepreg laminates. It was previously observed that if a tensile test is 

performed with uncured samples, the external plies of the laminate are the only plies supporting 

the load, causing miscalculations of the stress resistance. Curing the tabs following the 

procedures explained above will guarantee that all the plies in the laminate will be loaded, and 
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the stress resistance calculated has a more accurate value. In the meantime, we performed a 

set of experimental tests to supply a material model that relayed excellent outcomes when used 

in the simulation. 
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Abstract: The microstructure of composites has a strong impact on their performance and 

processability. It influences the structural performance and fatigue life when architected into thin 

ply composites. The microstructure is also affected by processing conditions, respectively 

recursively affects processability as observed in the deconsolidation or intimate contact 

formation during laser assisted tape laying. This work presents a novel approach to identify 

microstructural features. This is achieved by Voronoi tessellation-based evaluation of the fibre 

volume content on cross-sectional micrographs, considering the matrix boundary. The method 

was applied on unidirectional tape samples with characteristic processing history. It is shown to 

be robust, it is suitable to be automated and has the potential to be expanded into 3d imaging 

techniques. It offers the possibility to discriminate specific microstructural features and to relate 

them to processing behaviour. 

Keywords: Unidirectional composites; Microstructure; Imaging; Voronoi 

1. Introduction 

Carbon fibre reinforced polymer composites have outstanding properties at low weight. They 

contribute to the sustainability of air transport, automotive and energy sector. Especially when 

exploiting their anisotropy in the unidirectional configuration, they outperform most 

engineering materials in specific stiffness or weight. The engineering and processing properties 

of unidirectional materials are most commonly  derived from homogenization approaches, 

which assume a perfect regular distribution of the fibre in the matrix. However their processing 

history, from carbon fibre rovings to finished parts affects their microstructural arrangement 

and homogeneity. Amacher [1] observed that unidirectional composites, when spread to very 

thin plies, impact the microstructural homogeneity of the resulting unidirectional laminate 

resulting in an increase of compression strength of up to 24%. Also in processing, Schuler [2] 

observed that transverse squeeze flow, an essential behaviour for intimate contact formation 

[3], is affected by inhomogeneity in fibre distributions. Although the relation between 

microstructure and resulting properties is undeniable, its correlation has been primarily 

qualitative. 

This work aims to develop quantitative analysis methods for unidirectional composite tapes 

based on optical cross-sectional microscopy. Using fibre centre identification through image 

processing, computer vision, and Voronoi tessellation, various quantitative evaluations have 

been explored and correlated to the processing behaviour. 
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2. Method 

The basic approach of cross-sectional microscopy of unidirectional composites has been 

previously explored by Zangenberg et al. [4]: by identification of fibre centres, a Voronoi 

tessellation of the cross-section is achieved, where every cell with an area 𝐴𝑣  contains an 

individual fibre with a cross section area 𝐴𝑓. We can therefore express the Voronoi-based local 

fibre volume content 𝑉𝑓𝑣 at the resolution of a single fibre. Vfv = AfAv      (1) 

To process larger microstructures, an adapted, numerically efficient methodology is presented 

based on the open-source Python library OpenCV [5]. The complete commented code is 

available on GitHub  and archived in Zenodo [6]. Images were taken from embedded samples of 

carbon fibre unidirectional tapes with a polyaryletherketone matrix. The images were captured 

with a Keyence VK-X1000 laser scanning confocal microscope in the optical mode using a 50x 

magnification and coaxial lighting. This corresponded to a pixel resolution of about 1/20th of a 

fibre diameter. Using the embedded stitching capability, images with 17000 x 700  pixels of large 

tape cross-sections were assembled. 

The image processing consisted of four main steps : (1) fibre centre detection, (2) identification 

of individual fibre diameters, (3) detection of the outer boundary, followed by (4) Voronoi 

tesselation taking into account these boundaries.  

The images were processed through mean shift segmentation, blurring and thresholding (Figure 

1). Applying Euclidian distance mapping in combination with an 8-connectivity watershed 

allowed to discriminate individual fibres, also in densely packed situations, as seen in  Figure 2. 

Furthermore, proximity analysis based on the nominal fibre diameter allowed to merge 

overlapping interpretations. 

 

Figure 1. Image processing steps (a) original, (b) mean shift segmentation, (c) blurring, (d) 

thresholding, (from [7]) 

Based on previously computed fibre centres, the fibre radius was determined in four directions 

based on greyscale thresholding as illustrated in Figure 3. Other authors use the circle Hough 

Transform [8] for the fibre centre and fibre diameter feature extraction, which comes, compared 

to this method, at high cost of computation and storage compared to the presented methods.  

The outmost Voronoi cells of a finite number of fibre centres have, per definition, an infinite 

size; therefore, the matrix boundary of the tape sample was digitized into a polygon to cap the 

perimeter Voronoi cells (Figure 4) for dedicated analyses.  
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Figure 2. Definition of fibre contours (a) without and (b) with 8-connectivity watershed,  

(from [7]) 

 

Figure 3. Definition of mean fibre radius based on grey scale evaluation in 4 directions (from [7]) 

 

Figure 4. Tape boundary represented as polygon, trimming the infinite boundary Voronoi cells 

(a) to finite size (b) (from [7], modified) 

3. Results 

To assess the method, three unidirectional tapes, further referred to as A, B and C, made with 

different spreading and impregnation techniques [9, 10] were imaged, segmented and analysed. 

Next to analysing the fibre volume content over the entire cross-section, the 𝑉𝑓𝑣 was also 
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homogenized for a through thickness evaluation and for dedicated analysis of the outmost 

upper and lower boundary elements, as illustrated in Figure 5. In some cases, in highly 

compacted areas, due to imaging inaccuracies, the evaluation of  𝑉𝑓𝑣 could yield values greater 

than one, when 𝐴𝑓 ≥ 𝐴𝑣. These cells were flagged red for clarity and removed from the analyis. 

 

Figure 5. (a) Through thickness segmentation of tape in about 8-10 segments, (b)  identification 

of top and bottom surface cells for specific analyses, (example from tape B, taken from [7]) 

The 𝑉𝑓𝑣 plots of the different tapes shown in Figure 6 to Figure 8 reveal distinct differences 

between the different tapes. The through-thickness analyses shown in Figure 9, reveal distinct 

edge-core morphologies for tape A and B. This is also confirmed in the histograms shown in 

Figure 10, again tapes A and B show contrasting 𝑉𝑓𝑣 distributions at the surface in terms of 

median and skewness. 

 

Figure 6. 𝑉𝑓𝑣 analyses of two characteristic sections from tape A [7] 
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Figure 7. 𝑉𝑓𝑣 analyses of two characteristic sections from tape B [7] 

 

Figure 8. 𝑉𝑓𝑣 analyses of two characteristic sections from tape C [7] 

4. Conclusion 

This work presents a novel approach to identifying microstructural features, based on single 

fibre identification in cross-sectional micrographs, considering the matrix boundary. The authors 

have investigated the robustness of the methods in depth [7]. The methods reveal characteristic 

microstructural features of the fibre distribution, which can be further spatially or statistically 

quantified and related to processing properties. Ultimately, these can be expanded to the 3rd 

dimension and will serve to develop representative volume elements. The observation of tape 

manufacturing-related edge core effects does also relate to other microstructural features of 

the fibre architecture, which has recently been confirmed by Gomarasca et al [11]. 

 

Figure 9. Through thickness evolution of 𝑉𝑓𝑣 for tapes A, B and C (from [7]) 
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Figure 10. 𝑉𝑓𝑣 for the entire tape compared to the top and bottom surface for tapes A, B and C 

(from [7]) 
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Abstract: The Strain Rate dependency of mechanical properties and the failure envelopes for 

woven CFRP under combined in-plane shear and compressive loading have been analyzed 

experimentally by quasi-static and dynamic tests. An analytical off-axis failure envelope is 

obtained by the Maximum Stress Criterion. The increment of the mechanical properties and the 

evolution of the failure envelope with the increment of the strain rate is studied. The dynamic 

response is obtained using the Split Hopkinson Pressure Bar under high strain rates (up to 300/s). 

Moreover, the effect of the stress concentration in compression loading is analyzed by the Open 

Hole Compression specimens under quasi-static and dynamic loading. The off-axis compressive 

strengths, rate dependency and damage mechanisms in Open Hole Compression experiments 

exhibit similar behavior than the previous experiments. The decrements of the compression 

strength in Open Hole Compression specimens at the same strain rate seems to be related to the 

area ratio in the damage initiation zone, but not the stress concentrations. 

Keywords: Strain Rate; Split Hopkinson Pressure Bar; Open Hole Compression: Woven fabric 

carbon composite  

1. Introduction 

Composite laminates are extensively used in aircraft industry and engineering applications due 

to their high ratio between mechanical properties and density. In fact, composites in aircraft 

industry have achieved 50% in terms of weight. However, when subjected to transversal loads 

such as those generated by impact, unidirectional laminates present large delamination areas. 

Woven Fabric laminates, although possessing lower mechanical properties in the fiber direction, 

they exhibit lower delamination areas and higher fracture toughness and impact tolerance. 

There is little available information regarding the behavior of plain weave composites at high 

strain rates. Even that woven composites exhibit an increment of mechanical properties 

proportional to the loading rate, the research community has not yet agreed to find a solid 

methodology to describe the impact response. 

An experimental study has been performed to describe the behavior of a plain woven CFRP 

composite in longitudinal, transverse and off-axis compression, at three different strain rate 

levels (1x103 s-1, 150 s-1 and 300 s-1). Digital Image Correlation (DIC) has been used to obtain 

the true stress-strain response. Moreover, Open Hole Compression tests have been set up at 

different rate levels to analyze the open hole effect in specimens loaded in longitudinal and off-

axis compression. 
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The material system used for this study is a carbon/epoxy preimpregnated AS4-8552-AGP193 

plain weave fabric. AGP193-PW represents a perfect balanced woven composite (equal number 

of fibers in warp and weft direction). To obtain a nominal panel thickness of 4 mm at a given 

cured ply thickness of 0.2 mm, a layup of [0]20 was chosen. 

Quasi-static compression tests on woven CFRP specimens were performed by means of an 

INSTRON 8516 (100KN). The compression load was applied along the longer direction, with a 

constant velocity of 1.25 mm/min. Since the nominal specimen length is 20mm the quasi-static 

strain rate is 1x103 s-1. The experiments were recorded by means of a Basler acA2440 Camera 

with a resolution of 2404x2056 pixel2. The acquisition rate was configured at 5 fps, whit a 

shutter speed of 1/5,000 s. VIC-2D software was implemented to obtain the strain field. The DIC 

pattern was performed implementing the Water-Slide Paper Technique in order to ensure 

repeatability and accuracy in the strain analysis. 

Intermediate and high-rate compression tests were performed using a Split Hopkinson Pressure 

Bar System. The striker, incident, and transmitted bars, which are made of steel, have a length 

of 0.5m, 2.6m and 1.4m respectively, using the same diameter (22mm) to balance the 

impedance. Different sizes for a circled-section copper pulse shaper were used depending on 

the fiber orientation to ensure a constant strain rate along the dynamic loading. Strain gauges 

were connected to a Digital Oscilloscope RTB2004 with a frequency of acquisition of 41.7 MHz. 

A Photron SA-Z high speed camera was used to record the experiments at both loading rates, 

using a frequency of acquisition of 200,000 fps, with a shutter speed of 1/800,000 s, being able 

to record a pixel size of 364x160 pixel2. The high-speed camera pictures were imported to the 

VIC-2D software to analyze the strain field. As explained in QS Set-Up, the DIC pattern was 

implemented using the Water-Slide Paper Technique, giving us a better understanding of the 

strains in the CFRP fragment along the experiment. 

Quasi-static off-axis experiments allowed us to analyze the material failure envelope. SHPB 

experiments have given us a better understanding about the strain rate dependency of the 

woven CFRP, both for mechanical properties and failure envelope. Finally, the open hole 

compression tests were important to analyze the influence of the stress and strain concentration 

in dynamic tests. 

Figure 1 shows the results of the experiments and the envelope of failure obtained, it is shown 

how the dynamic effect could be observed in the increasing trend of the strength failure 

envelope. 
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Figure 1. Results of open hole experiments at different strain rates 
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Abstract: Polypropylene is one of the most widely-applied materials for automobile industries, 

and graphene-related materials have shown extraordinary properties in gas barrier, owing to its 

unique 2 dimensional geometry and high aspect ratio. Herein, we have incorporated graphene-

related materials into a high-molecular-weight polypropylene, aiming at developing vessels for 

hydrogen storage. We have compared two different types of fillers AVA 0312 (reduced graphene 

oxide developed Avanzare) and BeD-graphene (graphene nanoplatelets developed by 

BeDimensional). The surface area of the two nanomaterials was determined by the BET test, 

which showed that the AVA0312 possesses significantly higher surface area than BeD-graphene. 

The hydrogen permeability of the materials was effectively reduced by the addition of graphene-

based fillers. Overall, the experimental results show a promise of the light-weight, low-cost and 

easily-prepared polypropylene/graphene nanocomposites to be developed for the next 

generation hydrogen storage for transportation industry.  

Keywords: graphene; nanocomposites; hydrogen storage; polymer;  

1. Introduction 

The challenge of global climate change demands green energy consumption for automobile and 

other types of transportation. An ideal option is to use hydrogen to replace fossil fuels as an 

energy source, which requires new generation of light-weight materials with excellent hydrogen 

barrier properties. Polypropylene has been the most widely applied material for automobile 

industries. Graphene-related materials have shown extraordinary properties in gas barrier, 

owing to its unique two dimensional geometry and high aspect ratio 1.  

Herein, we have incorporated graphene-related materials into a high-molecular-weight 

polypropylene, aiming at developing vessels for hydrogen storage. We have compared two 

different types of fillers AVA 0312 (reduced graphene oxide developed Avanzare) and BeD-

graphene (graphene nanoplatelets developed by BeDimensional). The composition of the two 

nanoparticles was checked by XPS, confirming low oxygen content of both fillers. The surface 

area of the two nanomaterials was determined by the BET test, which showed that the AVA0312 

possesses significantly higher surface area than BeD-graphene. The GRM-reinforced 

polypropylene nanocomposites was successfully prepared by melt mixing and hot press. The 

actual filler content was checked by thermogravimetric analysis (TGA). The crystallinity of the 

materials was measured by differential scanning calorimetry (DSC), suggesting the increase of 

crystallinity of the polypropylene with increasing filler content. The nanoscale morphology of 

the nanocomposites was examined by transmission electron microscopy (TEM), indicating the 

graphene substances were well-dispersed in the polymer matrix. We evaluated the hydrogen 

367/1211 ©2022 Mufeng 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:mufeng.liu@manchester.ac.uk
https://doi.org/


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

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

permeability of the materials using a locally-made permeability rig 2. The hydrogen permeability 

of the materials was effectively reduced by the addition of graphene-based fillers. The results 

indicated higher efficiency of improving the gas barrier properties for the reduced graphene 

oxide than the graphene nanoplatelets, possibly owing to the higher surface area of the 

AVA0312 that was confirmed by the BET test. Overall, the experimental results show a promise 

of the light-weight, low-cost and easily-prepared polypropylene/graphene nanocomposites to 

be developed for the next generation hydrogen storage for transportation industry.  

2. Experimental method 

2.1 Materials and preparation 

Reduced graphene oxide (coded as AVA-0312) was provided by Avanzare Ltd and used as 

received. Graphene nanoplatelets (BeDimensional) was provided by BeDimensional and used as 

received. The polypropylene (Mw~) granule pellets was purchased from Sigma-Alderich and 

used as received.  

The nanocomposite sample were prepared by melt mixing in an internal mixer, followed by 

compression molding. The melt mixing took place at 190 oC at 70 rpm for 5 minutes. The weight 

percentage of AVA-0312 filler was 0.5, 1, 1.5 and 2.5 wt%, while the loading of BeDimensional 

GNP was 1, 2.5, 5, and 10 wt%. The samples throughout the manuscript are coded as the 

composition of the materials and the weight percentage of the filler. For example, PP-BeD10 

stands for the PP and BeDdimensional mixture where ‘10’ means the nominal weight fraction of 

the filler is 10 wt%.  

The compression molding was conducted at a hydraulic pressure of 30 bars for 5 minutes 

followed by a fast water cooling to the room temperature, while the pressure was kept at 30 

bars during the cooling procedure. The thickness of the compression molded sheets was around 

1 mm, controlled by the mold. The samples were then stamped into disc shape with a diameter 

around 10 mm for the gas permeability testing.  

2.2 Characterizations 

X-ray Photoelectron Spectroscopy (XPS) was carried out to determine the elemental 

compositions of the fillers, using an Axis Ultra Hybrid spectrometer (Kratos Analytical, 

Manchester, United Kingdom) with monochromated Al Kα radiation (1486.6 eV, 10 mA emission 
at 150 W, spot size 300 x 700 μm) with a base vacuum pressure of ~5×10−9 mbar. Charge 

neutralisation was achieved using a filament. Binding energy scale calibration was performed 

using C-C in the C 1s photoelectron peak at 285 eV. Analysis and curve fitting was performed 

using Voigt-approximation peaks using CasaXPS. 

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 analyzer.  

The actual filler loadings of the samples were checked by Jupiter STA 449 thermogravimetric 

analyzer (TGA) from room temperature to 800 oC in an atmosphere of N2 at a heating rate of 10 
oC/min.  The equipment was employed to investigate the melting and crystallization behavior. 

Samples of about 10 mg were heated, cooled and re-heated between 30°C and 200°C using a 

heating/cooling rate of 10 °C/min, under a nitrogen flow of 50 ml/min. 
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A FEI Tecnai G2 20 (LaB6) transmission electron microscope (TEM) was employed to examine 

the nanoscale morphology of the nanocomposites, which was operated at an acceleration 

voltage of 200 kV. Thin sections of the samples (neat PP and highest loadings of the 

nanocomposites) with a thickness of 80 nm were prepared using a diamond knife mounted on 

an ultramicrotome. The cutting procedure was performed at room temperature at the out-of-

plane direction of the compression molded sheets. 

The hydrogen (H2) permeability was measured using a differential pressure testing system 

(Fig.1), in accordance with standard BS ISO 15105-1:2007. The gas permeability (P) was 

determined by the following equation 2: 𝑃 = 𝑉𝐿𝑃𝑅×𝑇𝐾×𝑝𝐻𝑃×𝐴 × 𝑑𝑝𝐿𝑃𝑑𝑡 × ℎ                    (1)     

                

where VLP is the volume of the low-pressure chamber, R is the gas constant 8.31 × 103 𝐽 ∙ 𝐾−1 ∙𝑚𝑜𝑙−1), TK is the thermodynamic temperature, pHP is the pressure of the high-pressure chamber, 

A is the transmission area of the specimen, dpLP/dt is the pressure change per unit time of the 

low-pressure chamber and h is the thickness of the specimen. 

 

Figure 1. Schematic diagram of the H2 gas permeability rig, numbers 1-6 refer to the valves; HP 

and LP stand for high pressure and low pressure, respectively. 

3. Result and discussion 

3.1 Analytical characterizations 

Regarding the neat fillers, elemental analysis was performed using XPS, in order to check the 

oxygen ratio and other possible elements that might be presented in the fillers. The surface area 

of the two graphene-based nanomaterials was also determined using BET. The results can be 

seen in Table 1. It was found that both nanofillers contain low oxygen ratios. The BeD graphene 

possesses low content of nitrogen while AVA 0312 contains very low ratio of sulphur. The BET 

surface area of BeD (~6.5 m2/g) has shown significant lower value than AVA 0312 (137.2 m2/g). 

This factor is particularly crucial in determining the end properties of the nanocomposites 3. The 

difference of the H2 permeability will be discussed in the latter section. 

 

 

369/1211 ©2022 Mufeng 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 

Table 1: Results of elemental ratio and BET surface area of the neat filler. 

Filler Element (%) BET surface area (m2/g) 

BeD C (96.34), O (2.46), N (1.21) 6.5 

AVA C (96.22), O (3.64), S (0.14) 137.2 

 

With respect to the molded samples of the nanocomposites, the actual loadings of the fillers 

were checked by TGA, and the crystallinity of the PP/graphene nanocomposites was determined 

by DSC. The results can be seen in Table 2. It can be found that the actual mass fraction of the 

filler is quite close to the nominal weight percentage that was mixed into the polymer. The 

volume fractions of the filler were then calculated by the equation, 𝑉𝑓 = 𝑤𝑓𝜌𝑚𝑤𝑓𝜌𝑚+(1−𝑤𝑓)𝜌𝑓          (2) 

where  wf is the mass fraction of the filler, ρm (=0.905 g/cm3) and ρf (=2.2 g/cm3) are the densities 

of the matrix and the filler, respectively.  

The enthalpy of melting of all samples was measured by DSC, in order to calculate the 

crystallinity of the nanocomposites. The crystallinity of the samples is given by, 

Xc= ΔHf/ΔHf0×100%         (3) 

where ΔHf is enthalpy of fusion of the sample and ΔHf0 is the enthalpy of fusion of 100% 

crystalline isotactic PP (170 J/g 4). It was shown that the addition of the graphene increased the 

crystallinity of PP in general. However, the increase of the crystallinity by addition of BeD 

graphene was more related to the filler loadings, while the addition of AVA graphene increased 

the crystallinity of PP by approximately 7% but did increase gradually with increasing filler 

loadings. 
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Table 2: Mass fraction, volume fraction, enthalpy of melting and crystallinity obtained and 

calculated from the results of TGA and DSC. 

Sample 
Mass fraction  

of the filler (%)  

Volume fraction  

of the filler (%)  

Enthalpy of 

melting (J/g ) 
Crystallinity (%) 

PP 0 0 82.8 48.7 

PP-BeD1 0.45 ± 0.08 0.18 ± 0.04 90.9 53.5 

PP-BeD2.5 2.64 ± 0.08 1.10 ± 0.04 93.5 55.0 

PP-BeD5 4.02 ± 0.06 1.68 ± 0.03 94.7 55.7 

PP-BeD10 10.64 ± 0.08 4.64 ± 0.04 106.6 62.7 

PP-AVA0.5 0.36 ± 0.06 0.18 ± 0.03 82.8 55.4 

PP-AVA1 0.76 ± 0.11 0.36 ± 0.05 94.1 55.2 

PP-AVA1 0.94 ± 0.06 0.49 ± 0.03 93.9 55.9 

PP-AVA2.5 1.83 ± 0.06 0.90 ± 0.03 95.0 52.1 

 

3.2 Microstructure 

The microstructure of the neat polymer and the highest loadings of the two nanocomposites 

was examined by TEM that are shown in Fig.2. It can be seen that the AVA graphene displayed 

a significantly more homogeneous dispersion than BeD graphene, which could contribute to a 

better efficiency of gas barrier improvement.  

 

Figure 2. TEM images of (a, b) PP-BeD10 and (c, d) PP-AVA2.5. 
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3.3 Gas permeability 

The gas permeability was measured by a homemade permeability rig that was shown in Fig.1. 

The permeability of H2 of all samples was in the order of ~10-15 mol.m/(m2.s.Pa), which is 

consistent with the data in literature for polymers 5. It can be seen that the addition of both 

fillers contributed to a reduction in the H2 permeability. The mechanism of the reduction of the 

permeability of H2 can be explained by the increased tortuosity of the path that the gas 

molecules had to travel due to the addition of the 2D materials. Herein, we use a well-known 

Nielsen’s model to fit the data as can be seen in both figures. The permeability of the 2D 
materials filled nanocomposites (Pc) is given by 6, 𝑃𝑐 = 𝑃𝑚 ∙ 1−𝑉𝑓1+𝑠2∙𝑉𝑓                    (4) 

where Pm is the permeability of the neat matrix, s is the aspect ratio of the filler and Vf is the 

volume fraction of the filler. The tortuosity factor is (1+ s
2

∙ Vf), based on Nielsen’s model 6. It 

should be noted that the Nielsen’s model employed here describes a specific ideal case, which 

should be the lower bound of the permeability of a filled composite. In the figure, therefore, we 

quoted Nielsen aspect ratio (sN), emphasizing that the values of the aspect ratio here was the 

ones that fitted by the model, which should be differentiated from the actual aspect ratio of the 

filler. We can see that the improvement of H2 barrier properties by AVA graphene indicated a 

significantly higher efficiency than that of BeD graphene, possibly due to their better dispersion 

in nanoscale. The Nielsen aspect ratio given by eq.(4) was ~170 for AVA graphene and 

approximately 10 times higher than BeD graphene (only ~18). Hence, we can summarize that 

the AVA0312 (rGO-based graphene) performed better than BeD (graphene nanoplatelets (GNP)-

based graphene). The main difference that we have characterized between these two 

nanomaterials was the BET surface area. It can be concluded that the neat graphene with higher 

surface area may result in better gas barrier improvement.  
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Figure 3. H2 Permeability of (a) PP-BeD samples and (b) PP-AVA samples. The results of both 

samples were fitted by Nielsen’s model, giving an aspect ratio of BeD graphene of ~18 and that 
of AVA graphene of ~171.  
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4. Conclusion 

Polypropylene/graphene nanocomposites were successfully prepared by melt mixing and 

molded by hot press. The actual loadings of the fillers were consistent with the nominal loadings 

that were added. The characterization of the graphene-based materials indicated that the main 

difference between the neat fillers is their surface area, where AVA graphene displayed much 

higher value of BET than BeD graphene, which is possibly due to their preparation routes (AVA 

is rGO, while BeD is graphene nanoplatelets). The addition of both graphene products increased 

the crystallinity of PP. The TEM images have successfully shown the difference of the 

nanostructure of the nanocomposites between the two samples. The BeD has shown a micro-

scale dispersion while the AVA displayed a nanoscale dispersion in the polymer. The different 

level of dispersion was found to determine the H2 permeability of the nanocomposites. AVA0312 

graphene has shown a significantly higher efficiency in the improvement of H2 barrier properties 

than BeD graphene. The key factor determining the gas barrier improvement was believed to be 

the surface area and the degree of dispersion of the filler. Higher surface area and better 

dispersion of the 2D materials gives rise to a higher value of effective aspect ratio modelled by 

Nielsen’s model. Overall, graphene-based polymer shows a promise in fabrication of liners for 

gas vessel, which could be developed into the next generation of hydrogen storage. 
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Abstract: Hot-pressing can be an attractive fabrication method that enables the forming of 

hybrid materials like thermoset based fibre metal laminates. However, the process simulation on 

press forming requires accurate material characterization and boundary conditions to facilitate 

part design for a defect-free component. In order to improve the overall predictive simulation 

quality, the inter-ply sliding at metal-prepreg interfaces which is one of the critical deformation 

mechanisms is considered. An inter-ply friction model has been established using an 

experimental friction test apparatus and the effect of slip rate, normal force and temperature is 

taken into consideration. To validate the proposed friction model, a comparative study between 

results obtained from the numerical model and the experimental ones is carried out. The research 

demonstrates that the inter-ply friction model can be a valuable building block for the finite 

element simulation of the hot-pressing process for thermoset based fibre metal laminates.   

Keywords: Fibre metal laminates (FMLs); Inter-ply friction; Hot-pressing; Numerical simulation 

1. Introduction 

Fiber metal laminates are lightweight composites made by alternative layers of fibre reinforced 

materials and metal alloy sheets. The hybrid structures can be used for different properties using 

various constituents and the combination has superior performance over their individual layers 

[1,2]. Conventional approaches like lay-up techniques and autoclaves can only manufacture FML 

parts with a relatively simple shape, having large radiuses like aircraft fuselages. The main reason 

is that the deformability of the hybrid laminates is limited by the small failure strain of the fibres 

and the failure modes of the laminates [3]. Therefore, this research puts forward a methodology 

which combines hot-pressing and subsequent curing process in one cycle using the same mould 

to achieve better performance without the occurrence of fractures, wrinkles or other possible 

defects [4,5]. The proposed hot-pressing process is shown in Fig.1. Prior to the hot-pressing and 

curing steps, the uncured laminate is stacked and pre-heated which decreases the resin viscosity 

and eases the deformation of the prepreg, in particular inter-ply friction. However, temperature 

and time are two critical factors that need to be carefully controlled as the initiation of epoxy 

resin cure would increase the stiffness of the prepreg and constrain deformation. The process 

combines sheet metal forming and composite forming technologies for manufacturing the final 

product without losing much mechanical performance. Therefore, both the deformation modes 

of these two materials should be considered in order to improve the formability of the fibre 

metal laminates. The metal sheets are usually deformed into 3D shapes by bending and in-plane 

plastic deformation, while the deformation of fibre prepregs is achieved by allowing the 
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individual layers to deform through intra-ply shear within the prepregs and inter-ply sliding in-

between the metal sheets and prepregs.  

 

Figure 1. Proposed hot-pressing process of thermoset based fibre metal laminate manufacturing 

The finite element modelling of fibre metal laminates can be approached mainly in three ways: 

micro-level, meso-level and macro-level. For the micro-level approach, individual materials are 

differentiated in the model consisting of fibres and matrix. This is the most complex but realistic 

approach as it requires partitioning the model into different pieces [6]. The meso-level approach 

regards the laminate as a system of independent layers with specific homogenized mechanical 

properties. This approach results in an effective modelling for all type of hybrid laminates as it 

requires relatively limited number of elements. Although there are some simplifications which 

skips the issue of layer boundary conditions, it would not affect the laminate performance unless 

delamination or other failure phenomena occur [7,8]. The macro-level approach describes the 

entire hybrid laminate as a homogenized material with anisotropic properties. This approach 

can be described as a simple generalization since only a few engineering constants are needed. 

The biggest problem for this method is to obtain the data of the homogenized material as the 

replacement for the hybrid laminate. One of the possible solutions is the application of Classical 

Laminate Theory which enables the description of their behaviour under external loads based 

on the engineering constants, representing membrane, bending and coupling behaviour, or by 

the uniaxial tensile test of the specimen in order to obtain the constant data in the theory [9,10]. 

Moreover, process simulation of the hot-pressing of fibre metal laminates requires an accurate 

mathematical description of the main deformation mechanisms such as intra-ply shear, inter-

ply sliding as well as bending [11]. None of these mechanisms is negligible or dominant, as the 

laminate deformability is supposed to be a result of a delicate balance among them [12]. 

Therefore, more advanced  material constitutive models and boundary conditions of each 

deformation mechanisms are required to improve the predictive quality for manufacturing. 

This research aims to develop a homogenized meso-level model for inter-ply friction in the hot-

pressing process and implement it into numerical software Abaqus for validation. The inter-ply 

friction mechanism at the metal-prepreg interfaces of glass fibre reinforced aluminium laminate 

(GLARE) is investigated experimentally. Then, the meso-level approach coupled with the friction 

contact model for numerical simulation is established. As the current frictional models neglect 

the effect of any transient which greatly influence the predictive quality [13,14], a static-kinetic 
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exponential decay equation is used to model the transition from static to kinetic friction under 

different conditions such as temperature, sliding rate and normal force in order to include the 

initial transient response into the inter-ply friction model. The coefficients of static and kinetic 

friction are obtained by a novel experimental friction test as the values are key indicators of the 

initial and steady transient response. To validate the ability of the proposed friction models for 

replicating the response of the inter-ply friction test, numerical software ABAQUS which allows 

for the implementation of user-defined frictional behaviour via a subroutine is applied. Also, the 

results of the stress-displacement response are analysed and compared with the commonly 

used cohesive zone model and penalty friction model with steady response. The establishment 

of the inter-ply friction model provides deep insights into the underlying deformation 

mechanism of fibre metal laminate under various hot-pressing conditions.  

2. Materials and methods 

The hybrid material involved in this work was the aerospace graded fibre metal laminate named 

as GLARE-glass fibre reinforced aluminium laminate. The experimental sample presented in Fig.2 

consists of three layers of 0.5-mm thick 2024-T3 aluminium sheets and two layers of glass fibre 

reinforced prepreg S2-glass/FM-94 epoxy. Each fibre layer included two unidirectional prepreg 

plies with a nominal thickness of 0.18 mm. The unidirectional fibre ply oriented at zero direction 

corresponded with the rolling direction of the aluminium sheet. Prior to assembling, aluminium 

surface was pre-treated with chromic acid anodizing and BR 127 primer for corrosion protection 

[15-17] since the surface treatment has a great influence on the friction studied in the research.   

In this work, an inter-ply friction test was chosen as the experimental procedure. It was designed 

by modifying the ASTM D3528 standard which is used to determine the shear strengths of 

adhesives for bonded metals [18]. The schematic diagram and dimension for the test sample is 

presented in Fig.2 and the normal force is applied on top and bottom layers by a clamping 

loadcell. Besides, the preheat temperature inside the chamber and the sliding rate for pull-out 

can be set through manual input. The friction test apparatus which allows for testing at various 

conditions, was designed for the measurement of inter-ply friction coefficient at metal-prepreg 

interface. Instead of bonding and curing through standard autoclave cycle, the uncured prepreg 

layer could slide along the pre-treated aluminium sheet under specific normal loads. The heated 

resin was not only the matrix material of the resulting prepreg but also acted as a lubricant when 

the prepreg slides between two metal plates. To investigate the effects of different parameters 

on the friction coefficient at the metal-prepreg interface, a set of values were chosen in Table 1. 

Experiments were conducted varying two parameters at a time while keeping the other at their 

baseline values.  

Table 1: Test parameters used for inter-ply friction tests . 

Parameter Baseline value Additional values investigated 

Normal force (N) 500 100,200,300,600,1000 

Sliding rate (mm/min) 10 5,15,20,30,40 

Temperature (℃) 23 40,60,80,100,120 
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Figure 2. Schematic diagram (a) and dimension (b) for the designed inter-ply friction test  

For the numerical verification, a finite element model of the experimental friction setup was 

done with Abaqus. The finite element model shown in Fig.3 includes two outer aluminium sheets 

fixed at one end and a middle aluminium sheet pulled out from the other end, together with 

two alternating glass fibre prepreg layers. A normal force was applied on the outer aluminium 

surfaces and the sizes as well as thicknesses were the same as the experimental setups. To 

simplify the setup and reduce computation time, the two material constituents were modelled 

as deformable bodies with four-node bilinear plane stress quadrilateral elements (CPS4R) and 

with a mesh size of 1 mm. Such laminate model was represented in the composite layup module 

where all layers and material parameters like orientation, thickness, property and relative 

location was defined. The inter-ply friction model used a static-kinetic exponential decay 

equation to simulate surface to surface contact instead of constant friction coefficient value. 

Values of static and kinetic friction coefficient were obtained by an experimental friction test 

and the decay constant was calculated to best fit the experimental data points [19]. A cohesive 

zone model with contact elements was compared for validation. The interface properties of the 

cohesive layers were gathered from literatures and the interfacial delamination can be modelled 

based on cohesive law by adopting a softening relationship between traction and separation 

[20]. 

 

Figure 3. Finite element model for the inter-ply friction test of fibre metal laminates 
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3. Results and discussion 

3.1 Numerical implementation of experimental results 

For the inter-ply friction behaviour, the graph of Fig.4 validated that the numerical model can 

capture a peak state as it was associated with the static friction and a steady sliding state for the 

kinetic friction. Both results revealed that friction coefficient increases with the increasing sliding 

rate and this relationship suggested that the friction was characterised by the Newtonian 

shearing of the epoxy matrix where shear stresses increase with the increasing shear rate. In 

contrast, the friction decreases with the increasing normal force and explanation can be that at 

low normal forces, interface between the fibre reinforced prepreg and aluminium sheet has a 

relatively rough surface contact with high asperities. While higher normal force can result in the 

resin percolation as well as a better film of slippage, and thus decrease the friction coefficients. 

Fig.4(b) revealed that the static and kinetic friction coefficients decrease as the test temperature 

increases from the temperature of 40℃ to 120℃. The reason for that is mainly due to the lower 

viscosity and increased lubrication as resin squeezing out when the temperature increases. 

More details can be found in reference [19]. The Fig.4 also showed that static friction coefficient 

and onset sliding displacement obtained from the model does not correspond exactly to the 

experimental data, and the model observed a steady kinetic friction at the early stage of 

displacement while the experimental coefficient of friction continues to drop slightly. This small 

difference can be ignored due to the inevitable experimental errors and the numerical model 

can thus be regarded as a good solution to predict the inter-ply friction accounting for the 

variations in sliding rate, normal force and temperature of the preformed fibre metal laminates. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

C
o

e
ff

ic
ie

n
t 

o
f 

F
ri

c
ti

o
n

 

Displacement(mm)

  200N, 20mm/min, Simulation

  200N, 20mm/min, Experiment

  500N, 20mm/min, Simulation

  500N, 20mm/min, Experiment

  500N, 10mm/min, Simulation

  500N, 10mm/min, Experiment

 1000N, 5mm/min,  Simulation

 1000N, 5mm/min,  Experiment

(a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

Displacement(mm)

C
o

e
ff

ic
ie

n
t 

o
f 

F
ri

c
ti

o
n

 

  40oC,   500N,   Simulation

  40oC,   500N,   Experiment

  80oC,   500N,   Simulation

  80oC,   500N,   Experiment

  120oC,  500N,  Simulation

  120oC,  500N,  Experiment

  120oC, 1000N, Simulation

  120oC, 1000N, Experiment

(b)

 

Figure 4. Comparison between numerical and experimental results for inter-ply friction of fibre 

metal laminates: (a) At room temperature 23℃; (b) At sliding rate 10 mm/min  

3.2 Comparison with other numerical models 

To further validate the accurate response of the applied static-kinetic friction model, two other 

numerical models for simulating the inter-ply contact behaviour were compared. The stress and 

displacement curves for the three models under specific conditions are presented in Fig.5. The 

penalty friction model was set at a steady friction coefficient value of 0.2 and a normal force of 

500N, while the cohesive zone model was performed with the shear stiffness of 105 MPa/mm, 

maximum shear strength of 50 MPa and fracture toughness of 0.2 N/mm. It was obviously seen  

from the figure that the value of stress for the cohesive zone model during the sliding period is 
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not in the same order of magnitude as the other two friction models, and the maximum stress 

is reached at a smaller displacement. This is because the cohesive zone model is essentially 

equivalent to tie constraint where the initial slide of aluminium sheet causes the layer separation 

or even fracture with extremely high shear stress. Fig.6(a) shows the delamination at the metal-

prepreg interfaces when the cohesive zone model was applied. This failure mode may limit the 

deformability of fibre metal laminate as it was more like a cured sample. Therefore, the cohesive 

zone model was not suitable to simulate the inter-ply contact at various hot-pressing conditions. 

As for the penalty friction model, there is no difference in the steady sliding state compared with 

the static-kinetic friction model even though stress concentration occurs in the initial sliding area 

(Fig.6(b)). However, the initial transient response behaved differently where no obvious static 

state was found. This was more likely to occur at higher temperature with lower resin viscosity 

shown in the inter-ply friction tests. Therefore, the penalty friction model was inappropriate for 

simulating the inter-ply sliding behaviour under all the hot-pressing conditions. After comparing 

with the two numerical models, the static-kinetic friction model was proved to be the best-fit to 

accurately model the inter-ply friction of fibre metal laminate in actual hot-pressing process. 
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Figure 5. Comparison of three numerical models at the metal-prepreg interface 

 

Figure 6. Numerical results of two different contact models at the displacement of 1 mm 
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4. Conclusion 

In the present work, the friction coefficient at metal-prepreg interfaces for fibre metal laminate 

under various hot-pressing conditions was measured using a novel friction-test apparatus. A 

static-kinetic friction model for the prediction of the inter-ply friction behaviour of fibre metal 

laminate was established and validated. The proposed model was able to predict initial transient 

response and transition from static to kinetic friction under different parameters such as sliding 

rate, temperature and normal force. The friction coefficient-displacement trends predicted by 

the numerical model correlated well to those determined through experimental test. Moreover, 

two other numerical models for simulating the inter-ply contact of fibre metal laminates were 

proposed. The cohesive zone model was proved to be insufficient as the shear stress was too 

high and delamination was prone to occur. The penalty friction model can model the kinetic 

friction during the steady sliding state, while the initial transient response was neglected thus 

cannot be applied under all hot-pressing conditions. As a result, the inter-ply friction model can 

be a valuable building block for the finite element simulation of the hot-pressing process for 

thermoset based fibre metal laminates.   
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Abstract: This study deals with an interlock woven composite and aims at providing a better 

understanding of the dissipative mechanisms activated under cyclic loadings that are applied 

during heat build-up experiments. The instrumentation of these experiments relies mostly on 

infrared thermometry and a special focus is put on the post-processing of the thermal 

measurements as the results of this post-processing can guide the identification of the dissipative 

mechanisms. Moreover, the experimentally obtained dissipated energy fields can be compared 

to numerical results in order to identify the dissipation sources related to the inelastic behaviour 

of the resin. 

Keywords: woven composites ; thermomechanical characterization ; heat build-up 

1. Introduction 

The broad implementation of composite materials in aircraft structures is the result of their 

excellent specific strength and specific stiffness properties. In industrial applications, woven or 

textile composites have been gaining popularity since they lack some drawbacks found in 

commonly used laminated composites: a low damage resistance or poor out-of-plane properties 

[1]. With this objective in mind, this study focusses on a three-dimensional woven composite 

with an organic matrix that was developed for research purposes by the Safran group. The 

presented thermomechanical characterization is based on analyses of the heat build-up 

phenomenon occurring under cyclic loadings. This phenomenon is often investigated in 

approaches that aim at accelerating the characterization of the fatigue properties [2-3]. 

Nevertheless, in order to achieve this goal, the relation between the thermomechanical 

signature and the dissipative mechanisms activated under cyclic loadings must be described.  

2. Damage scenario of woven composites 

In the case of woven composites, the damage scenario is complex due to the complex 

microstructure and involves several phenomena: matrix cracking, inter-yarn and intra-yarn 

cracking, inter-ply and intra-ply delamination (Figure 1a) [4-5]. The present work focusses mainly 

on the early damage occurring under relatively low loadings leading to long fatigue lifetimes. 

The complex damage scenario implies a large number of dissipative mechanisms, which can 

include viscoelasticity, plasticity, damage, etc. 

3. Identification of dissipation mechanisms from thermal measurements 

In order to identify the dissipative mechanisms activated under cyclic loadings, the infrared 

thermometry is employed. The latter gives access to temperature fields on the sample’s surface 
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that can be submitted to further post-processing. Figure 1b illustrates a thermoelastic coupling 

field obtained on the front face of a tested specimen. It appears that the implemented post-

processing methods enable a fine description of the thermomechanical response on the meso-

scale level. Other examples of these experimentally obtained fields include dissipated energy 

fields, thermal event maps or 2×f amplitude maps [6-7]. 

 
 

 
 

Figure 1a: Cracks apparition observed by 

infrared camera 

Figure 1b: Thermoelastic cartography 

obtained from thermal measurement 

 

4. Description of dissipation mechanisms based on simulation/experiment 

comparisons 

As mentioned previously, the analyses of these experimentally obtained fields can be used to 

guide the identification process of the dissipated mechanisms. Another use of these fields is to 

provide an experimental database that can be compared to the results obtained by means of 

constitutive modelling [8-9]. These comparisons can be used to validate the behaviour laws used 

at the meso-scale level or can further refine the description of the dissipation scenario. This is 

done by comparing the numerical and experimental dissipation under relatively low cyclic 

loadings. These simulation/experiment comparisons show that as long as the specimen is free 

of damage, the major dissipation source results from the inelastic behaviour of the resin [10]. 

5. Conclusion 

Studies investigating dissipative mechanisms activated under cyclic loadings have been gaining 

popularity as a detailed description of the dissipation scenario can pave the way for fatigue life 
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predictions. However, the complex architecture of woven composites leads to the activation of 

a relatively large number of dissipative mechanisms. In order to identify these dissipative 

phenomena, two strategies are being presented. The first one makes use of the information 

provided by full-field temperature measurements and proposes post-processing methods that 

highlight the creation of cracks on the observed surface. The second one compares the 

experimental and numerical energy dissipated under cyclic loadings in order to identify the 

dissipation sources related to the inelastic behaviour of the composite resin.  
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Abstract: The permanent deformation, stiffness degradation and strength of UD Glass/PA6 

coupons with an open hole under tension and compression loading is investigated. 3 layups: 

[0/90]5s and [+45/-45]5s and [+45/0/-45/90]3s  were tested. The specimen shape was rectangular 

with a width of 36 mm and a hole size of 6 mm, according to ASTM D5766. Both monotonic 

loading as well as Loading-Unloading-Reloading tests were executed. This, together with a 

measure of the full field strain of the sample (using Digital Image Correlation) allowed to identify 

the general sample strength as well as identify several regions where permanent deformation 

and damage occurred. 

Keywords: open hole; thermoplastic; Experimental; Digital Image Correlation 

1. Introduction 

While for Thermoset Fibre Reinforced Polymers (TS FRP) [1–3] detailed studies about the failure 

behaviour in the presence of stress concentrations exist, they seem to be absent for 

Thermoplastic Fibre Reinforced Polymers (TP FRP). Also, there is an increasing interest for 

advanced material models which are able to predict the nonlinear behaviour of TP-FRP. For an 

in-depth validation of such material models detailed information is required about the strain 

field evolution during the loading process. In addition, knowledge of the quantitative evolution 

of specimen stiffness and permanent strain, which may be caused by a combination of damage 

phenomena including matrix cracking and plastic deformation, fiber failure, fiber-matrix 

debonding and delaminations is crucial input for such numerical models. 

In this work UD Glass/PA6 laminates with an open hole are subjected to tension (OHT) and 

compression (OHC) loading. Both monotonic and Loading-Unloading-Reloading (LUR) tests were 

executed to identify the evolution of specimen stiffness and the development of permanent 

strain on the specimen surface. 

2. Methodology 

Laminated plates were hot pressed with TenCate CETEX UD glass/nylon-6 from Ten Cate 

Advanced Composites B.V. Laminated plates with layup [0/90]5s and [+45/-45]5s were produced 

from which rectangular specimens were cut using water jet cutting. Afterwards a central hole 

with diameter 6 mm, to avoid damage to the hole edges, was milled from the composite 

coupons. Figure 1 shows the specimen dimensions. The specimens with 250 mm length were 

used for tensile tests. The specimens with 150 mm length were used for compressive tests. A 

summary of the test program is given in Table 1. 
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Figure 1: Specimen shapes. Top: tensile specimen. Bottom: compression specimen. The grey 

area is the clamped area 

The specimens were tested on a 100 kN hydraulic Instron uniaxial test bench. The clamps of the 

machine were aligned before testing to ensure proper load introduction. The specimens were 

inserted over the full clamp length. Thus, the effective gauge length was 150 mm and 50 mm 

for, respectively, the tensile and compressive specimens. Both monotonic loading until failure 

as well as Loading Unloading Reloading (LUR) tests were executed. In the LUR tests consecutive 

reloadings were done at approximately 25%, 35%, 50%, 65% and 85% of the static strength after 

which the specimen was loaded until fracture.  

The strain on the sample surface was measured using 3D Digital Image Correlation (DIC). For this 

the specimen surface was first painted with white, water based, acrylic airbrush paint. This type 

of paint adheres well to the surface while it does not form a film. The latter ensures that, when 

large deformations occur, the paint does not detaches or peels from the specimen surface. The 

3D DIC system consisted of a custom setup with 2 Pointgrey cameras with 5MP resolution. The 

images were calibrated and analysed using the software VIC-3D from Correlated Solutions. 

Table 1: Overview of specimens and load type 

Load type Layup Length [mm] 
Width  

[mm] 
Thickness [mm] 

Hole diameter 

[mm] 

Actuator. Speed 

[mm/min.] 

Monotonic tensile 

LUR Tensile 

[0/90]5S 250 36 5.2 6 2 

[+45/-45]5S 250 36 5.2 6 2 

[+45/0/-45/90]3s 250 36 6.2 6 2 

Monotonic compression 

LUR Compression 

[0/90]5S 150 36 5.2 6 0.5-0.6 

[+45/-45]5S 150 36 5.2 6 0.5-0.6 

[+45/0/-45/90]3s 150 36 6.2 6 0.5-0.6 

 

From the testdata several aspects such as the observed failure phenomena, the general stress-

strain behaviour, the development of permanent strain and apparent damage (sample stiffness 

reduction) is investigated. For the global specimen stress-strain behaviour, the nominal stress, 
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𝜎𝑛𝑜𝑚. , is calculated by dividing the force from the load cell with the initial cross sectional area 

at the maximum hole width as shown in Equation 1. 𝜎𝑛𝑜𝑚 = 𝐹(𝑤 − 𝑑) ∗ 𝑡 

Equation 1 

In Equation 1, 𝐹 is the force from the load cell, 𝑤 is the sample width, 𝑡 is the sample thickness 

and 𝑑 is the hole diameter. The global sample strain is defined as the engineering strain between 

two points located close to the clamps, as indicated in Figure 2. Due to the presence of the hole, 

the authors stress that the forthcoming stress-strain curves of these experiments indicate 

specimen behaviour and not intrinsic material behaviour. 

An example of the global stress-strain behaviour for a LUR-OHT test with layup [+45/-45]5s is 

shown in Figure 2. One can clearly see the development of permanent strain after each loading 

cycle. Furthermore, the specimen stiffness is defined as the slope between consecutive 

maximum and minimum loads in an unloading-reloading cycle. This is indicated by the straight 

black lines. 

 

Figure 2: Global sample strain gauge for tension (left) and compression (right) specimen, b) 

Nominal stress- global strain of an open hole sample with layup [+45/-45]5s under tension load. 

3. Results and Discussion 

In this section the global specimen stress-strain behaviour is discussed in Section 3.1. Then, in 

Section 3.2 the observed failure type for each type is discussed. This is followed by a discussion 

about the development of permanent strain and damage in Section 3.3. 

3.1 Nominal stress – global strain 

The nominal stress - global strain of the experiments is shown in Figure 3. The result for each 

layup is represented by a different colour. For the results of samples with the same layup, 

different dashing is used.  
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(a) (b) 

Figure 3: Nominal stress vs global strain of samples subjected to monotonic loading until 

failure. a) OHT, b) OHC 

The cases for OHT are shown in Figure 3a. The coupons with layup [0/90]5s and [+45/0/-45/90]3s 

show quasi-linear behaviour up to sudden failure at about 220 MPa. The coupon with layup 

[+45/-45]5s initially shows linear behaviour and becomes nonlinear at 1% strain. A failure strain 

of about 12-15% is observed with a failure load of about 150 MPa. These failure strains are 

significantly higher than for the other specimens because the +45/-45 plies are primarily loaded 

in shear, which illustrates the large deformation capability of the PA6 matrix. Remarkable is that 

the OHT strength of the QI laminate is higher than the OHT strength of the coupon with layup 

[0/90]5s. This is caused by the high OHT strength of the +45/-45 plies in the QI laminate. 

The data for OHC are shown in Figure 3b. Similar to tension, layups [0/90]5s and [+45/0/-45/90]3s 

show quasi-linear behaviour up to failure. A small non-linear region is present close to final 

failure. After kinking at maximum load the QI samples were still able to carry about 35% of the 

maximum strength at -75 MPa. The curves for layup [+45/-45]5s are non-linear. A notable 

difference is that buckling occurs at about -90 MPa, as indicated by the black diamonds. The end 

of the curves for [+45/0-45/90]3s and [+45/-45]5s do not indicate specimen failure. The 

specimens were removed after, respectively, kinking and buckling to protect the load cell of the 

machine and preserve the crosshead alignment. Yet, the specimens could still have been 

compressed further.  

3.2 Failure observations 

For each of the six combinations of load (tensile and compressive) and layup ([0/90]5s and [+45/-

45]5s, [+45/0/-45/90]3s) different failure phenomena were observed.  

Figure 4 shows images of typical failure behaviour of the samples with layup [0/90]5s  under, 

respectively, tensile and compressive load. OHT failure of the samples with layup [0/90]5s shows 

no indication of growing cracks up till sudden failure. Despite the sudden breakage large 

symmetrical cracks appear from the sides of the holes and span almost the entire width of the 

sample. At the sides of the specimen a number of fibers are still bridging over the crack, 

effectively holding both specimen halves together. Although this connection is weak, it indicates 

that next to fibre breakage also fibre pull-out is an important damage phenomenon. OHC failure 

of the samples with layup [0/90]5s show relatively sudden kinking failure. Just before failure 

initial localized kinking can be observed originating from the hole edge. This is very difficult to 
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see visually, however, they can be spotted with the DIC strain field through a local strain 

concentration, or local correlation failure of the strain field.  

Figure 4: Front and side view of ultimate failure of Glass/PA6 laminate, layup [0/90]5s, with 6 

mm diameter hole in a) tension, b) compression 

For the samples with layup [+45/-45]5s both tensile and compressive loading showed large non-

linear behaviour before failure. Figure 5 shows typical observations under, respectively, tensile 

and compressive loading. OHT failure for layup [+45/-45]5s, Figure 5a, shows a combination of 

crack growth and ductile failure. Before failure multiple cracks develop at the hole edge. 

However, note that not all cracks necessarily grow to cause final failure. In Figure 5a, a crack is 

indicated with a red circle. Although this crack appears to be the largest before failure, the crack 

causing load bearing failure occurs from a different location. OHC failure for layup [+45/-45]5s, 

Figure 5b Error! Reference source not found., could not be achieved. The samples showed very 

high nonlinear deformation before eventually buckling at about 90-100 MPa 𝜎𝑛𝑜𝑚, Figure 3b. 

This shows the very high sample deformation which could be observed. After the occurrence of 

buckling, samples were unloaded and removed. 

  

(a) (b) 

Figure 5: Failure for laminate [+45/-45]5s a) tensile, b) compressive 

Figure 6 shows the tensile and compressive failure for specimen with layup [+45/0/-45/90]3s. For 

the tensile case, cracks develop along the +45 fibre direction of the top ply. These grow from 

the hole edge towards the edges of the sample until final failure. The specimen fails in a brittle 

way due to the presence of the 0 degree plies. The [0] plies show fibre pull-out with 

delamination, [90] plies show matrix cracking and the [45] plies failed in the typical shear-out 

a) b) 
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failure. Similar to [0/90]5s; the compressive failure of [+45/0/-45/90]3s occurs in the form of 

kinking, Figure 6b. Buckling was not observed during loading. It is noted, however, that the 

specimens do not fracture in two pieces as seen from the side view. The delamination damage 

is contained within the kinking zone. The combination of plies in all three primary directions is 

able to keep the plies from both sides of the specimen connected and attached, even after 

severe kink deformation. This allows the specimen to carry load after initial failure. 

 

a)     b) 

Figure 6: Failure for laminate [+45/0/-45/90]3s a) tensile, b) compressive + side view 

3.3 Stiffness and permanent strain evolution 

Figure 7 shows the evolution of permanent strain and modulus of the specimen with layup 

[+45/-45]5s. In the figures, the same symbols are used for the same test. The datapoints in gray 

occurred after buckling. A large amount of permanent strain occurs, and the elastic modulus 

reduces with each load cycle up to about 30% of the original modulus for tension, and 40% 

(before buckling) for compression. Between tensile and compression loading the evolution of 

permanent strain is similar, the evolution of specimen elastic modulus is less steep for 

compression. 

a) b) 

Figure 7: a) Permanent strain and b) evolution of normalized elastic modulus for [+45/-45]5s. 

Datapoints in gray are measured after buckling. 

Figure 8 shows the evolution of longitudinal permanent strain and elastic modulus for [0/90]5s 

and [+45/0/-45/90]3s. Though the nominal stress- global strain curve is quasi-linear, both layups 

show a small evolution in global permanent strain with a modulus reduction of about 20%. This 

suggests that, at least locally, some damage and plasticity occurs in the specimen volume. 

Similar evolutions are shown between tension, compression, and per layup. Note the initially 
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higher elastic modulus after the first unloading cycle in the compression data of Figure 8b. This 

is caused by variability in strain measurement at small strain magnitude. Despite this, both 

elastic modulus evolution and permanent strain evolution are similar for tension and 

compression.  

a) b) 

Figure 8: a) Permanent strain and b) normalized elastic modulus for [0/90]5s and [+45/0/-

45/90]3s. 

Figure 9 shows the longitudinal strain on the specimen surface for the layup [+45/-45]5s and 

[0/90]5s at unloading after either the last load cycle or just before buckling. For the samples with 

layup [+45/-45]5s X-shaped shear bands with high permanent strain develop. These meet at the 

side of the hole. This is illustrated in Figure 9a for the tensile case where the longitudinal strain 

is positive. For compression the longitudinal strain has the same shape, yet with negative sign. 

For the samples with layup [0/90]5s, Figure 9b, a region of nearly zero longitudinal strain occurs 

above and below the hole center. To the left and right of the hole a local region with permanent 

strain occurs. For the compressive case the pattern is similar. The region with larger permanent 

strain is limited to the immediate vicinity of the hole. The permanent strain pattern for the QI 

layup shows a combination of the patterns from the [0/90]5s and [+45/-45]5s laminates.  

 
 

a) b) 

Figure 9: Permanent strain developed after unloading specimen a) LUR-OHT with layup [+45/-

45]5s and b) [0/90]5safter the highest loading cycle before failure 
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4. Conclusion 

In this work Open Hole Tension and Open Hole Compression tests were executed on three 

laminates from UD Glass/PA6 material. The laminates tested are [0/90]5s, [+45/-45]5s and 

[+45/0/-45/90]3s. Both monotonic and Loading-Unloading-Reloading experiments were 

executed. This allowed to identify global specimen behaviour, the development of permanent 

strain, and evolution of specimen elastic modulus until final failure. 

The experimental results show the significant nonlinear behaviour of Open Hole specimens 

made from thermoplastic fibre reinforced materials under both tensile and compressive loading. 

The specimens with layup [+45/-45]5s showed similar behaviour under both tension and 

compression. A degradation of the specimen elastic modulus up to 70% and permanent 

longitudinal strain of 7% is seen. The specimens with layup [0/90]5s and [+45/0/-45/90]3s show 

a maximum reduction of about 20% in elastic modulus. A very small amount of 0.1 % permanent 

longitudinal strain is noted.  

The availability of the entire strain field on the sample surface throughout the test can be used 

to verify and validate finite element simulations of open hole tests for this material. A 

remarkable observation is that, while the evolution of global permanent strain and elastic 

modulus reduction between the tensile and compressive load cases is quite similar, the 

distribution of permanent strain development can be different. This indicates the necessity to 

include full field strain measurements, as well as both tensile as compressive loading, in future 

experimental programs on composite mechanical behaviour. 
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Abstract: The tack of uncured prepreg is recognized as being one of the most important material 

properties. It is well known that in automated lay-up process, tack affects production rate and 

the component quality. Most studies have focused in which extent process parameters and 

environmental parameters influence the tack properties without considering the material 

composition. Therefore, the aim of our work is to determine how the material manufacturing 

affects the tack of the prepregs. We investigated five different pre-impregnated materials at 

different process parameters and environmental conditions. The materials differ with regard to 

resin content, resin viscosity and semi-finished product types (towpreg and prepreg). Overall, our 

results show that material properties, as resin content, resin viscosity or type of semi-finished 

product influence the tack. For example, increasing the resin content by 5 % leads almost to a 

100 % increase in tack. It was also found that the impact of process parameters and 

environmental conditions on the tack properties is affected by the material configurations. We 

have obtained comprehensive results proving that it is possible to configure the tack properties 

during material development and production. By this, the tack characteristics can be specifically 

adapted to the requirements of the corresponding application, for example the automated fiber 

placement (AFP)-process. Furthermore, the testing procedure can be used for quantification at 

an early stage in the material development process and consequently enable resource-efficient 

material development.  

Keywords: tack; automated fiber placement; prepreg; towpreg; material characterization  

1. Introduction 

The increasing demands from the public and governing bodies, to reduce energetic resource and 

emissions, requires technological solutions. Fiber-reinforced materials have a higher weight-

specific stiffness and strength than metals and thereby offer a high potential for lightweight 

construction. For this reason, they are used in variety applications, especially in the aircraft 

industry [1]. Automated fiber placement (AFP) is an established manufacturing process in the 

aerospace industry for composite lightweight structures [2]. The AFP laying head, moved by a 

robotic system, can simultaneously lay down several pre-impregnated tapes on a tool surface 

[2]. The interaction between the process and the uncured material properties of the prepreg 

tapes plays an important role [3]. One material property is the tack, which can be described as 

the resistance of the pre-impregnated fibers to be separated from the substrate/tool surface 

[4]. Especially, an inadequate tack of the prepreg tapes might increase lay-up defects, which 

reduce the productivity of the process and the quality of the end products [3–5].  

A growing body of literature has investigated experimental set-ups, to determine the tack of 

prepregs. The most well-known set ups are the probe tack test and the peel test [3–22]. There 

is a considerable amount of literature on investigations, how process parameters, 
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environmental parameters and material parameters influence the tack of prepregs and 

towpregs [3–13, 15–22]. 

In literature, there are many examples of investigations of the influence of resin content on tack 

properties [12, 13, 15, 16, 18, 20]. Most studies have only focused on examining woven prepregs 

or glass fiber prepregs [15, 16, 18]. Crossley et al. [10] mention that, fiber architecture and fiber 

type has an influence on tack characteristics, so the results might not be transferable to 

unidirectional carbon fiber prepregs. In their analysis of the influence of resin content on tack, 

Edwin et al. [20] change other material parameters besides resin content in their experimental 

design, so that the influence of resin content cannot be clearly recognized. Hayes and Seferis 

[13] measured the influence of impregnation parameters in the production of unidirectional 

carbon fiber prepregs on the tack and the resin content, but did not correlate the results directly 

with each other. Moreover, the tack between the prepreg layers was measured.  Several studies 

found that the tack between prepreg layers is significantly higher than the tack between prepreg 

and steel [7, 22]. Therefore, the results of Hayes and Seferis cannot be transferred to the lay-up 

of a prepreg on a steel surface. 

Previous work has focused on the tack behavior of uncured prepregs [3–7, 9–13, 15–22]. The 

investigation of towpreg materials with regard to the tack was only carried out by Rao et. al. [8].  

However, there is still a need to analyze the effect of the semi-finished product in terms of the 

tack behavior. A number of studies reported the fiber architecture effect the tack [10, 20]. It can 

thus be suggested that the semi-finished product type has an influence on the tack. 

Many publications have studied the viscoelastic behavior of prepregs and the resulting relevance 

to tack properties [4, 7–11, 21, 22]. In this context, rheological measurements have been carried 

out simultaneously with the tack measurements under changing process and environmental 

parameters [8, 9, 22]. Nevertheless, no information has yet been found on how the selection of 

high or low viscosity resins in the production of prepregs or towpregs affects the tack 

characteristics.  

Consequently, we have addressed the research question of whether and how material 

parameters must be set during the production of pre-impregnated tapes in order to influence 

the tack properties in the AFP processing area in a targeted manner. We decided that a suitable 

approach for this investigation is to evaluate materials that only differ in one material property. 

Only change one factor at a time allowed us to analyze the clear impact of resin content, viscosity 

of the resins and type of semi-finished product on the tack. We characterize the tack behavior 

of these materials with the novel test bench "TUM peel tack test", which offers the possibility 

to lay down the pre-impregnated tapes with an AFP laying head and then perform out a peel 

test. In this approach we are able to vary the AFP-parameters like lay-up speed, compaction 

force and infrared (IR) lamp power. This enables us to carry out a full-factorial test design in a 

realistic industrial processing condition. The influence of the environmental parameters is 

represented by variation of the aging time of the different materials at defined climatic 

conditions. In the AFP-Process, it is important that the first ply, which is lay-up on a steel tool, 

has sufficient tack during placement to prevent slippage or displacement during the rest of the 

process [19]. Therefore, we decided to investigated this “worst-case-scenario” the tack between 
steel surface and pre-impregnated tape.  
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2. Materials and Methods 

2.1 Materials 

The materials in Table 1 were tested with regard to their tack. Ref. serves as a commercially 

available reference prepreg system. P_lv_35 to T_lv_33 are development materials and were 

specially provided for this series of tests. Due to non-disclosure agreements, the exact material 

designation and composition may not be described. 

Table 1: Specifications of the tested pre-impregnated unidirectional tapes 

Reference 

Type of semi-

finished 

product 

Fiber type Resin type 
Resin 

content [%] 

Areal Weight 

[g/m²]  

Ref. Prepreg 
HTS Carbon 

fiber 

Commercially 

available resin  
40 440 

P_lv_35 Prepreg Carbon fiber  
Low viscosity resin 

35 406 

P_lv_40 Prepreg Carbon fiber 40 440 

P_hv_35 Prepreg Carbon fiber High viscosity resin 35 406 

T_lv_33 Towpreg Carbon fiber Low viscosity resin 33 361 

2.2 Tack measurement  

The peel tack of the individual materials was investigated fully factorially with the following test 

configuration in Table 2.  

Table 2: Test configuration for the determination of the peel tack 

Parameter category Parameter Unit  Tested settings  

Environmental parameters   Aging time   [d] 1; 15; 30 

Process parameters 

 

 

 

Lay-Up speed [m/s] 0.06; 0.08 

Lamp power [W] 315; 420 

Compaction force [N] 100; 400 

The samples were aged in an industrial manufacturing facility at a relative humidity of 40% and 

temperature of 21 °C. Three replicates were performed for each of the 24 settings, so that a 

total of 360 tests were carried out. 

As shown in the left part of Figure 1, the “TUM peel tack test” bench was installed directly next 

to the AFP unit of the Technical University of Munich. The base plate with a template for the 

specimen holder was fixed on the AFP tool table. The AFP machine processes 1/8" (3.175mm) 

wide slit-tapes. Since slit tapes were not available for the various materials, the samples were 

manually applied to the specimen holder as shown in Figure 1 on the right. Therefore, the 

prepregs were cut to 25mmx350mm samples by a CNC cutter. The 12.7 mm wide towpreg was 
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controlled unwound from the spool and cut to a length of 350 mm. A release film was placed 

between the specimen and the specimen holder in the back area of the specimen holder. In 

order to simulate the lay-up process, the laying head was then moved over the specimen under 

defined process conditions as shown in Table 2. 

 

Figure 1: Test set-up (left) and depositing of samples (right) for performing the “TUM peel tack 
test” adapted from [3] 

After this step the specimen holder was removed and inserted into the test bench. Thereby, the 

specimen was fixed in the clamping jig as shown on the left side of Figure 2. The specimen is 

then peeled off at 5 mm/s. 

  

Figure 2: Execution (left) and presentation of results (right) of the “TUM peel tack test” adapted 

from [3] 

The load cell measures the required force over time, as shown in the Figure 2 on the right. In the 

area where the specimen is placed on the release film, only the material stiffness of the 

specimen is measured. In the remaining area, where the specimen was applied directly to the 

specimen holder, the tack is measured in addition to the material stiffness. The difference 

between the two areas is the tack [3, 14].  In addition, for every peel test the coefficient of 

variation (CV) of the tack along the specimen was determined.  

3. Results and Discussion 

The results of the measurement of the different materials is summarized in Figure 3. The peel 

tack is given in N/mm as a function of the specimen width. The results show that by varying the 

material configurations of pre-impregnated tapes, the peel tack can be influenced in a targeted 

manner. The tack values of a standard materials such as Ref. can be exceeded. However, it can 

be seen that the standard material has lower CV of peel tack.  
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Figure 3: Averaged results and standard derivations over all settings of the peel tack and 

coefficient of variation (CV) of the tack in relation to the materials 

The correlation between P_lv_35 and P_lv_40 describe the influence of the resin content on the 

tack behaviour of prepregs. An increase in resin content by 5% leads to an increase in tack by 

100% and does not impact the CV of the peel tack. A possible explanation for the increase in 

peel tack could be that more resin is in the interface and improves the adhesion between the 

bonding partners. Our results are in line with the findings of Hayes and Seferis [13].  P_lv_35 has 

a viscosity in the temperature range of the AFP process 10 times lower than that of P_hv_35. 

The low viscosity leads to an increase by 26 % in the peel tack and a decrease by 29% in the CV 

of the peel tack. The main reason for this behavior may be that the low viscosity has led to better 

wetting on the specimen holder, which increases the peel tack. Figure 3 also shows that the 

towpreg (T_lv_33) with the same material combination as the prepreg has a 40% higher peel 

tack and 11 % less CV of peel tack than the prepreg (P_lv_35). These results can be explained in 

part by the different manufacturing processes of the semi-finished product types. 

In order to investigate how the material parameters influence the processing in the AFP 

processing area, the results of the tack measurements of the individual materials as a function 

of the environmental and process parameters are shown in Figure 4 and Figure 5.  

 

Figure 4 Results of the peel tack (left) and the coefficient of variation (CV) of peel tack (right) of 

the materials in relation to the aging time 

397/1211 ©2022 Siemen 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 respect to the lamp power shown in Figure 5, its variation has no influence on the tack 

measurements. An explanation for this behaviour is the tape is only heated on the surface when 

the samples are applied by hand. The area between the tape and the substrate is not heated, as 

is the case with AFP placement. As can be seen in the plots in Figure 5 the results of the CV of 

peel tack as a function of the lay-up speed, compaction force and lamp power have high 

standard deviation , so these parameters have no significantly influence. Therefore, these results 

are not taken into account here. 

It can be clearly seen that the tack properties of Ref. are barely influenced by environmental and 

process parameters and has no significiant change in values in the AFP process area. P_lv_35 

and P_lv_40 show oppostive behaviour depending on aging time and lay-up speed. With a low 

resin content, both the peel tack and the CV of peel tack increase with aging time. With a higher 

resin content, there is a decrease in peel tack and a peak of the CV of peel tack at the aging time 

of 15 days. The peel tacks show a decrease for P_lv_35 and no influence for P_lv_40 with an 

increase of the lay-up speed. These oppositve behaviour may be can explained by the adhesive 

and cohesive mechanisms, which take a role in the tack of the prepreg [4]. Cohesive failure has 

been noticed more frequently at P_lv_40 during testing. The change in the interaction between 

adhesive and cohesive failure could have an influence on the different dependence of peel tack 

and CV of peel tack on lay-up speed and aging time. Regardless of the resin content, both 

materials show a low gradient in peel tack with increasing compaction pressure. 

 

Figure 5: Results of the peel tack (above) and the coefficient of variation (CV) of peel tack of the 

materials in relation compaction force (left) and lay-up speed (middle) and lamp power (right) 
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The viscosity of the resin system influences the dependence of the peel tack on the environment 

and process parameters. For prepreg with high viscosity resin, a decrease in peel tack with 

increased compaction pressure and reduced speed can be seen. The opposite is true for 

prepregs with low viscosity resin. The reason for this result is still not entirely clear. Possibly, the 

toughness of the resins influences the kinematics of the prepregs in the process, which in turn 

influences the tack properties. The dependence of the peel tack on the aging time also change 

due to the resin viscosity. For P_lv_35 an increase in peel tack with aging time is to be expected. 

For P_lv_40  the opposite is the case. The CV of peel tack increase for low and high resin viscosity. 

Towpregs and prepregs with the same material combination demonstrate the same correlations 

between peel tack and CV of peel tack to the parameters ageing time, compaction pressure and 

lay-up speed. 

4. Conclusion 

By adjusting the material parameters during the production of pre-impregnated tapes, the tack 

behaviour in the AFP process area can be influenced directly. In conclusion, these findings 

suggest that by increasing the resin content, selecting low viscosity resins, and using towpregs 

instead of prepregs, the peel tack can be increased. Accurate results were obtained in this 

manuscript, which shows that the different material configurations influence the dependence 

of the tack behaviour on the enviromental and process parameters. The present findings help 

to adapt the materials directly to the processing requirements in order to achieve the highest 

possible productivity and quality. Therefore, further work with the aim of idendifying the 

machine-specific tack area where the fewest machine stops and lay-up errors occur, is reguired.  

Acknowledgements 

This work was funded by the Bavarian Ministry of Economic Affairs, Regional Development and 

Energy as part of the project "Automated Composite Sandwich Lay-Up System (MAI ACoSaLUS)" 

(No. LABAY 113E). We gratefully acknowledge the help provided by SGL Technologies GmbH, 

Meitingen for the constructive comments and for providing the test materials. We also thank 

GKN Aerospace Deutschland GmbH, Munich for the ongoing collaboration and the possibility of 

aging the test materials in your facilities.   

5. References 

1. Heinecke F, Willberg C. Manufacturing-Induced Imperfections in Composite Parts 

Manufactured via Automated Fiber Placement. J. Compos. Sci. 2019;3:56. 

2. Brasington A, Sacco C, Halbritter J, Wehbe R, Harik R. Automated fiber placement: A 

review of history, current technologies, and future paths forward. Composites Part C: 

Open Access. 2021;6:100182. 

3. Heller, K., Colin, D., Drechsler, K. Quantifying the Influence of Out-time on Prepreg 

Material Properties and Out-of-plane Steering Defects during Automated Fiber Placement. 

Frontiers in Materials. 2022. 

4. Budelmann D, Schmidt C, Meiners D. Prepreg tack: A review of mechanisms, 

measurement, and manufacturing implication. Polym Compos. 2020;41:3440–58. 

5. Beakou A, Cano M, Le Cam J-B, Verney V. Modelling slit tape buckling during automated 

prepreg manufacturing: A local approach. Composite Structures. 2011;93:2628–35. 

399/1211 ©2022 Siemen 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. Belhaj M, Dodangeh A, Hojjati M. Experimental investigation of prepreg tackiness in 

automated fiber placement. Composite Structures. 2021;262:113602. 

7. Endruweit A, Choong GY, Ghose S, Johnson BA, Younkin DR, Warrior NA, Focatiis DS de. 

Characterisation of tack for uni-directional prepreg tape employing a continuous 

application-and-peel test method. Composites Part A: Applied Science and Manufacturing. 

2018;114:295–306. 

8. Rao S, Umer R, Thomas J, Cantwell WJ. Investigation of peel resistance during the fibre 

placement process. Journal of Reinforced Plastics and Composites. 2016;35:275–86. 

9. Crossley RJ, Schubel PJ, Focatiis D de. Time–temperature equivalence in the tack and 

dynamic stiffness of polymer prepreg and its application to automated composites 

manufacturing. Composites Part A: Applied Science and Manufacturing. 2013;52:126–33. 

10. Crossley RJ, Schubel PJ, Warrior NA. The experimental determination of prepreg tack and 

dynamic stiffness. Composites Part A: Applied Science and Manufacturing. 2012;43:423–
34. 

11. Rajaei M, Beheshty MH, Hayaty M. Preparation and Processing Characterization of 

Glass/Phenolic Prepregs. Polymers and Polymer Composites. 2011;19:789–96. 

12. Dubois O, Le Cam J-B, Béakou A. Experimental Analysis of Prepreg Tack. Exp Mech. 

2010;50:599–606. 

13. Hayes BS, Seferis JC, Chen JS. Development and hot-melt impregnation of a model 

controlled flow prepreg system. Polym Compos. 1996;17:730–42. 

14. Klaus Heller, Simon Seyfferth, Kalle Kind, Klaus Drechsler, editor. A Post Lay-up Tack Peel 

Test for Aerospace Grade Prepreg Tapes; 2020. 

15. Popp A, Klostermann D, Chartoff R. Correlation of prepreg tack with process perfirmance 

in laminated object manufacturing. In: Bridging the centruies wirth SAMPE´s materials and 

processing technology. p. 90–103. 

16. Putnam JW, Seferis JC, Pelton T, Wilhelm M. Perceptions of Prepreg Tack for 

Manufacturability in Relation to Experimental Measures. Science and Engineering of 

Composite Materials. 1995;4:55. 

17. Ahn KJ, Seferis JC, Pelton T, Wilhelm M. Analysis and characterization of prepreg tack. 

Polym Compos. 1992;13:197–206. 

18. Cole KC, Noël D, Hechler J-J, Cielo P, Krapez J-C, Chouliotis A, Overbury KC. Room-

temperature aging of Narmco 5208 carbon-epoxy prepreg. Part II: Physical, mechanical, 

and nondestructive characterization. Polym Compos. 1991;12:203–12. 

19. Chinh D. Nguyen, Dominik Delisle. FIRST PLY TACK OF AN AUTOMATED FIBRE PLACEMENT 

PROCESS – INFLUENCE OF HEATABALE MOULD SURFACE, RELEASE FILMS AND PROCESS 

PARAMETERS. SAMPE Europe Conference. 2017. 

20. Edwin J. Smith, Cecile Grubb, John Misasi, and Nicole Larson, editor. Developing a 

Procedure for Prepreg Tack Characterization; September 23, 2019. 

21. Banks R, Mouritz AP, John S, Coman F, Paton R. Development of a new structural prepreg: 

Characterisation of handling, drape and tack properties. Composite Structures. 

2004;66:169–74. 

22. Budelmann D, Detampel H, Schmidt C, Meiners D. Interaction of process parameters and 

material properties with regard to prepreg tack in automated lay-up and draping 

processes. Composites Part A: Applied Science and Manufacturing. 2019;117:308–16. 

 

400/1211 ©2022 Siemen 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 

SURFACE ENERGY DETERMINATION OF PARTICLES USED AS FILLERS IN 

POLYMERS: APPLICATION TO LIGNIN/PLA COMPOSITES 
 

Valentin Carretiera, Monica Francesca Puccib, Clement Lacostea, Arnaud Regazzib, José-Marie 

Lopez-Cuestaa 

a: Polymers Composites and Hybrids (PCH), IMT Mines Ales, Ales, France  

b: LMGC, IMT Mines Ales, Univ Montpellier, CNRS, Ales, France – monica.pucci@mines-ales.fr 

 

Abstract: This study has the aim to propose a new simple method to determine the surface 

energy components of particles used as fillers in polymers. An experimental protocol coupled to 

a modified Jurin law is proposed. This protocol was applied to lignin particles used as 

reinforcement in polylactic acid (PLA). Some treatments were performed on lignin to improve the 

adhesion with PLA and the modifications due to the treatments were characterized. The 

originality of this method was to extend the theory of Jurin to porous media and compare it to 

the well-known theory of Washburn. Results showed that the Washburn theory had some limits 

for the application to these materials, since some hypotheses were not respected or no longer 

valid. Reliable surface energy and components of untreated and treated lignin were obtained 

revealing the efficiency of the proposed method.  

Keywords: Capillary wicking; interface; surface energy; lignin; biocomposite.  

1. Introduction 

The addition of some biofillers like lignocellulosic biomass is an effective way to improve 

polylactic acid (PLA) properties and to extend its range of applications. Lignin, in powder form, 

has a wide set of applications as filler in composites, such as UV blocker, antioxydant, charring 

agent in flame retardancy, mechanical reinforcement or surfactant [1]. However, the strong 

polar nature of lignin, due to the presence of hydroxyl groups, makes it incompatible with the 

non-polar PLA matrix, resulting in a poor interfacial filler-matrix adhesion. Acetylation and 

phosphorylation are two lignin chemical modifications used to enhance the mechanical and 

thermal properties of lignin/PLA composites respectively. These properties are strongly related 

with the interfacial adhesion between fillers and PLA [2]. 

To characterize the interfacial adhesion, the determination of lignin and PLA surface energy 

components is required. Surface energy is an intrinsic property of each liquid and solid material 

and, for a solid, it is obtained by means of equilibrium contact angle measurements. However, 

for powders assumed as porous media more issues arise, notably due to the imbibition of the 

liquid into the medium. An apparent contact angle can be obtained using wicking tests and the 

well-known modified Washburn equation for porous materials. However this method, that 

theoretically allows the determination of apparent advancing contact angles, does not always 

give reliable results due to the Washburn hypotheses that are not respected or no longer valid 

(typically the non-linearity of wicking curves for which apparent advancing contact angles could 

not be obtained). 

A new simple method using a modified Jurin law for porous media is proposed here in order to 

determine reliable apparent equilibrium contact angles and obtain surface energy of fillers [3]. 
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An experimental protocol based on capillary wicking and coupled to the modified Jurin law was 

set and applied to lignin particles used as reinforcement in PLA. Some treatments were 

performed on lignin to improve the adhesion with PLA and the modifications due to the 

treatments were characterized. Reliable surface energy and dispersive and polar components of 

untreated and treated lignin were obtained revealing the efficiency of the proposed method. 

Lignins were then used as reinforcements for PLA. The microstructure of the biocomposites was 

characterized to highlight the modification of adhesion at the filler/matrix interface due to the 

modification of fillers surface properties [3]. This characterization will be discussed during the 

oral presentation.  

2. Materials and Methods 

2.1 Materials 

The lignin used in this study is an alkali lignin supplied by TCI (Tokyo, Japan). This was named 

untreated or reference lignin (Ref-Lig). The content of methoxyl group is between 10 and 12 % 

and the median particle diameter is around 50 μm. For the surface energy determination, four 

liquids were tested with lignin. Table 1 shows density ρ, dynamic viscosity η, surface tension γL 

and dispersive γL
D and polar γL

P components for each liquid at standard conditions [4]. The n-

Hexane (99 % pure and supplied by Chem-Lab) was used as totally wetting liquid. The water and 

the ethylene glycol (99.5 % pure and supplied by Chem-Lab) were used because of their polarity. 

The lactic acid (90 % pure, supplied by Sigma-Aldrich), was used expecting to have similar 

wetting properties of PLA. Dynamic viscosity of lactic acid was measured using a AR2000ex 

rheometer (TA Instrument) with a coaxial cylinder system. Surface tension and dispersive and 

polar components were determined using a K100SF tensiometer (Krüss) and performing a three-

step procedure detailed in a previous work [5]. As expected, lactic acid was found to have a 

quasi-totally dispersive nature, with dispersive and polar components very close to ones of PLA 

[6]. 

Table 1: Test liquids properties at 20°C. 

Liquid ρ (g/cm3) η (mPa.s) γL (mN/m) γL
P (mN/m) γL

D (mN/m) 

n-Hexane 0.659 0.32 18.4 0.0 18.4 

Water 0.998 1.00 72.8 51.0 21.8 

Ethylene gl. 1.113 21.81 48.0 19.0 29.0 

Lactic acid 1.248 69.01 ± 1.01 42.2 ± 0.1 4.5 ± 0.4 37.7 ± 0.3 

 

2.2 Lignin treatments 

The chemical treatment of acetylation was performed on lignin using an adapted protocol from 

the literature [7]. A volume of 250 mL of acetic anhydride was introduced in a 500 mL round-

bottomed flask and equilibrated at 65°C with reflux. After that, 1 mL of 1-methylimidazole 

working as catalyst was added. A mass of 40 g of alkali lignin was added slowly in the flask. The 

mixture was equilibrated at 65°C for 24 h. The reaction was stopped by introducing the mixture 

in 1.5 L of cold deionized water. Then the treated lignin was separated from the reaction mixture 
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by centrifugation (Hettich, Rotina 380). The lignin was washed from 3 to 5 times with deionized 

water in order to obtain a neutral pH (to remove acid residues). Then the lignin was dried in an 

oven at 80°C for 24 h. The treated lignin was named acetylated lignin (or Ac-Lig). 

The phosphorylation treatment was also adapted from the literature [8]. A 60 % phosphoric acid 

was prepared using 85 % phosphoric acid and deionized water. The phosphoric acid was poured 

in a round-bottomed flask and stabilized at 80°C with reflux. Then 12.5 g of urea were slowly 

added to the acid. The mixture was put under agitation. When the urea was fully dissolved, 25 

g of alkali lignin were slowly added to the mixture under vigorous agitation. After 1 h of reaction 

the mixture was dried in an oven at 70°C overnight, then it was heated at 150°C during 2 h for 

the thermal curing. After that, the lignin was cooled at room temperature and washed with 

ethanol using centrifugation. Finally, the treated lignin was dried at 80°C overnight. This lignin 

was named phosphorylated lignin (or P-Lig). 

After both treatments, treated lignins were manually ground using an agate pestle and mortar 

set due to the agglomerates created during the chemical modifications. Thermogravimetric 

analysis (TGA), infrared spectroscopy (FTIR) characterizations and scanning electron microscopy 

(SEM) observations showed the effectiveness of both treatments on lignin. 

2.3 Lignin surface energy characterization 

Using more than two liquids with known surface tensions (γL) and components (γL
D, γL

P) for 

contact angle measurements, the dispersive and polar components (γS
D, γS

P) of solid surface 

energy (γS) can be determined via a linear form of the Owens-Wendt equation [5]:  𝛾𝐿(1+cos 𝜃𝑒)2(𝛾𝐿𝐷)0.5 = (𝛾𝑠𝑃)0.5 (𝛾𝐿𝑃)0.5(𝛾𝐿𝐷)0.5 + (𝛾𝑠𝐷)0.5                (1) 

It is important to point out that for surface energy determination, equilibrium contact angles 

(θe) are defined in Eq. 1, which might be significantly different from the advancing contact 

angles.  

Advancing contact angles are defined in the well-known Washburn equation. This equation, 

originally describing the capillary rise in a tube, has been extended to describe the capillary 

wicking into porous media packed in a cylindrical column and assumed as capillary tube 

arrangements: 𝑚(𝑡)2 = [(𝑐�̅�)∙𝜀∙(𝜋𝑅2)22 ] 𝜌2∙𝛾𝐿∙𝑐𝑜𝑠𝜃𝑎𝜂 𝑡                (2) 

where m(t)2 is the squared mass gained during the liquid rise, c is a parameter inversely 

proportional to the tortuosity and �̅� is the mean capillary radius. The c�̅� is defined as a geometric 

factor. R is the inner radius of the column (or the cylindrical sample holder), ε is the porosity of 

the medium and θa is the apparent advancing contact angle, representative of the interaction 

between the liquid and the porous medium during the capillary rise.  

Generally, the capillary rise in a tube is stopped when the capillary force is balanced by the liquid 

weight in the tube. From this equilibrium, the well-known Jurin law defines the equilibrium 

height achieved by the liquid. An extension of the Jurin law for porous media packed in a column 

is proposed here. The Jurin law has been expressed as a function of the liquid mass at the 
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equilibrium (meq) and modified for powders or porous media packed in a cylindrical sample 

holder [3] as follows:  𝑚𝑒𝑞 =  2∙𝛾𝐿∙cos (𝜃𝑒)(𝑐�̅�)∙𝑔 𝜀 ∙ (𝜋𝑅2)                 (3) 

where g is the gravitational acceleration and θe is here an apparent equilibrium contact angle, 

representative of the liquid/porous medium interaction at equilibrium. The benefit and the 

originality of using this approach consist in taking advantage of the recorded equilibrium mass 

achieved after capillary wicking to obtain an apparent equilibrium contact angle. 

The dynamic test of capillary wicking was carried out using a K100SF tensiometer (Krüss, 

Germany). The K100SF is provided with an electronic microbalance (resolution of 10-7 g) where 

the sample holder containing the porous medium is clamped (Figure 1A). The sample holder 

consists of a hollow cylinder with an inner radius of 4.6 mm and a graduated height of 20 mm 

(Figure 2B). The lignin was inserted in the sample holder in order to achieve a filled height of 10 

mm. Knowing the density of each type of lignin (measured by the pycnometer) and the sample-

holder volume that had to be filled, the lignin mass was determined in order to set the same 

powder volume fraction Vp for each test and lignin. A Vp of 45% (resulting in a porosity of 55%) 

was then chosen for all wicking tests. 

Wicking tests were carried out with reference, acetylated and phosphorylated lignins using n-

Hexane, water, ethylene glycol and lactic acid. All tests were performed in standard conditions. 

Both modified Washburn equation (Eq. 2) and Jurin law (Eq. 3) were applied for these 

experiments in order to characterize the c�̅� and the contact angles corresponding to each 

theory. 

 

Figure 1. Capillary wicking: A) experimental set-up B) sample holder C) wicking representation. 

An example of experimental curve is given in Figure 2 for the reference lignin with n-Hexane. 

The Washburn equation is verified if the curves recorded by the tensiometer during capillary 

wicking (m2 vs t) have a linear trend. Firstly, n-Hexane is used as totally wetting test liquid (cos 

θ is approximated to 1) which allows the determination of c�̅� from fit of the experimental 
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wicking curve with Eq. 2, as shown in Figure 2. In the same way, once c�̅� is known, the linear fit 

of wicking curve with other liquids can be used to determine the apparent advancing contact 

angles (θa).  

It is now interesting to observe that the curve in Figure 2 reaches an equilibrium weight (meq) 

due to the saturation of the porous medium by the test liquid. As for the Washburn approach, 

also for the Jurin law application, the squared equilibrium mass (m2
eq) obtained with n-Hexane 

was used for the calculation of the c�̅�. Afterwards, the m2
eq obtained with the other test liquids 

were used to determine the apparent equilibrium contact angles (θe). 

 

Figure 2. Washburn linear fit of experimental test of reference lignin with n-Hexane and          

Jurin squared equilibrium mass. 

3. Results and discussion 

3.1 Characterization of morphological and wetting parameters 

Five tests were firstly performed with n-Hexane (Figure 3) in order to determine the c�̅� for each 

lignin. It is possible to observe that the curves show a rapid wicking (less than 10 s) for untreated 

and treated lignins. All the samples were fully wetted showing a linear trend of wicking and the 

squared equilibrium mass was in a range between 0.0125 and 0.030 g² for all lignins. The slope 

of the curve (m2/t) and the equilibrium mass (meq) were then used for the respective calculation 

of c�̅� based on Washburn and Jurin equations. 

Using the respective c�̅�, the determination of the contact angles was made applying both 

Washburn and Jurin approaches with the other test liquids, according to the experimental 

procedure.  

Figure 4 shows wicking curves obtained for all lignins with ethylene glycol and photos of one 

sample per lignin after the test. One can observe that wicking kinetics were very different as a 

function of lignin. However, no curves showed a linear trend and then the Washburn equation 

could not be applied to determine the advancing contact angles. This was probably due to a 
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change in morphology occurring when the liquid is in contact with the lignin and then Washburn 

hypotheses (with a constant c�̅�) are not valid [9]. This interaction between lignin and ethylene 

glycol was observed in the literature and here, it causes a slight decrease of mass before 

achieving the equilibrium. Moreover, it is important to observe that the liquid reached different 

equilibrium heights depending on the lignin type. Using the Jurin approach, different apparent 

equilibrium contact angles were then found.  

 

Figure 3. Wicking curves with n-Hexane for Ref-Lig, Ac-Lig, P-Lig. 

 

Figure 4. Wicking curves with ethylene glycol for Ref-Lig, Ac-Lig, P-Lig and respective liquid 

equilibrium heights (dash lines in red). 

All equilibrium contact angles obtained applying the Jurin approach were then used to 

determine the surface energy and the dispersive and polar components of lignins. 

 

0 5 10 15 20 25 30 35 40 45 50
0,000

0,005

0,010

0,015

0,020

0,025

0,030

0,035

0,040

0,045

0,050

M
a
s

s
² 

(g
²)

Time (s)

 Ref-Lig

 Ac-Lig 

 P-Lig

406/1211 ©2022 Pucci 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 

3.2 Determination of lignin surface energy 

The determination of lignin surface energy and their dispersive and polar components was 

possible using the Eq.1 and the apparent equilibrium contact angles obtained via the modified 

Jurin approach for porous media. Results are shown in Table 2.  

Table 2: Surface energy and components of the different lignins. 

 Ref-Lig Ac-Lig P-Lig 

γS

D
 (mN/m) 13.60 ± 0.18 11.64 ± 0.14 23.31 ± 0.34 

γS

P
 (mN/m) 39.25 ± 2.85 29.17 ± 1.36 17.88 ± 1.42 

γ
S
 (mN/m) 52.85 ± 3.03 40.81 ± 1. 50 41.19 ± 1.76 

 

Ref-Lig was found to have the highest surface energy (γs = 52.85 ± 3.03 mN/m) with a very high 

polar component (39.25 ± 2.85 mN/m). In the literature, Notley et al. [10] found a quite similar 

surface energy (57.1 mN/m) for a kraft lignin film using contact angles determined with a 

goniometer. Even if the two methods and the material form are different, the surface energies 

were close. However, the dispersive and polar components were not similar. The Ref-Lig is more 

polar that the Ac-Lig and the P-Lig, probably due to the OH and the Na+ content. The Ac-Lig (γs 

= 40.81 ± 1.50 mN/ m) and the P-Lig (γs = 41.19 ± 1.76 mN/m) have a lower surface energy with 

a widely reduced polar component. This is consistent with the fact that the chemical treatments 

removed a part of Na and grafting new functional groups on hydroxyl sites. Due to the 

effectiveness of treatments, the lignin clearly lost a large part of polar components. Reducing 

the polarity of lignin should have a beneficial effect on the adhesion with PLA that is known as a 

hydrophobic matrix [6]. P-Lig showed the lowest polar component (17.88 ± 1.42 mN/m) and, in 

addition, an increase of the dispersive component compared to Ref-Lig and Ac-Lig. This is due to 

the addition of phosphorus, which has a heavier electron cloud and facilitates instantaneous 

dipolar moments formation [11]. 

4. Conclusion 

Surface energy results were found to be consistent with the literature and with lignins 

characterizations. This proves that the modified Jurin approach coupled to an adapted 

experimental procedure for powders and porous media can be an effective and simple solution 

to determine suitable surface energy of these materials. Another interesting result is that the 

phosphorylation, known to be efficient for improving thermal stability of composites, could be 

also promising to improve the adhesion at the lignin/PLA interface compared to the acetylation, 

which is already known as an efficient treatment for this aim. Knowing filler surface energy 

components is also relevant to determine the work of adhesion between the filler and the 

matrix. For PLA matrix, surface tension components should be determined at the molten state 

[12, 13]. However, as a first approximation, lactic acid dispersive and polar components could 

be used to calculate the work of adhesion. All these aspects will be discussed during the oral 

session. Further studies about the enhancement of interface adhesion and the mechanical 

behavior of this interface represent the perspectives of this work. 
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SIMULATING PID FOR CURING IN A DIAPHRAGM FORMING STATION 
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Abstract: We describe the material characterization required to model curing and the resulting 

process induced deformations for a low temperature epoxy UD prepreg. This includes the cure 

kinetics, cure shrinkage, coefficient of thermal expansion and modulus-development. Material 

data was fit to models with python scripts. Curing experiments with multiple lay-ups were 

performed in a diaphragm forming station on aluminum tool equipped with heating cartiges. 

The process was modeled in Abaqus with the Compro plug-in. High-resolution 3D laser scans of 

manufactured parts were compared with the predicted process induced deformations and good 

agreement was observed.  

Keywords: process induced deformations, process simulation, diaphragm forming, epoxy, UD 

prepreg  

1. Introduction 

Finite element (FE) based process simulations became a viable tool to simulate the draping 

behavior, cure kinetics and the resulting process induced deformations (PID) of carbon fiber 

reinforced polymer (CFRP) components [1]. Simulation approaches either aim to incorporate a 

variety of relevant, individually characterized mechanisms [2] or rely on carefully calibrated 

phenomenological assumptions [3]. A full process simulation allows for a detailed investigation 

and virtual optimization, but it does require substantial experimental and computational effort. 

The phenomenological approach can provide reasonably accurate PID simulations comparably 

fast, but results are typically specific to certain processing-conditions and material lay-ups and 

cannot be generalized. In this paper we describe a full characterization of a low-temperature 

epoxy-prepreg and include it in the material library of the commercially available process 

simulation toolbox Compro (Convergent). Simulation results are compared against parts draped 

and cured in a diaphragm forming station.  

2. Methods 

We used the low temperature UD prepreg HexPly M79/34%/UD300/CHS with an isothermal 

curing temperature of 70°C to 120°C and curing time of ≤480 min and ≤60 min, respectively 

and 0.5-5 bar pressure, according to the data sheet. These conditions allow for out-of-autoclave 

curing, realized as modified diaphragm forming station setup. The corresponding process model 

was set-up in Abaqus 2019 with the Compro plug-in.  

2.1 Material Characterization and Modelling 

Compro follows the Cure Hardening Instantaneously Linear Elastic (CHILE) approach [4] and the 

material properties evolve as a function of a monotonically increasing degree of cure (DOC). The 

models are described in detail in [5] and are only briefly described below.  

2.1.1 Cure Kinetics 

Utilizing a DSC 3 (Mettler Toledo) we measured the heat flow at either constant curing 

temperatures, i.e., isothermal at 100,110 and 120°C, or at constant heating rates, i.e., dynamic, 
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with 0.5, 2, 5, 10, 15 and 20°C/min, representing the thermal conditions occurring during 

processing. Specimen of 6.5.mg ± 1 mg where weighted and placed in an aluminium crucible. A 

Arhenius-type cure kinetics model developed by [6] (CK Model 5 in Compro), used for the 

(Hexcel 8552 expoxy resin) was used to model the experimental data: �̇� = 𝐾1(1 − 𝛼)𝑙 + 𝐾2𝛼𝑚(1 − 𝛼)𝑛, 𝐾𝑖 = 𝐴𝑖𝑒Δ𝐸𝑖𝑅𝑇 ,              (1) 

where 𝐾1and 𝐾2are the rate constants, 𝛼 is the degree of cure, l, m and n are fitting parameter, 𝐴 is the pre-exponential factor, 𝐸 is the activation energy, 𝑅 is the universal gas constant, and 𝑇 

is the absolute temperature. 

2.1.2 Cure Shrinkage 

A plate-plate rheometer (MCR302, Anton Paar), where the gap distance was measured during 

curing while a constant force (F = 0.1 N) was maintained [7], was used to measure the cure 

shrinkage of the neat resin at 120°C. The measured strain was fit to linear cure shrinkage strain: 𝜀𝐿 = ((1 + 𝜈) ( 𝜈1−𝜈) + 1)−1 (ℎ−ℎ0ℎ0 ),                (2) 

where the Poisson's ratio 𝜈 = 0.35, ℎ0 is the initial gap distance and ℎ is the current gap. It was 

converted to a volumetric shrinkage strain: 𝜀𝑉 = (𝜀𝐿 + 1)3 − 1                           (3) 

The experimental setup necessitates a minimal detectable force response and cannot detect the 

cure shrinkage before gelation. To account for the shrinkage in this range of the process the 

measured data was linearly extrapolated.  

2.1.3 Coefficient of Thermal Expansion (CTE) 

A 12M Aramis DIC system (GOM), was used to measure the longitudinal and transversal strain 

during heating of a speckled specimen positioned on a heating plate. Temperature was recorded 

using a thermocouple. For the thermal expansion of the laminate in fibre direction a CTE1 value 

of 0.5*10-6K-1 was found in the literature [8]. To model the changing CTE with progressing DOC 

a biliniear approach, with a linear CTE below  and above the 𝑇𝑔, was used [9]. Thus, two 

experiments, one with an uncured and one with a cured specimen were conducted. The material 

behavior was modelled with a lumped CTE model: CTE22 = CTE22Nom + CTE22TF(𝑇 − CTET0) + CTE22AF(𝛼 − CTEAL0)                 CTE11 = CTE11Nom + CTE11TF(𝑇 − CTET0) + CTE11AF(𝛼 − CTEAL0)           (4) 

CTE22Nom is the thermal expansion coefficient of the uncured material (≙ CTE22uncured), CTE22Af 

(≙ CTE22cured - CTE22uncured) and CTE22Tf are fitting parameters, CTET0 and CTEAL0 are the initial 

temperature and initial degree of cure, T is the current temperature and 𝛼 is the current degree 

of cure. 

2.1.4 Modulus Development 

The elastic modulus of the neat M-79 resin was determined with an oscillating rheometer 

(MCR 302, Anton Paar) with a frequency of 10 rad/s at a maximum strain of 25% and a gap 
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distance of 1 mm. Experiments at 100°C and 120°C were considered for model fitting. The 

storage modulus of the resin was fitted to (RM2 in Compro) [2]: 𝐸𝑟′ = 𝐸𝑟0 + (𝑇∗−𝑇𝐶1∗ )(𝑇𝐶2∗ −𝑇𝐶1∗ ) (𝐸𝑟∞ − 𝐸𝑟0), 𝑇𝐶1∗ < 𝑇∗ < 𝑇𝐶2∗               (5) 

and set to 𝐸𝑟0 =  𝐸𝑟∞/1000 below glass transtion and 𝐸𝑟∞ =  7200 MPa for the fully cured resin 

(determined with Chami’s rules of mixtures). The Temperature 𝑇∗ and the lower and upper 

bound for glass transition Temperatures 𝑇𝐶1∗  and 𝑇𝐶2∗  are determined with rules of mixtures. 

Then the final resin modulus was determined as: 𝐸𝑟 = 𝐸𝑟′[1 + 𝑎𝐸𝑟(𝑇 − 𝑇0)]                       (6) 

2.2 Diaphragm Forming and Curing  

For this study we combined a diaphragm forming station (Langzauner) with a heated tool (Fig. 1 

a), allowing us to cure prepregs immediately after draping, without moving the tooling after 

draping (Fig. 1 b). The prepreg was draped and in a subsequent step the membrane was raised 

and a peel ply and breather cloth were placed. Heating was realized by drilling holes in the 

tooling and placing 6 heating cartridges with a total of 1800W, allowing us to reach 120°C within 

10 minutes. This temperature was then held for 45 min to completely cure the part. Cooling was 

accelerated by blowing compressed air through the foundation of the tooling (c.f. Silicon tubing 

indicated by the red arrow in Fig. 1 a).  

 

Figure 1:a) Tool with thermocouples, heating cartiges and cooling (red arrow); b) setup during curing; c) FEM modell 

2.3 Process Model and Comparison with Experiment 

The curing and PID simulation were implemented in Abaqus CAE (2019) with the Compro 

(Convergent) plug-in. A simple L-shaped geometry (Fig. 1 c)) with a radius of 6.4 mm and multiple 

lay-ups ([0-0-0], [0-0-90], [0-90], [0-90-90]) were realized. The temperature profile for the curing 

simulation was measured in a preliminary experiment with multiple thermocouples placed at 

the surface (Fig. 1 a) and implemented as amplitude. The pressure amplitude was modelled 

according to the setting by the system. The laminate is meshed with quadratic brick elements 

(C3D20). The manufactured parts were scanned with a 3D-Laser scanner (RS-6, Hexagon) and 

compared to the predicted geometry within Geomgaic Control-X. Experiment and Simulation 

were aligned using a best-fit algorithm. Maximum, minimum, and average values for the 

deviation as well the Spring-in in the center and the periphery of each part were extracted.  

 

 

a) 
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3. Results 

3.1 Material Characterization and Modelling 

3.1.1 Cure Kinetic 

Heating rates 2-20K/min resulted in insuffcient curing and an inconsisten heat of reaction an 

had to be discarded for modelling (Fig. 2 a). This appears to be a characteristic of the resisn 

where diffusion is prohibitet at high curing rates. This problem did not arise at 0.5K/min (Fig. 2 

b) and during the isothermal experiments (Fig. 2 c), where a heat of reaction of 80 J/g was 

determined, matching the data sheet. The fitted models are showin in Fig. 3 and model 

parameters are summarized in Table 1. 

 

Figure 2: a) Recorded heat flow during dynamic DSC runs with inconsistent heat of reaction; b) dynamic DSC run at 

0.5K/min with consistent heat of reaction. The box indicates a cut of the x-axis; c) the isothermal DSC experiments. 

3.1.2 Cure Shrinkage 

The cure shrinkage strain determined at 120°C is shown in Fig. 4. A total volumetric shrinkage 

strain of 5.9% at a conversion rate of 95% was determined, resulting in a linear coefficient A = 

0.0621. 

3.1.3 Coefficient of Thermal Expansion 

The recess and subsequent increasing of the curve could also be an indicator, that the material 

was not fully cured. Results are shown in Fig. 5. 

Figure 2: Isothermal DSC experiments and model fits. Figure 4: Linear cure shrinkage 
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Figure 3: Thermal expansion measured with DIC for a) uncured and b) cured specimen 

A CTE22uncured of 1.74*10-5 K-1 at ε = 0.075% and ΔT of 43°C (from 25°C to 68°C) and a CTE22cured 

of 4.8*10-5 K-1 at ε = 0.28% and a ΔT of 58°C (25°C to 83°C) were considered for parameter fitting. 

The resulting fitting parameter for the lumped model are summarized in Table 1. 

  

 

 

 

3.1.4 Modulus Development 

The loss and storage modulus for the neat resin at 120°C are show in Fig. 6 a) and the 

corresponding model fit of the response after the onset of cure in Fig. 6 b). Material parameters 

are summarized in Table 1. 

 

Figure 4: a) Storage and loss modulus from oscillation rheometer experiments and b) corresponding fit for the modulus 

after the onset of curing at 120°C 

 

Model Parameter Modulus Development 𝐸𝑟0 5.923E+06 Pa 𝐸𝑟∞ 5.923E+09 Pa 𝑇𝐶1𝑎∗  222.3097°C 𝑇𝐶1𝑏∗  0 1/°C 𝑇𝐶2
∗  309.334 K 𝑇𝑔𝑎  276 K 𝑇𝑔𝑏  463 K 𝑇0 20°C 𝑎𝐸𝑟  0 1/K 

Model Parameter Lumped CTE 

CTE11Nom 0.5E-06 K-1 

CTE11TF 0.00 

CTE11AF 0.00 

CTE22Nom 1.74E-05 K-1 

CTE22TF 0.00 

CTE22AF 3.06E-05 K-1 

CTET0 30.00°C 

CTEAL0 0.05 

Model Parameter Cure Kinetics 

E1 88586.362 

E2 39144.5 

A1 366232451.3 

A2 834.153 

m 1.039 

n 1.600 

l 4.812 

Table 1: Model Parameter for Compro 
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3.2 Process Model and Comparison with Experiment 

Figure 7 shows representative parts for each lay-up and the corresponding deviation from the 

3D comparison. The average deviation is very low due to the best-fit alignment procedure. More 

importantly we see that the absolute deviation (min or max) is reasonably low, i.e.  for all 

investigated lay-ups. The biggest deviation between simulation and experiment was found for 

the unsymmetric lay-up [0-0-90], where the very tips of each corner showed absolute values up 

to 1.5 mm. The overall deformation of the part is inhomogeneous because of simultaneous 

spring-in and warpage and thus, is challenging to assess. Comparison with an ideal 90° angle 

showed a deviation of approx. 6.5mm. The average spring-in across in the center and periphery 

was predicted within 2.32° for the [0-0-90] lay-up und <1° for the remaining lay-ups. 

 

Figure 5: Comparison of predicted PID and Experiments. 

 

Figure 6: Comparison of predicted and experimentally determined spring-in. 

4. Discussion 

The presented material characterization allowed for concise modelling of the material behavior 

for curing and subsequent PID simulations with Abaqus and the Compro plug-in. Overall good 

agreement between the selected models and the experimental data was achieved for the 

investigated processing conditions. However, higher heating rates, as desirable for industrial 

applications could not be accurately depicted with the selected model. A model capable of 

capturing the diffusion phenomenon should be considered to improve the applicability. We did 

not consider the formation of gradients in the fiber volume fraction due to resin flow and 

bleeding before the onset of curing. This mechanism requires the characterization of the 

viscosity with advancing degree of cure and could be implemented in Compro (flow-

compaction). However, because of the relatively short curing time, the moderate pressure, and 

the thin laminates, we deemed this aspect negligible.  
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While we performed a preforming step with the diaphragm forming station, we did not include 

this step in the simulation. Potential residual stresses due to draping are therefore not 

considered. In our experiments we found that initial manufacturing defects, especially fiber 

bridging and folds tend to disappear once the material is heated. The originally tacky material 

softens significantly and allows for relative movement of the laminate and tooling, allowing a 

relaxation of residual stresses and manufacturing defects.  

Our approach to create 3D scans of the experiments allows for a thorough comparison, 

bypassing the challenge of locally comparing complex shapes showing superimposed signs of 

warpage and spring-in. However, so far only a simple geometry with no initial defects is 

successfully compared using the 3D Laser scans. Comparing more complex geometries 

necessitates to model the complete process chain from preforming to curing and is the subject 

of ongoing investigations.  

Currently only thin laminates up to four layers are being investigated to ensure good drapability 

of the stacks. Expanding the setup to thicker laminates and carefully assessing the laminate 

quality is the topic of an ongoing project. However, due to the lack of structural stability PID’s 
are typically more pronounced in thinner laminates, making them an ideal target to validate PID 

simulations. We could observe that warpage was generally overestimated. One potential 

explanation could be an insufficient modelling of the tool-part interaction, a major driver of 

warpage. Therefore, the frictional properties of the laminate with increasing temperature and 

degree of cure must be thoroughly characterized. Additionally, predictions were more accurate 

for symmetric lay-ups, indicating that modelling the bending-extension interaction should be 

improved.  

The validation results show that the curing process within the diaphragm forming station is 

generally well predicted by the simulation and that diaphragm forming with prepregs is not 

inevitable only a preforming step but can also be expanded for direct out of autoclave part 

production. 
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Abstract: We develop a cassette-like peeling system for measuring fracture toughness of 

bonding assemblies composed of a soft film and a relatively rigid substrate. The system adopts 

a tensile load to drive the rotation of a cassette-like spool so as to peel the soft film, which 

facilitates its accommodation into universal testers. With this system, we maintain a self-similar 

fracture process zone and a stationary peeling front during peeling. Moreover, this simple-yet -

versatile peeling configuration is naturally suitable for the evaluation of the delamination 

resistance of curved specimens, like those composite pipes manufactured by filament winding. A 

comprehensive validation is carried out by comparing the results of peeling a Kapton® tape and 

a hypereleastic film by using the developed peeling system and the conventional system. 

Featuring with the versatility and ease-to-use characteristic, the cassette-like peeling system has 

a potential to promote the next generation of peeling test standards.  

Keywords: Peeling test; Soft film bonding; Adhesion; Delamination resistance  

1. Introduction 

Different test methods can be employed for measuring the fracture toughness of bonded 

assemblies. Some representative are the double cantilever beam test, the compact tension and 

the peeling test. Among the existing test methods, the peeling test is a common practice to 

evaluate the adhesion of flexible-to-flexible and flexible-to-rigid bonded assemblies, usually by 

tensile. For a peeling test, we should maintain a self-similar fracture process zone throughout 

the peeling process. To achieve this, different test-setups are developed, e.g., the T-peel test, 

Floating roller test and Climbing drum test, etc [1]. These peeling test configurations have found 

their applications in evaluating toughness of specific flexible-to-flexible and flexible-to-rigid 

bonded assemblies. In most cases, the implementation of such tests is tedious, and a 

synchronizing motion of specimen substrate (the rigid part) with the peeling displacement needs 

to be applied to maintain the peeling angle. However, when evaluating soft-to-rigid assemblies, 

all the existing peeling test standards will fail to measure the accurate toughness due to the 

considerate stretching of peeled film under the peeling load. Recently, a double drum peel test 

was developed to measure the delamination resistance of curved composite structures [2]. 

The test shown in Figure 1 shows the limitation of the conventional peeling test in evaluating a 

soft-to-rigid bonding assembly. We peeled a sis thin film that is bonded to an aluminum 

substrate. The supposed peeling angle is θ0=60° as shown by the initial state of the test setup. 

With the load increases, the soft film experienced elastic elongation without crack propagation. 

Because of the synchronized movements of peeling head and the specimen, the elongation of 

peeling arm led to a misalignment between the peeling head and crack tip, such that a changing 
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peeling angle θ’. This misalignment generally occurs when peeling any materials using the 

conventional approach. When peeling a soft film with high stretchablity, this misalignment will 

be significant due to the extensive tensile deformation of the film, as shown in Figure 1. This will 

produces an inaccurate measurement of peeling force due to the continuously changing peeling 

angle. 

 

Figure 1. Peeling a soft film with the conventional peeling test method (TH50+SW1, Grip 

Engineering Inc.). 

To have an objective evaluation of the adhesion quality of soft-to-rigid bonding assemblies, the 

present work aims at developing a novel peeling test system that facilitates the test of peeling a 

soft film.  

2. Cassette-like peeling system 

Similar with the conventional peeling method, we adopt tensile load to drive the crack 

propagation, ensuring the system’s compatibility with most universal testers. Inspired by 
working process of audio cassette and the double drum peel test [2], the specimen is designed 

to be pie-shaped, achieving a cassette-like peeling process. The concept of the cassette-like 

peeling system is shown in Figure 2a, a reverse torque is applied on the cassette spool to balance 

the torque induced by the off-axial peeling load when the peeling angle is smaller than 90°. In 

this case that the interface is with uniform fracture properties, i.e. a constant fracture 

toughness, the applied peeling force and the reverse torque should not change during peeling 

process. As long as the proper load is applied, the peeling angle is only dependent on the 

horizontal distance between the axle of spool and the crack tip. The rendered prototype is 

shown in Figure 2b based on the cassette-like peeling concept. The reverse torque is applied via 

a suspended counterweight sagging tangential to the coaxial spool with the radius R. The 

magnitude of the torque can be adjusted by changing the suspended counterweight sagging 

tangential to the coaxial spool to ensure the peeling film is always vertical to the platform. In so 

doing, the peeling angle will be always the supposed one.  
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Figure 2. The cassette-like peeling concept and the rendered peeling test system to realize this 

concept.  

Figure 3 shows the cassette-like peeling test apparatus manufactured in house. The spool was 

made from a very light Al alloy to reduce the effect of inertia on the test. The axle was based on 

a platform fitted to a slide rail. We accommodate the manufactured cassette-like peeling system 

into the Zwick/Roell universal testing machine as shown in Figure 3. A laser pointer connecting 

to the gripper of peeling film is installed. In the initial stage of establishing steady crack, the trial 

reverse torque is adjusted by changing the counterweights to ensure the peeling arm is 

perpendicular to the base platform, the alignment of the film is diagnosed by the laser pointer. 

Once the peeling film is perfectly vertical indicated by the positioning laser line, the expected 

peeling angle is achieved. We notice that, in this system, the peeling angle is adjusted by 

changing the position of the cassette spool along the sliding rail.  

 

Figure 3. The prototype of the cassette-like peeling system. 
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3. Validation of the cassette-like peeling system 

3.1 tape test 

We carried out the tape peeling tests. Specifically, we peeled an almost inextensible Kapton® 

tape with a width of 20 mmm using both the conventional peeling system and the cassette-like 

peeling system. It is, as demonstrated by the 60° peeling tests result and 90 peeling test results 

in Figure 4, that in the case of peeling without considerate elongation, the developed cassette-

like peeling system perform equally well with the commercially available conventional peeling 

test system. The oscillation of the peeling force in 60° peeling is induced by the operation of 

adjusting the reverse torque at the initial stage, afterwards, the film kept vertical and achieve a 

stable crack propagation with constant peeling angle.  
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(a) 90 degree peeling                                           (b) 60 degree peeling 

Figure 4. The tape test results. 

3.2 Energy balance analysis of peeling a soft film 

Considering all the possible sources of energy dissipation, the Griffith's energy criterion can be 

written as: 

loss
d d d d d1 1

 d  d d  d  d

ft fb ext e
c

U U U U U
G

b a a a b a b a a

                
                                                   (1) 

where   is the total potential of the peeling system, a is the crack length, Uext is the external 

work, Ue is the stored tensile strain energy, Uft and Ufb are the energy dissipation caused by film 

tension and film bending, respectively, and Uloss is the energy loss because of friction, material 

inertia and etc. In the case that the thickness of the peeling film (h) is negligible compared to R, 

we can derive Gc according to the Griffith energy balance theory [3]: 

0
(1 cos ) ( 1) dc e

P P
G h

b b


                                                                                             (2) 

where P is the peeling force, θ is the peeling angle and σe is the nominal stress carried by the 

film and λ is the stretch ratio of the film. It should be noticed that we ignored the energy loss of 

system and assumed a zero bending stiffness of the film (this is generally true for flexible films). 

420/1211 ©2022 Li 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 

Clearly, in the case that the term 
0

( 1) de

P
h

b


     , i.e., the complementary strain energy 

per cross-section area (reference configuration) under tension, is negligible compared to the 

magnitude of Gc, above calculation of the critical fracture energy release rates Gc is identical 

with Kendall’s classical peeling equation [4]. This is the case where we peeled a Kapton® tape. 

When peeling a film made of soft materials, e.g. rubber, the film is with high stretchability. Thus 

the tensile force imposed on the peeled arm during peeling process may lead to large 

deformation, which results in considerable complementary energy density. In this case, 

Kendall’s classical peeling equation will produce an underestimated Gc. Therefore, it is of 

importance to consider the energy consumption caused by the tensile deformation of the soft 

film in the case of analysing the response of peeling a soft film off rigid substrates. 

3.3 Results of peeling a soft film 

As indicate by eq(2), the prerequisite that we derive a measurement of Gc based on peeling test 

results is that we are able to quantify the complementary energy density data of the peeled film. 

Here we performed a uniaxial test to collect the data for complementary energy density. The 

specimen for tensile test is made of Polystyrene-block-polyisoprene-block-polystyrene (SIS) that 

will soon be used to fabricate the bonding specimen of soft-to-rigid assemblies. Since the SIS 

used for tensile tests and peeling tests are both unconditioned, the energy consumption from 

tensile deformation is composed of the elastic energy stored in the system and the dissipation 

due to the Mullins’ effect. We adopt the nominal stress σe to present the experimental data of 

the tensile test. With the σe versus λ data for the loading process of the tensile test, we may get, 

with a numerical integration scheme, the complementary energy density as a function of 

nominal tensile stress as shown in Figure 5. 
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Figure 5. Complementary energy density of SIS as a function of tensile nominal stress.  

Using the cassette-like peeling system, we performed the tests of peeling a SIS film from metal 

substrate with different peeling angles. The peeling force responses are shown in Figure 6. The 

delamination speed was controlled to be ∼ 4 mm/min to eliminate the effect of the 

delamination speed on the measured Gc. The climbing regime of the curves indicates the process 

of establishment of steady crack propagation. The random jumps and oscillations observed in 
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the force responses correspond to the adjustment of the reverse torque to maintain the 

alignment of the peeled film, followed by a steady force-displacement response for all four tests. 

A stable peeling force was observed in this steady peeling process.  
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Figure 6. Peeling force responses obtained by cassette-like peeling system. 

Substitute the steady peeling force and the complementary energy density value corresponding 

to the nominal stress experienced by the peeled film in the four tests, we derive, using eq(2), 

the Gc measured, as presented in Table 1. It is interesting to see that the fracture energy of soft-

to-rigid bonding assemblies shows a negative correlation of peeling angle. This is possibly due 

to the fact that the scale of fibrils within fracture process zone is different for soft-to-rigid 

debonding under different fracture mode.  

Table 1: Gc measurement for SIS/metal bonding system under different peeling angles. 

Peeling angle (°) 30 45 60 90 

Gc   (KJ/m2) 0.2473 0.2212 0.2093 0.1691 
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Abstract: Fiber reinforced plastics are employed in structures for crashworthiness applications 

thanks to their high Specific Energy Absorption (SEA), which permits a significant reduction of 

weight and noxious vehicle emissions. In these structures it is important to have a geometric 

feature, known as failure trigger, to locally reduce the strength and initiate a stable crash failure 

avoiding excessive peak forces and instabilities. This is of particular importance for specimens 

dedicated to material characterization. In this study, triggers of six different geometries were 

machined on flat specimens made of carbon fiber reinforced epoxy. Crash tests were performed 

using a fixture developed to avoid the buckling of the plate loaded in the in-plane direction in 

quasi-static and impact loading conditions. Test results showed a strong effect of the trigger in 

the first part of the load-displacement curve (failure initialization). No effect was found in the 

steady crash region, where the force was approximately constant in all the tests. No significant 

influence of the trigger type was therefore detected on the SEA evaluation. 

Keywords: Crashworthiness; Specific Energy Absorption; Failure trigger; Carbon fiber; Impact 

testing. 

1. Introduction 

 Since their first appearance, fiber reinforced composites have been used in primary 

structures of vehicles in substitution of metals for lightweighting purposes. This was allowed by 

their excellent mechanical properties combined with low density, and composites are widely 

recognized as the best choice for high performance application where high strength and low 

density are required. Today, substitution of metals with composites is considered one of the 

most effective ways to reduce the weight of vehicles in order to achieve efficiency and 

sustainability goals [1]. 

 Crashworthiness is an important characteristic of every vehicle because it is not possible 

to completely exclude the occurrence of incidents during its life. To protect the passengers in 

case of crashes, it is common practice to include in the primary structure of vehicles some 

elements, typically known as crash boxes or crash absorbers, whose task is to absorb kinetic 

energy in a controlled manner so to achieve a constant deceleration of the vehicle and avoid 

high peak forces that could cause injuries for the passengers [2]. These structures are designed 

to have the failure starting in a specific area and propagating to the rest of the structure in a 

steady and progressive way. The failure should progressively involve all the material of the crash 

box to absorb a high amount of energy and avoid localized failures (e.g. buckling) that cause 

lower energy absorption. The steady progressive failure can be initiated by the geometry (e.g., 
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a conical structure will start failing from the vertex, where the stress is maximum with same 

load) or by specific geometric features, known as failure triggers, that weaken a part of the 

structure to ensure the failure initializing from that point. Once the failure is triggered in a 

specific area, in a well-designed crash absorber the failure propagates progressively to the rest 

of the material. While the geometry itself initiates the failure in most crash absorbers, the use 

of a failure trigger is extremely important when testing material coupons to obtain the same 

failure mode that occurs in the real component. 

Several different triggers have been proposed in the literature and applied to different kinds of 

specimens. The simplest trigger consists of a chamfer that reduces the thickness of the laminate. 

With this trigger the crash force grows rapidly up to a peak, then stabilizes to a lower value when 

the steady crash propagation condition is reached. The chamfer angle is influent on the peak 

force [3]. The chamfer is typically machined, but a  similar effect can be obtained with a 

progressive reduction of the laminate thickness, reducing the number of layers [4]. Other 

geometries found in literature require some cuts in the direction of the laminate, like V-shaped 

trigger [5,6], sawtooth trigger [7–9] or cuts with different geometries [10,11]. A different way of 

inducing the desired failure mode on the material consists of an external device that forces the 

flow of crashed material in the wanted direction [12,13]. Some of these trigger configurations 

may modify the failure mode of the material, and consequently the energy absorption. 

The aim of the present paper is to present some of the results of an experimental campaign 

developed to evaluate the effect of different trigger types on a crashworthiness test carried out 

on flat specimens for the evaluation of the Specific Energy Absorption (SEA) of the composite 

material. The force-displacement curves and SEA values obtained with six different trigger 

geometries were compared to find the most adequate for material crashworthiness 

characterization on flat panels. Tests were carried out on a carbon fiber laminate using an anti-

buckling fixture to support the specimen during the test, as proposed in the literature[7–9,14]. 

Tests were run in impact conditions using a drop tower testing machine and in quasi-static 

conditions to detect a possible effect of the strain rate. 

2. Materials and methods 

Specimens having six different trigger types were produced using the same Microtex GG630 

prepreg (carbon fiber 2x2 twill fabric coated with E3-150 epoxy resin, resin content 33% in 

volume) by the company Carbon Mind. All the specimens had rectangular shape with 

dimensions 100x150 mm and were obtained by milling from larger plates made of four layers 

for a total thickness of 2.65 mm. Each specimen type had a different failure trigger on the shorter 

edge, as depicted in Fig. 1. Four trigger geometries were realized during the specimens cutting 

process: 

• trigger A (Fig. 1a): saw-tooth trigger with depth 2.5 mm and step 5 mm, 

• trigger B (Fig. 1b): saw-tooth trigger with depth 5 mm and step 5 mm, 

• trigger C (Fig. 1c): saw-tooth trigger with depth 10 mm and step 5 mm, 

• trigger D (Fig. 1d): two large triangles (with width of 50 mm) machined with depth 10 

mm. 

Triggers E and F were realized during the layup process: 
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• trigger E (Fig. 1e): a 5 mm deep delamination at the mid plane of the laminate was 

created including a thin polytetrafluoroethylene (PTFE) layer during the layup process, 

that prevented the bonding between the second and the third layers, 

• trigger F (Fig. 1f): the thickness of the laminate was reduced from four to two layers for 

a depth of 5 mm. In the trigger area, the first and fourth layers were removed to 

preserve the symmetry with respect to the mid plane of the laminate. 

 
Figure 1. Different triggers tested in this study: a) triangular saw-tooth with depth of 2.5 mm; 

b) triangular saw-tooth with depth of 5 mm; c) triangular saw-tooth with depth of 10 mm; d) 

two large triangles with depth of 10 mm; e) internal notch created positioning a thin PTFE 

layer at the mid plane of the laminate for a depth of 5 mm; f) reduction of the thickness of the 

laminate from four to two layers for a depth of 5 mm. 

 

Crashworthiness tests were performed using a testing fixture optimized for impact testing and 

avoiding buckling of the specimen [15]. The specimen was vertically positioned and supported 

by six vertical columns (three for each side of the specimen) to avoid its buckling (Fig. 2a). The 

failure trigger was positioned in contact with a horizontal steel plate that represents the surface 

against which the failure happens. The lower part of the specimen was left laterally unsupported 

for a height of 5 mm to allow material failure and fronds formation. A clamping system provided 

a controlled force of 4 kN and its effect in terms of energy absorption due to friction was 

minimized applying a PTFE solid lubricant to the supporting columns [16]. The load was applied 

on the top of the specimen by means of a flat disk connected to the falling mass in the case of 

impact test or to the upper grip of the universal testing machine in quasi-static tests. Impact 

tests were performed with an Instron 9450 drop tower using an impact energy of 800 J, an 

impact velocity of 7 m/s and a drop mass of 32.89 kg. The crash force was measured using an 

instrumented striker with a load cell characterized by maximum load capacity of 222 kN and 

sampled at a frequency of 1 MHz. The displacement and energy absorption were calculated from 

the integration of the force signal. Quasi static tests were performed with an Instron 8801 

hydraulic universal testing machine at a constant speed of 10 mm/min. The load was acquired 

using a load cell with maximum load capacity of 100 kN, while the displacement of the impactor 

was measured by an LVDT sensor. From load-displacement curves, the SEA was calculated from 

Eq. (1): 
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𝑆𝐸𝐴 =  𝐸𝑎𝑚               (1) 

where 𝐸𝑎 is the energy absorbed and 𝑚 the specimen crashed mass, calculated considering the 

density and the volume of crashed material. The absorbed energy corresponds to the area below 

the force-displacement curve in the displacement range between 20 mm and 40 mm and the 

volume of crashed material is considered in the same displacement range. The first 20 mm of 

the curve were neglected to avoid the influence of the failure initialization induced by the 

trigger, while 40 mm is the maximum displacement achieved during quasi-static tests. Further 

details regarding this aspect are provided in the next clause. Two repetitions of the quasi-static 

tests and three repetitions of the dynamic tests were performed. 

3. Test results 

Under both the quasi-static and impact compression loads the specimens showed a splaying 

failure mode (Fig. 2b).  

a) b) 

  
Figure 2. a) Testing fixture for impact and quasi-static compression test. The flat disk (insert) 

that applies load is also shown. b) Carbon fiber/epoxy specimen after crashworthiness test. 

The energy is absorbed by the material due to delamination, debris formation, matrix and fibers 

cracking and bending of layers. Typical force-displacement curves acquired during quasi-static 

and dynamic tests are plotted in Fig. 3 and in Fig. 4, respectively. All curves are characterized by 

a growth of the force value from zero (first contact with the flat disk visible in Fig. 2a) to a peak 

that corresponds to the initiation of the failure on the full cross section of the specimen (end of 

the trigger). The height and position of the peak on the force-displacement curve depend on the 

trigger geometry. After the peak, the crash force reduces to an approximately constant level due 

to the stabilization of the failure process, that steadily progresses.  Oscillations of the force signal 

and scatter of results are typical of crashworthiness tests because of the natural presence of 

defects in the material that can influence the crash force. As visible in Fig. 3, the load-

displacement curves obtained in quasi-static conditions can be divided in three phases: 
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• From 0 mm to 10 mm the behavior is strongly characterized by the trigger geometry. 

• From 10 mm to 20 mm the force reduces due to the crash front development. 

• After 20 mm the force stabilizes, and the behavior becomes very similar in all the curves. 

The effect of the different trigger geometries is easily visible in the first 10 mm of the force-

displacement curve: 

• Specimens with saw-tooth trigger (A, B and C) show a growth of the force up to the 

peak due to the progressive increment of the cross section. The slope of the curve and 

the height and position of the peak are related to the depth of the sawtooth geometry. 

• Specimens with trigger D, with two 10 mm deep large triangles, have a behavior very 

similar to trigger C due to the similar shape and same trigger depth. 

• Specimens with trigger E, having an artificially created internal notch, shows a high 

initial peak due to the absence of a cross section reduction in the trigger area, then 

force drops to a steady-state value. 

• Specimen with trigger F, having a thickness reduction, presents a first peak followed by 

a steady state force of about 12 kN due to the failure of the part of specimen with lower 

thickness, then a second peak followed by some oscillations and a stabilization of the 

force after about 20 mm. 

 

Figure 3. Typical filtered force-displacement curves acquired during quasi-static tests. 

Similar considerations can be drawn from impact tests (Fig. 4): 

• From zero to 10 mm the effect of the different trigger geometries is strongly visible in 

the different raising trend of the force signal. 

• After 10 mm a steady state force level is achieved. 

The main difference with quasi-static tests is the absence of the decrease phase of the force 

value before reaching the steady state condition. This is probably due to the faster development 

of the crash front which is facilitated by the higher strain rate and vibrations induced by the 

impact.  
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Figure 4. Typical filtered force-displacement curves acquired during impact tests. 

A clear effect of the trigger geometry and of the testing condition on the peak force is visible in 

Fig. 5a), that considers unfiltered data as the choice of the filter is consistently influent on the 

peak force. The trigger geometry causes high peak forces specially on triggers E and F, due to 

the absence of a gradual cross section reduction that causes smooth increase of the crash force. 

The situation is different with the triangular saw tooth triggers A, B, C and D, where the 

progressive increase of the cross section causes a smoother increase of the force signal and a 

lower peak force. In case of a deeper sawtooth trigger, the force increment is smoother and the 

peak force is lower. The peak force in dynamic conditions is typically higher because of high 

frequency vibrations of the force signal excited by the impact (not visible in Fig. 4 due to filtering) 

and summed to the crash force given by the material. These are essentially axial vibrations in 

the impact mass that are captured by the load cell and have been filtered in Fig. 4 to allow a 

better comprehension of the plot. The amplitude of vibrations increases if the load is applied in 

a more sudden way to the specimen (i.e., if the cross section of the specimen increases rapidly 

and consequently the initial slope of the force-displacement curve increases).  

The SEA of the material was calculated to find possible differences caused by the trigger 

geometry. The unfiltered curves were used for calculation because the filter does not affect the 

SEA value. The performed analysis considered the part of the force-displacement curve between 

20 mm and 40 mm, as it is necessary to consider a part of the crash curve in which the failure 

mode is steady, and the force is approximately constant. The average SEA values obtained from 

quasi-static and impact tests are reported in Fig. 5b, where no clear trends or differences 

between triggers appear. More in details: 

• Specimens A, B, and C have very similar SEA values both in quasi-static and dynamic 

conditions; in average, dynamic SEA results higher than quasi-static SEA. 

• Specimen D presents the higher dynamic SEA and the lowest quasi-static SEA; this 

important difference between the two loading conditions does not find confirmation in 

the other specimen types and thus can be considered as due to the trigger geometry D. 

• Specimen E and F showed high scatters, particularly in quasi-static tests, but results 

aligned with specimens A, B and C. 
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a) b) 

  
Figure 5. Quasi-static and dynamic test results: a) Peak force from unfiltered curves; b) SEA 

calculated from unfiltered curves in the range of displacement between 20 mm and 40 mm. 

Considering all the performed tests, dynamic SEA value is typically higher than the quasi-static 

one. An ANOVA test considering as parameters the trigger geometry and the testing condition 

indicated a significant effect of the testing speed (p-value 0.006) and no significant effect of the 

trigger geometry (p-value 0.135). 

4. Conclusions  

Crashworthiness tests carried out on carbon fiber flat plates showed an effect of the trigger 

geometry in the first part of the force-displacement curve, with non-negligible variations of the 

peak force. This effect is more evident in impact tests, that cause an increase of peak forces. 

Results showed that the smoother is the transition from the first contact with the impactor to 

the failure of the full cross section of the specimen, the lower is the peak force. A smooth 

transition can be obtained with a saw tooth trigger that causes a reduction of the cross section 

of the specimen, and consequently lower initial force. High peak forces in impact tests generally 

lead to vibrations of the specimen and in the experimental apparatus that are acquired and 

visible in the acquired experimental curve, and this could affect the evaluation of the 

performance of the material. When designing a crash absorber, it is important to have a 

progressive increment of the cross section to avoid excessive peak forces that can cause injuries 

for the passengers. A saw-tooth geometry demonstrated to be a more effective way to reduce 

the peak force if compared with a thickness reduction or with a specimen having internal notch 

obtained with a PTFE layer. 

The analysis of the stable crash region of the force-displacement curve allowed to measure the 

SEA of the different specimens. Due to a certain scatter of experimental results, which is typical 

of crashworthiness tests, it was not possible to state that the trigger geometry affects the SEA 

of the material for most of the triggers taken in consideration. Only trigger D (two large triangles 

with 10 mm depth) shows a peculiar result, with dynamic SEA considerably higher than quasi-

static SEA. This effect could be due to a lower effectiveness to trigger the splaying failure in 

quasi-static testing, while dynamic results are well aligned with the results on other triggers. 

Dynamic SEA resulted on average 12% higher than quasi-static SEA. 
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In conclusion, all the tested trigger geometries, except for trigger D, can be effectively used for 

an in-plane crashworthiness test on flat panels. Specimens E and F caused high peak forces both 

in quasi-static and dynamic conditions because of the sudden load increase. A saw tooth trigger 

is then the best choice for this kind of test because of the simple manufacturing process and the 

possibility to avoid high peak forces choosing a saw tooth geometry with sufficient depth. 
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Abstract: In this work a preliminary investigation into the feasibility of using embedded optical 

fibres with Fibre Bragg Gratings (FBG) to monitor residual strain in rapidly curing composites is 

undertaken. Curing times of 1-8 minutes are achieved by hot-pressing prepreg unidirectional 

composites with specialized thermosetting resin matrices. Residual strain is then monitored 

using embedded FBG’s and the results are analyses qualitatively to investigate the dominant 

mechanisms in the formation of residual stress in rapidly cured composites. Then, transverse 

three-point bending tests are conducted to determine the effect of thickness and cure 

temperature on laminate bending strength. It was found that bending strength increased with 

curing temperature and was not affected by laminate thickness. 

Keywords: Composites; Residual strain; Rapid curing; FBG sensor 

1. Introduction 

Carbon fibre reinforced plastics are becoming more and more popular in the aerospace and 

automotive industries due to their high specific strength and stiffness. However, one major 

drawback of more traditional composite manufacturing techniques is that they have very long 

processing times. This is primarily due to the need to slowly increase and decrease the 

processing temperature to avoid residual stress formation and warpage after cure. In recent 

years, rapidly cured resins have been developed to reduce the processing time required to cure 

parts. However, the effect of shorter processing times on residual stress formation is still not 

well understood and if these manufacturing techniques are to be adopted for structural 

applications this gap in knowledge must be addressed. Therefore, this research aims to 

investigate ways in which to evaluate residual stress in fast curing composites and to determine 

the effect that residual stress has on the mechanical performance of the finial composite part. 

In this work, the applicability of the use of embedded optical fibres with Fibre Bragg Gratings 

(FBGs) in fast-curing composite systems for the measurement of residual strain is investigated.  

 

Advances in embedded sensors technologies have proven very promising for the more 

widespread adoption of residual stress monitoring in composites [1][2]. Embedding FBG’s into a 
laminate before cure allows for an insight into the internal strain state of the composite laminate 

during cure and while analysing the structural performance during subsequent testing. In this 

work, residual stress fields within the laminate are manipulated by altering curing temperature 

and laminate thickness. Transverse flexural testing is then used to investigate the effect of 

varying levels of residual stress on the matrix dominated bending response of the laminate.  
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Materials and method 

An optical fibre consists of a glass core, a cladding layer with a lower refractive index than that 

of the core and a coating layer to aid adhesion and give strength. Light is passed through the 

core and is totally internally reflected by the cladding due to its lower refractive index. An FBG 

is fabricated by using a UV laser to periodically etch the surface of the core of an optical fibre 

resulting in a periodic variation in the refractive index of the core in the etched area. When light 

is passed through the etched area, or ‘grating’, a specific wavelength of light known as the Bragg 
wavelength, λB is reflected by the grating which is a function of the grating spacing, Λ and the 
effective refractive index of the core, ηeff as described by Equation (1). This is then detected by 

an interrogator unit connected to the end of the fibre and wavelength of the reflected spectra 

can be measured. 

 𝜆𝐵 = 2𝜂𝑒𝑓𝑓𝛬 (1) 

If a strain is then applied to the FBG or it experiences a temperature change, T then the grating 

spacing changes and the reflected Bragg wavelength changes accordingly. Strain can be split into 

two components, mechanical strain, εz and thermal strain which is caused by a temperature 

change ΔT. Applying corresponding sensitivity factors Sε and ST, this relation can be expressed 

by Equation (2). 

 ∆𝜆𝐵 = 𝑆𝜀𝜀𝑧 + 𝑆𝑇∆𝑇 (2) 

The fibres used in these experiments were obtained from FBGS and have reported sensitivity 

values of 7.8 με-1 ×10-7 and 6.5 K-1 ×10-6 for Sε and ST respectively (1). From Equation (2) it can 

be seen that both temperature variations and mechanical strain cause a shift in the Bragg 

wavelength. Therefore, when using FBG’s to monitor cure in composite laminates it is critical to 

be able to separate these two components so that the actual mechanical strain due to resin 

thermal expansion and shrinkage is known and the contribution of the thermal expansion of the 

optical fibre is discretised. This can be done by measuring the temperature at the FBG and then 

removing this term from equation (2). In this work, temperature monitoring is done with a 

simple k-type thermocouple. 

 

FBGS low bend loss fibres with a cladding diameter of Ø125 μm and an ORMOCER coated fibre 

with a diameter of 195 μm have been used. With a nominal Bragg wavelength of 1550 nm and 
a grating length of 1 mm. From initial studies it was found that a short grating length reduced 

peak splitting of the reflected spectra, leading to a more accurate strain response measurement. 

These are paired with a SmartFibres SmartScope interrogator unit which operates in a 

wavelength rage of 1528 nm to 1568 nm, a scan frequency of 5 Hz and a wavelength resolution 

of 0.2 pm. 

 

Rapid curing strain measurement tests used 150x150 mm [0]n prepreg laminates, where n was 

varied to achieve various thicknesses. Fibres were embedded transverse to the fibre direction 

at the first ply in the laminate and at the mid-thickness ply to measure the transverse matrix 

residual strain during cure at the outer and inner thicknesses of the laminate. The fibre gratings 

were placed in the in-plane centre of the laminate and the optical fibre continued to the edge 

of the laminate, thereby leaving a 75 mm “tail” of optical fibre after the grating. A Ø 0.5 mm 
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PTFE tube was placed around the fibre optic cable at the point where it enters the laminate to 

provide some mechanical support as initial tests had shown this to be an area prone to failure. 

K-type thermocouples were placed approximately 20 mm away from the embedded grating on 

the same ply as the gratings to allow for a representative temperature reading and to not affect 

the strain measurement taken by the grating. A metal retaining “collar” with the same thickness 
as that of the final cured laminate is then placed around the laminate stack before being hot 

pressed to control the laminate shape and thickness. The embedded sensor layup is shown in 

Figure 1.  

 
Figure 1: Embedded sensor for residual strain measurement setup at mid-thickness 

After some preliminary tests were carried out a standard mythology was adopted. To investigate 

both the effect of thickness and curing temperature on residual strain, two extremes were 

chosen for thickness and temperature to better highlight these effects. For thickness, samples 

were designated as either “thick” or “thin” with 6.35 mm and 2 mm laminates respectively. For 
cure temperature, “cool” and “hot” conditions were used which were cure temperatures of 
140 °C and 180 °C respectively with cure times altered accordingly to achieve full cure. The full 

experimental specifications are outlined in Table 1.  

 

Table 1: Residual strain experiment specifications 

Test No. plies 
Thickness 

(mm) 

Cure temperature 

(°C) 

Cure time 

(min) 

Cool_thin 11 2 140 8 

Cool_thick 35 6.35 140 8 

Hot_thin 11 2 180 1 

Hot_thick 35 6.35 180 1 

2. Residual strain results  

As the resin matrix is liquid and E’’>>E’ before αgel then all strain that occurs before αgel does 

not contribute to residual stress as it is dissipated viscously. Therefore, to gain a meaningful 

insight into the effect of residual strain on the residual stress state of the laminate, the 

measured strain is zeroed at αgel. In this work this is defined as the point at which strain begins 

to be developed as measured by the embedded FBG. An example experiment, Cool_thin, is 
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shown in Figure 2 with its corresponding temperature data so important points can be 

identified.  

 

Figure 2: Cool_thin embedded strain and temperature data, strain zeroed at αgel. 

Figure 2 clearly shows the development of transverse residual strain during cure, with both 

chemical shrinkage and thermal effects clearly visible. Chemical shrinkage occurring during the 

polymerization of the resin matrix between i-ii. An isothermal holding phase between ii-iii to 

ensure full cure of the laminate. Then, the compressive thermal strain being applied when the 

temperature is dropped after removal from the hot press, iii-v. Where iii is the point at which 

the hot press is opened and iv is when the laminate is removed from the hot press. Results 

from all of the experiments outlined in Table 1 are presented in Figure 3. It should be noted 

that there is no data available for the mid-thickness hot_thick sample as during cure the 

reflected Bragg wavelength peak exceeded the dynamic range of the SmartScope due to high 

levels of strain and was therefore unable to be recorded.  

 

Figure 3: Embedded strain data, zeroed at αgel for time 0-4000 seconds 
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Examining the full strain history for all the laminates tested in Figure 3, several key features are 

apparent. Firstly, for the laminates tested the total final residual strain is independent of cure 

temperature and only depends on laminate thickness with the thicker laminates resulting in 

higher levels of compressive residual strain. The final total residual strain for all thermal 

histories, laminate thicknesses and sensor locations is broadly similar across all cases. With the 

largest deviation from the average being approximately an 11% difference in total strain.  

From Figure 3 we can see that the apparent compressive chemical shrinkage strain (points i-ii 

in Figure 2) that occurs after gelation of the “hot” samples is less than that of the “cool” 
samples. Indeed, the apparent chemical shrinkage strain of the hot_thin samples is positive. 

However, this is not the true chemical shrinkage strain of the resin matrix as this is caused by 

the polymerization of the resin matrix it is independent of the cure condition assuming it has 

been fully cured. This is due to gelation of the resin matrix occurring before the cure 

temperature of the laminate has been reached. Therefore, the tensile thermal expansion of 

the resin is greater than the compressive chemical shrinkage during the initial parts of the 

curing cycle. Whereas, for the cool condition the temperature remains relatively constant after 

gelation so the compressive chemical shrinkage strain can be fully seen. The result of this is 

that the final total residual strain of hot and cool laminates is similar even though the thermal 

contribution of strain during the cooling phase is significantly higher for the hot cure condition. 

However, it is important to note that this does not mean the final residual stress state of the 

laminates is similar. In the case of the hot laminates the majority of the strain developed 

during cure comes after the resin has fully developed it’s stiffness (E’ >> E’’) during the cooling 
phase of the cure cycle. Whilst a significant proportion of the strain developed in the “cool 
cure” condition laminates is developed early in the cure cycle, right after gelation. Here, the 

storage modulus of the resin is much lower and as such the resultant residual stress will be 

much lower for the same given strain. This is because the much of the energy imparted into 

the resin system from thermal expansion and chemical shrinkage is dissipated viscously as E’’ is 
not negligible at this stage of the cure. In the thick samples the difference between the onset 

of gelation between the outer and inner plies is greater than that of the thin samples. This is 

caused by the large temperature gradient through the thickness of the laminate seen in the 

thicker samples. This causes the outer plies of the laminate to cure sooner than the internal 

ones, setting up an uneven cure gradient through the laminate thickness. This is further 

exacerbated by the higher temperature used in the hot cure condition.  

Additionally, the average total final residual strain is approximately -14,000 µε (or -1.4%) which 

is significantly higher than the final strain seen for slower curing laminates found in the 

literature. For example, Minakuchi et al (2) measured a final mid-thickness in-plain strain of -

2850 µε with a 100x100x7.5 mm UD laminate cured at 90 ℃ for 5 hours. While Qi et al (3) 

found a final residual strain of -5183 µε with a 200x200x2.5 mm UD laminate cured at 80 ℃ for 

10 minutes and then 100 ℃ for an additional 20 minutes. However, it should be noted that 

strain was not zeroed at gelation for this testing, so the true value of residual strain is likely to 

be lower. Again, Hu et al (4) found a total final residual strain of approximately -7500 µε using 

a 110x110x10 mm UD laminate with a cure schedule of 130 ℃ for 60 minutes and then an 

additional 3.5 hours at 180 ℃. While it is evident that the experiments seen in the literature 
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have used a variety of experimental methodologies and as such cannot be directly compared, 

they do still allow for two key observations to be made. First, the experiments conducted in 

this work use cure times one or two orders of magnitude smaller than that seen in the 

literature. Thus, this current work gives us a unique insight into the residual strain history of 

very fast curing laminates. Second, these rapid curing conditions have resulted in very large 

levels of transverse residual strain to be developed within the laminate, both in the mid-

thickness and outer edges.  

3. Transverse three-point bending results 

To investigate the effect of various residual stress conditions on the matrix dominated 

transverse bending response, transverse three-point bending tests were conducted on 

samples with a variety of cure states and thicknesses. Samples with a span to support ratio of 

8:1 were waterjet cut out of from the panels created during the fast curing residual strain 

experiments. The results of the transverse three-point bending tests are shown graphically in 

Figure 4. 

 

Figure 4: Average flexural strength of three-point bending specimens with varying cure 

conditions 

On first examination of the transverse three-point bending results presented in Figure 4 it is 

difficult to identify many clear trends. However, by applying an unpaired two-tailed t-tests it is 

possible to identify two key trends. Here, a t-test is applied to test the null hypothesis that the 

difference between the two groups is not statistically significant. A 95% confidence interval is 

used to determine whether the null hypothesis has been met. The results of this statistical 

analysis are shown in Table 2.  
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Table 2: P-test of transverse three-point bending samples 

Test P-value Null hypothesis 

Cool_thin vs Cool_thick 0.1579 Accepted 

Hot_thin vs Hot_thick 0.0797 Accepted 

Cool_thin vs Hot_thin 0.0002 Rejected 

Cool_thick vs Hot_thick 0.0367 Rejected 

Now, it is possible to see that changing the thickness of the samples does not change the average 

flexural strength of the laminate by a statistically significant amount. Whilst increasing the cure 

temperature of the laminate increases the average flexural strength. This additional transverse 

flexural strength is indicative of the samples cured at higher temperatures having higher levels 

of compressive residual stress on the outer edges of the laminates. Therefore, there is an 

additional compressive load that needs to be overcome before a tensile load is applied to the 

outer tensile surface of the bending specimen. Thus, leading to a higher failure load and higher 

apparent flexural strength.  

4. Conclusion and future work 

In conclusion, this work has shown the applicability of FBG sensors to measuring residual strain 

in very rapidly curing composites. A qualitive analysis of various mechanisms of residual strain 

development in fast curing composites has been given. It was found that for the laminates 

tested, the final resultant strain was independent of curing temperature and only depended on 

laminate thickness. However, the laminates cured at higher temperatures had the majority of 

their residual strain form in the latter stages of the laminate cure when the modulus of the resin 

matrix was also high. This suggests higher levels of residual stress are present in the laminates 

cured at higher temperatures. Subsequent transverse three-point bending tests confirmed that 

laminate bending strength was only dependent on cure temperature and not laminate 

thickness. This is hypothesized to be a result of higher levels of compressive residual stress on 

the outer edges of the laminates cured at higher temperatures.  

Future work is to utilize in-situ resin modulus monitoring with tailed FBG sets, as outlined in 

works by Minakuchi et al (2)(5)(6) and Hu et al (7). This will allow for real time measurements of 

the cure state of the laminate which will subsequently be used to analyze the residual stress 

state of that laminate. This technique is particularly useful for this work as traditional rheological 

techniques, and then subsequent associated inferences about cure state, become difficult to 

apply in resin systems that cure so rapidly. This will offer a unique insight into the suitability of 

rapidly cured composites in structurally critical applications.  
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Abstract: Ultrasonic spot welding is a joining technique for thermoplastic composites with great 

potential regarding processing speed and cost. To investigate the damage tolerance and possible 

inherent damage arresting behavior of multi-spot welded joints, a technique is necessary to 

measure damage growth in the joints under cyclic loading. Visual inspection is not possible 

because the damage is not located on the outside surface and conventional techniques such as 

C-scan are not practical during a fatigue test because the specimen would have to be removed 

from the setup. This paper details a methodology for quantifying damage growth rates in single-

spot welded joints using surface strain measurements made by Digital Image Correlation. This 

represents the first step towards developing a methodology for quantifying damage progression 

behavior in complex multi-spot welded joints. 

Keywords: damage growth; ultrasonic spot welding; thermoplastic composites; Digital Image 

Correlation (DIC), fatigue 

1 Introduction 

Thermoplastic composites present the opportunity to use fusion bonding, or welding, as a 

joining technique instead of mechanical fastening or adhesive bonding. Fusion bonding is 

particularly interesting to the aerospace industry since it is fast and cost-effective [1, 2], and 

eliminates many surface preparation and process control needs related to adhesive bonding 

[3]. The specific fusion bonding technique of ultrasonic welding provides an additional 

opportunity for structural joints with the possibility to tailor the damage tolerance and 

progressive failure behavior. The damage in these ultrasonically welded joints is confined to 

the welded region rather than growing through the adherends [4]. This means that the 

individual weld locations in a spot welded joint contain the growth of discrete damage sources, 

and the progression of damage to adjacent welds requires a new damage initiation event. To 

investigate and exploit this possibility, however, a robust methodology for quantifying the 

damage progression behavior in these joints is required.  

Monitoring damage progression in an ultrasonically spot welded joint is hampered by the very 

feature of damage growth that we would like to exploit – damage growth is contained 

between the adherends. The study in this paper is limited to circular spot welds at the center 

of the specimen, which are not visible from the outside. Thus, direct observations of the 

damage growth are not possible. Non-destructive testing techniques such as C-scan can 

provide information about damage shape and size, however, this technique becomes less 

practical for continuous monitoring of damage progression during a fatigue test due to the 
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need to remove the specimen from the testing machine for inspection. This paper investigates 

an alternative indirect approach to monitoring the damage progression behavior using surface 

strains measured with the Digital Image Correlation technique (DIC). This technique has quickly 

become a staple measurement technique in laboratories for strain measurement but has also 

been successfully used in past studies for monitoring hidden interface damages. This paper will 

specifically look at the advantages and challenges of applying it on ultrasonically spot-welded 

joints. 

2 Methodology 

This study aims to investigate the suitability of using DIC as a quantitative method for indirectly 

monitoring damage progression behavior in ultrasonically spot-welded joints. To carry this out, 

displacement-controlled fatigue tests of single lap shear joints with a single spot weld (similar 

to previous studies by Choudhary and Villegas [5]) are conducted. The dimensions of the test 

specimens are shown in  

Figure 1, the loading is applied in the horizontal direction. The lay-up of the adherends is 

[0/135/90/135/45/135]s  and the ply material is carbon fiber with LMPAEK resin. Fatigue 

testing is conducted using a displacement associated with 80% of the B-basis static strength of 

10 single-spot welded specimens, with a loading ratio of 0.2 and testing frequency of 5 Hz. As 

the focus of this paper is to examine the damage monitoring potential of DIC, the remainder of 

the methodology section focusses on describing the measurement and data processing 

methods used in the study. 

 

Figure 1. Dimensions in [mm] of the single lap shear specimens. 

2.1 Experimental measurements 

During the fatigue tests, the reaction force in the specimens is recorded by the testing machine 

with a peak-valley detection so that the maximum and minimum force in each cycle is 

registered. At every 50th cycle, a two second dwell at the maximum displacement is 

programmed to facilitate image capturing with two stereoscopic camera pairs for DIC 

measurements. The two pairs of cameras each consisting of two Grasshopper 3 (model: GS3-

U3-23S6C-C) cameras are used to monitor the front and back side of the specimen. The 

cameras at the front of the specimen have a 50 mm lens and the ones at the back have a 28 

mm lens. However, the cameras on both sides are positioned such that they have a similar 

field of view that maximizes the overlap region of the specimen. 
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2.2 Data processing 

The DIC images are first processed with the Vic-3D 8 software [6] to correlate the stereo 

images and obtain the local displacement in all three directions. From this displacement field, 

a virtual extensometer can be defined to track the global compliance change of the specimen 

and the displacement field is converted to a strain field using a Lagrangian finite strain 

formulation. 

Once the strains in the two principal directions (xx and yy) are obtained, the data is smoothed 

using Arbocz [7] half-wave cosine function, which can be written as: 𝑓 = ∑ ∑ 𝑐𝑜𝑠 (𝑖𝜋𝑥𝐿 ) (𝐴𝑖𝑗 𝑐𝑜𝑠(𝑗𝜃) + 𝐵𝑖𝑗 𝑠𝑖𝑛(𝑗𝜃))𝑚𝑖=0𝑛𝑗=0                (1) 

where 𝐴𝑖𝑗  and 𝐵𝑖𝑗  are the amplitudes of the corresponding shape functions. The first partial 

derivative 𝜕𝑓/𝜕𝑦 is: 𝜕𝑓𝜕𝑦  = ∑ ∑ 𝑐𝑜𝑠 (𝑖𝜋𝑥𝐿 )  𝑗 (−𝐴𝑖𝑗 𝑠𝑖𝑛(𝑗𝜃) + 𝐵𝑖𝑗 𝑐𝑜𝑠(𝑗𝜃))𝑚𝑖=0𝑛𝑗=0              (2) 

The coefficients 𝐴𝑖𝑗  and 𝐵𝑖𝑗  are calculated based on measured data using for example a linear 

least-squares algorithm. In theory, 𝑚 and 𝑛 can be chosen for any desired accuracy, but in 

practice the least-squares algorithms require a high amount of computer memory that limits 

the maximum values for 𝑚 and 𝑛. In the present work, the diccp Python module version 0.1.7 

[8, 9] is used to determine the 𝐴𝑖𝑗  and 𝐵𝑖𝑗  coefficients. 

 

Once the noise is filtered from the experimental data by excluding the high frequency terms 

from the half-wave cosine formulation, a five step process is followed: 

1. Choose 5 vertical probing lines along the surface of the overlap (Figure 2 a and b). The 

data is transformed such that both sides of the specimen use the same coordinate 

system. The choice to use 5 probing lines was made to provide enough detailed 

information while not using too much computational power during the processing of 

the data. 

2. Extract the data along the probing lines (Figure 2c). 

3. Find local minima and maxima on the 5 probing lines on both sides of the specimen 

using the partial derivative 𝜕𝑓/𝜕𝑦 (Figure 2c). The data from both sides is combined to 

get a complete view of the damage state. On the front side the data from the top half 

of the overlap is used and on the back side the data from the bottom half is used. 

4. Figure 2d shows that the false positives are located outside of the weld boundary and 

at the centerline of the weld. These false positives are removed from the calculations. 

This is done by first identifying which points are located within the initial boundary of 

the weld and afterwards removing the points that are not the outer two points on 

each probing line, thus removing the false positives around the centerline. 

5. Determine weld area by summing the areas of the 5 probing lines as shown in Figure 3. 

The damage is represented as a percentage of the initial weld area. 
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a. Surface plot with a single probing line and 

extracted points on the front of the specimen. 

b. Surface plot with a single probing line and 

extracted points on the back of the specimen. 
  

 
c. Line plots of the center probing lines on the 

front and the back of the specimen. 

 
d. Fracture surface with the locations of the 

extracted points 

Figure 2. Processing the DIC data. Points on the weld edge are indicated with open dots     , 

false positives with closed dots     . 

 

 
a. Estimated weld height based on each 

probing line. 

 
b. Estimated weld area based on each 

probing line. 

Figure 3. Weld area estimation based on extracted weld edges. 

These steps are performed for each DIC data point so that the damage progression through 

the fatigue life can be plotted. The data is then smoothed with the incremental polynomial 

method from the ASTM standard E647 [10] to calculate the damage growth rate. 
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3 Results 

Figure 4 shows the fracture surface for two of the test specimens. The weld location is 

determined using the previously described methodology for four different moments during the 

fatigue life of the specimens. 

a. Extraction for test specimen 1. b. Extraction for test specimen 2. 

Figure 4. Extracted weld edges for two different specimens at four moments during the fatigue 

life. 

The damage evolution through the whole fatigue life is determined by performing the post-

processing steps for every DIC measurement point. The result for the same two specimens can 

be seen in Figure 5. The smoothed result of the incremental polynomial method from the 

ASTM standard E647 [10] is also included. 

a. Damage evolution for test specimen 1. b. Damage evolution for test specimen 2. 

Figure 5. Damage evolution through the fatigue life for two different test specimens. 

4 Discussion 

The raw strain data obtained from the DIC is fitted with a half-cosine Fourier fitting to filter the 

noise and obtain continuous functions. Figure 6 shows the strain in vertical direction over the 

center of the overlap fitted with two different numbers of coefficients. An increasing number 

of coefficients leads to the inclusion of higher frequency components. Therefore, the fitted 

function approaches the raw data with more accuracy, but more noise is included as well. A 

total of 6 coefficients was chosen to proceed with the analysis. 
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Figure 6. Half-cosine Fourier fitting of the raw DIC data with different numbers of coefficients 

The information from the DIC measurements on both sides of the specimens is combined to 

get a full view of the overlap area, relying on the assumption that the growth of damage 

occurs from both sides of the centerline and does not cross the centerline of the overlap from 

either side. This assumption only has a small effect on the estimated damage percentage in 

single spot joints if there are no secondary welds. After the measurements are combined, the 

false positives are filtered from the extracted points by finding the two most outer points on 

each probing line within the weld area. 

The comparison of the extracted points and the fracture surface in Figure 4 shows that the 

actual physical weld size is overestimated, which is especially visible when comparing the 

extraction at the start of the fatigue life to the complete fracture surface. When comparing the 

extraction at the end of the fatigue life, this comparison shows that large damages are difficult 

to extract, herein attributed to the fact that secondary bending is dominant when the damage 

has grown to most of the initial weld area. 

Figure 5 shows the extracted weld area of two different specimens through their whole fatigue 

life. Since this data is oversampled, it is smoothed using the incremental polynomial technique 

as described in the ASTM standard E647 [10]. Figure 7 shows the comparison of the damage 

percentage after the smoothing and the compliance during the fatigue life and Figure 8Error! 

Reference source not found. shows the damage growth rate and the change in compliance. 

Both graphs show a good comparison between the global compliance in the specimen and the 

damage in the weld.  
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a. Damage evolution for test specimen 1 b. Damage evolution for test specimen 2 

Figure 7. Damage evolution and compliance for the two same specimens during the fatigue life. 

 

a. Damage growth rate for test specimen 1  b. Damage growth rate for test specimen 2 

Figure 8. Damage growth rate and change of compliance versus number of cycles. 

While the overall evolution of the damage is well captured, small deviations can be observed 

in the comparison with the global compliance (in Figure 7), specifically in the middle of the 

fatigue life. These differences can be attributed to damage growth in the horizontal direction. 

Note that the proposed method only captures growth in the direction of the loading, since the 

features in the other direction are too small to be captured. 

Some remarks can be made regarding the expansion of this method to the analysis of multi-

spot joints. First, the assumption in the combination of the measurement data, that the 

damage only grows on either side of the centerline, does not always hold. For example, if 

several spots are aligned in the direction of loading, the damage might only grow on one side 

of the overlap and the spots are not located in the center of the specimens. Second, in this 

method two points are chosen on every probing line, making it difficult to know when a weld is 

fully damaged. In the current test, this is not crucial information because the joints only consist 

of a single weld, therefore joint failure and spot failure are identical. However, in the case of 

multi-spot specimens, this is much more relevant information, for instance to be able to 

determine the sequence of failure since the failure of a single spot in the configuration does 

not immediately mean that the complete joint also failed. Both considerations must be 

addressed in the future testing campaign, when a series of multi-spot specimens with different 

configurations will be tested in experiments that are similar to those described in the present 

paper. 
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5 Conclusion 

This paper discussed the characterization of damage growth in ultrasonically spot welded 

joints with use of surface strain measured by a Digital Image Correlation (DIC) system. The raw 

DIC data was first filtered with a half-cosine Fourier function with six coefficients. The resulting 

continuous functions were used to locate the local minima and maxima of the strain in vertical 

direction. After filtering out false positives, a view of the damage state was obtained.  

After the test was completed, the fracture surface could be observed and compared to the 

extracted points at different moments, showing that the exact physical weld area cannot be 

captured with great accuracy.  

When the extraction procedure was performed on every measurement point, a damage 

growth curve was obtained. The comparison of the damage percentage and the specimen 

compliance as well as the change in damage and change in compliance over the course of the 

fatigue life showed that a good representation of the damage evolution was obtained. Small 

deviations could be observed between the damage and compliance results, which were 

attributed to a growth of the damage in the horizontal direction, that was not captured with 

the current method. 

It is concluded that the proposed method does allow to measure and observe the evolution of 

the damage growth in an ultrasonically spot welded joint. However, one should always keep in 

mind that the proposed damage detection methodology consists of an indirect measurement 

that still requires further validation against direct damage detection methods such as C-scan 

measurements. 
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Abstract:  

IR Thermography is a versatile nondestructive evaluation tool for fast determination of defect 

depth, geometry, and size in composite materials. Four thermographic techniques are evaluated 

for their fast and reliable inspection of impact damage on unidirectional carbon fibre reinforced 

plastics. Pulse Thermography (PT), Lock-In Thermography (LIT), Pulse-Phase Thermography (PPT) 

and a new novel post-processing method was assessed based on the Standard Deviation (SD) of 

the temperature rise compared to the mean value of the thermographic stack. The results 

presented make SD a low-cost alternative to the other methods presented here, capable of 

detecting with high resolution surface damage from impact testing. 

Keywords: Thermography; Standard Deviation; composite materials; image processing. 

1. Introduction 

Composite materials are currently a major percentage of materials used in most advanced 

industries due to their tailor made properties and low weight ratio.(1) Thermographic inspection 

has been used widely in a variety of fields, from structural health monitoring and cultural 

heritage to medical applications, due to its relatively fast and reliable results.(2) Infrared 

Thermography for composite evaluation basically requires the material having uniform thermal 

characteristics, where thermal anomalies created by defects or impurities change the signature 

compared to the sound material. Infrared thermal images are generally noisy and have low 

signal to noise ratio, that is why various image and data processing techniques are used to 

enhance the acquired thermograms. The main objective of image processing techniques is the 

detection of anomalous areas and the extraction of defect features. For image enhancement 

purposes various algorithms like contrast stretching, histogram equalization, etc. can be used. 

Intense research is being conducted to develop techniques that allow deeper probing, better 

spatial resolution, and higher noise reduction for more accurate results.(3) Four thermographic 

techniques will be evaluated for their fast and reliable inspection. Pulse Thermography (PT), 

where a short duration pulse excites the material and a measurement of the surface 

temperature over time is performed.(4) Lock-In Thermography (LIT) in which the material is 

excited with a wave of modulated frequency, the term lock-in refers to the necessity of 

monitoring the time dependence between the output signal and the reference input signal to 

extract amplitude and phase images from the data.(5) Pulse-Phase Thermography (PPT) which 

was proposed by Maldague et al.(6) and combines the procedure of PT with the data analysis of 

LIT and an image processing computational methodology that incorporates fast and novel data 

analysis techniques, based on the Standard Deviation of the temperature from the mean value   
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of an IR image sequence, produced by applying a thermal excitation.Damage caused by low 

velocity impacts is of particular interest in the aircraft industry. In this work, CFRP composites 

(150 x 100 mm) of 2.75 mm thickness, 10 ply unidirectional were manufactured with vacuum 

infusion. The CFRP underwent impact damage and were evaluated post-impact with the 

thermographic techniques mentioned above and with ultrasonic C-Scan inspection to evaluate 

the results. 

2. Equipment & Materials 

2.1 Equipment 

IR Camera based testing was done in reflection mode with a FLIR A6751 thermal imaging camera, 

with a frame rate up to 125 Hz, temperature resolution 0.1 K and a (640 x 512) image resolution, 

connected to a computer with the appropriate software by Teledyne-Flir to extract the 

thermogram stack as a series of 32-bit tiff. formated images. A Tektronix AFG3052C Function 

generator and two 1000W Halogen Lamps were used to complete the set-up requirements. The 

specimens were placed at a single meter distance from the camera and the lamps. For the 

purposes of this study, the camera had a set frame rate of 20Hz. Impact damage was done with 

an Instron Ceast 9340. A falling weight impactor with a hemispherical 16 mm radius head was 

used to apply impacts of controlled energy. C-scan with Dolphicam2 by Dolphitech was 

performed to access the damage and correlate the results. For the purposes of this study a digital 

imaging methodology has been developed to process thermal images utilizing various 

techniques used for thermal imaging. The main computational tool adopted in the present 

research study was the open computer vision (OpenCV) library that finds applications in areas 

such as facial recognition, motion tracking and image segmentation (7). The programming 

language Python (8) was chosen for the in-house software development due to the simplicity, 

versatility and compatibility with other computational tools and libraries. 

 

Figure 1: Thermography equipment set-up. 

2.2 Materials 

CFRPs were created with an Araldite LY5052 Epoxy and an Aradur 5052 hardener matrix with a 

100:38 ratio and carbon fibre with 300g/m2 weight was provided from FIBERMAX GR. Composite 

with ply orientation of [0]10 was made using Vacuum resin infusion. The composite was cured 

for 24 hours under vacuum in environmental temperature. 
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Figure 2: Specimen during the Vacuum Infusion and final product 

 

2.3 Methodology 

2.3.1. Lock-In Thermography 

Sin/Cos Correlation and the 4 bucket method are some of the most common algorithms used, 

were information of each pixel of the image is processed as if it were fed into a lock-in amplifier. 

(9) The digital lock-in correlation procedure consists in multiplying the incoming IR images by a 

set of weighting factors and summing up the results in a frame storage.(10)  The specimen 

undergone 3 heating cycles, with a sinusoidal wave of 0.2Hz frequency. 

2.3.2 Pulse Phase Thermography 

Pulse-Phase Thermography (PPT) follows the procedure of Pulse Thermography combined with 

the ability to extract information about phase difference and amplitude, like LIT. It is based on 

the thermal decay following a pulse stimulation and the sequence of infrared images are 

processed with a Discrete Fourier Transform (DFT).(11) A single pulse of 0.2Hz frequency excited 

the specimen. 

2.3.3 Standard Deviation Technique 

In this study we propose an image processing methodology that incorporates fast and novel data 

analysis techniques based on the SD of the temperature from the mean value of an IR image 

sequence produced by applying a thermal pulse.  

2.3.4 Drop Weight Impact. 

The sample dimensions were 150 mm x 100 mm x 2.75 mm and drop weight impact was done 

with an Instron Ceast 9340. The drop weight impact test was performed for all composite 

materials produced with the same impact energy of 20 J. Due to the nature of the inspection, 

the test didn’t adhere to any international standards.  

2.3.5 C-Scan Inspection 
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Ultrasonic C-Scan inspection was performed with the Dolphicam2 by Dolphitech and a 3.5Mhz 

transducer to evaluate the defect geometry and depth and be compared with the thermographic 

data. The equipment was calibrated for 3 mm thick materials. For clearer visual inspection 

thresholding “gates” were added to reduce ultrasonic pulse reflections in the upper layers. 

3. Results 

 

Figure 3: Single Frame extracted from Pulse thermography data. Pulse duration was 5 sec. 

 

Figure 4: Digital Lock-In correlation procedure at 0.2hz, Amplitude (left), Phase (right). 

 

Figure 5: Pulse Phase 0.2Hz, Amplitude (Left), Phase (right) 
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Figure 6: Standard Deviation results at 0.2 hz frequency. 

The deviation from the average temperature of the specimen post-heating becomes higher the 

closer you get to the impact point due to anomalous heating created by the differences of the 

thermal properties of the defected area. The aforementioned produces a clear hot-spot image 

of the defect shape that agrees with the results of the established methods above. Showing, 

similar results but without the need of expensive equipment and expertise. Since SD method 

isn’t wildly used, efficiency protocols haven't been established or proposed, many factors must 

still be considered, contrast evaluation, correct frame selection, time-defect depth correlation, 

maximum visible depth, and similar parameters necessary for any thermographic technique. 

This technique could prove to be a valuable tool for fast inspection services, or even for portable 

applications. 

 

Figure 7: C-scan inspection. The defected area is located around 1 mm in depth. 

Comparing the results of both thermography and C-scan, we can correlate the damage to the 

anomalous areas and examine the damage with respect to depth. Taking a slice by “gating” the 
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signal, the majority of the damage is revealed to be between plies 4 and 5, around 1 mm in 

depth, in a geometry that agrees with the results of our thermographic data. 
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Thermoelastic Stress Analysis (TSA) is a full-field infra-red imaging technique which has 

traditionally been used to infer the stress state on the surface of a component undergoing cyclic 

load. It has been recently demonstrated that the subsurface thermoelastic response can be 

obtained at low loading frequencies where adiabatic conditions break down and through 

thickness heat diffusion can occur. Digital Image Correlation (DIC) is a full-field surface 

measurement technique which employs white light imaging to track changes in contrast to 

obtain the material surface displacements and strains. Since DIC relies on the laminate surface 

kinematics and consequently is independent of heat diffusion the laminate surface thermoelastic 

response under adiabatic conditions can be derived from the measured DIC strains. Hence, there 

is a possibility that by subtracting the surface response derived from the DIC, from the measured 

thermoelastic response, subsurface damage could be revealed. This proposition is explored for 

CFRP (IM7/8552) multidirectional strip specimens subjected to uniaxial tension loading.   

Keywords: Thermoelastic Stress Analysis (TSA); Digital Image Correlation (DIC); Experimental 

mechanics; Damage; Laminated composites. 

1. Introduction 

Thermoelastic Stress Analysis (TSA) is a non-contact full-field technique that utilises infra-red 

imaging. The technique is based on the measurement of a small temperature changes on the 

surface of a component that occur when it is cyclically loaded. The temperature change occurs  

under elastic loading conditions as a result of the relationship between mechanically 

deformation and the generated thermal energy [1]. Temperature variations are captured using 

a sensitive infra-red detector, which can then be related to the stress changes on the surface of 

a component. The correlation between temperature change and the stresses was established in 

[2] for orthotropic composite materials as: 

ΔT= 
-T0

ρCp
(α1Δσ1+α2Δσ2) (1) 

where ΔT is defined as the temperature change (peak-to-peak temperature change) or the 

thermoelastic response, T0 is the material surface temperature, ρ is the density, Cp is the specific 

heat capacity, α1 and α2 are the coefficients of linear thermal expansion in the principal material 

directions and Δσ1 and Δσ2  are the stress changes in the principal material directions. It is 

important to note that α6 = 0 in the principal material directions and hence Δσ6 is not required 

in the formulation of equation (1). 
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Equation (1) is valid only if ΔT occurs under isentropic conditions. In the context of the present 
work this means no heat transfer occurs, i.e. adiabatic conditions are achieved by cyclically 

loading at a sufficiently high rate to limit heat diffusion. If adiabatic conditions are not achieved, 

then the surface response measured by the infra-red detector will include the subsurface 

response.  If the surface response according to equation (1) can be removed from the overall 

response, then TSA offers a means of assessing subsurface features and defects. To derive the 

surface response, it is proposed that Digital Image Correlation (DIC) is used. DIC is also a full-

field non-contact imaging technique that can provide surface deformation and strains from a 

component under load. DIC is a kinematic technique, which tracks the movement of a speckle 

pattern applied on the material surface to calculate displacements [3, 4] so the strain field can 

be determined by differentiation of the displacements. DIC has been used over a wide 

measurement range from microscale [5] to macroscale [6]. However, this technique is limited to 

surface measurement and thus achieving an optimum combination with TSA is essential for 

detecting surface and subsurface damage. Combining TSA and DIC offers the opportunity to 

create a new tool for assessment of subsurface features in composite materials. 

Many previous studies [7–12] have investigated the nature of the thermoelastic response from   

laminated composites and have demonstrated that the heat transfer is driven by the stress 

induced temperature change from ply to ply and the loading frequency. To assess the effect of 

any subsurface damage or features, it is necessary to understand the nature of the thermoelastic 

response for a particular laminate, as the thickness of any surface resin layer and the fibre 

volume fraction all play a role in the surface temperature change.   

To determine the heat transfer effect on the thermoelastic response, a comparison between the 

measured ΔT (obtained from TSA) was made in [11] with a calculated value determined from 

the measured strains (obtained with DIC using a lock-in approach described in [13]). The 

theoretical assumptions presented in the previous research were drawn together and three 

models were suggested for the source of ΔT in an undamaged multidirectional laminate:  

• The resin rich layer model, where ΔT results from the surface resin alone, which is 
considered to be as an isotropic material that is thermally isolated from the laminate 

stack (i.e. a strain witness [9, 10]). 

• The surface ply model, where the surface ply is treated as an isolated ply and any heat 

transfer effects are neglected. 

• The global laminate model, where ΔT results from the entire material, i.e. homogenized 
through the thickness of the laminated plate. 

Using this methodology and assumptions enables a comparison of the models with TSA results 

and hence identifying the source of thermoelastic response. The study presented in [11] 

demonstrated that CFRP (IM7/8552) [90,0]3S and [0,90]3S laminated coupons revealed different 

sources of thermoelastic response at different loading frequencies (3.1 to 40.1 Hz), concluding 

that adiabatic conditions were not met at low loading frequencies, thereby enabling the 

acquisition of subsurface information. Combining this with a theory developed in [14], could 

provide a basis of using TSA to evaluate damage in composite materials. Although improvements 

have been made in laminate failure theories and new ones have emerged (e.g. Puck2D and 

LaRC03), there is an urgent need for improved damage detection techniques particularly in the 

service environment to extend life and reduce maintenance costs of high value composite 
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assets. The work presented here provides the initial steps to determine damage parameters 

based on TSA. 

2. Materials and Methodology 

2.1 Laminated coupons and material properties 

CFRP (IM7/8552) pre-preg panels were manufactured in an autoclave according to the 

recommended cure cycle in the supplier’s data sheet. Strip specimens used in this study were 
cut from the panels to the dimensions specified in Table 1.   

Table 1. Laminated coupons dimensions. 

Coupon Layup 

CFRP (IM7/8552) 

Length (mm) Width (mm) Thickness (mm) 

[90,0]3s 220 25 1.527 

 

As the resin rich layer performs a critical role in the thermoelastic response of the material, both 

the volume fraction and the thickness of the resin rich layer were obtained from micrographs. 

The lamina properties were obtained from literature [11, 15]. The overall laminate properties 

and estimates of First Ply Failure (FPF) and ultimate failure were obtained using Classical 

Laminate Theory (CLT) inbuilt in the ESAComp software provided by Altair. 

2.2 Experimental methodology 

Phase 1 of the experiments commenced with an inspection of the undamaged [90,0]3S coupons 

by cyclically loading (below the first ply failure load) using the combined both TSA and DIC 

described in [11] to determine the nature of the thermoelastic response. As the FPF stress of 

the laminated coupon was calculated to be 542.60 MPa (for the 90° ply),  a cyclic stress of 162.66 

± 141.33 MPa was applied to avoid any chance of failure. Phase 2 consisted of applying uniaxial 

tensile loading ramps to gradually increase the load applied and hence incrementally damage 

the specimen. In each ramp the maximum load applied was equivalent to 54%, 65% and 76% up 

to  87% of the UTS (last damage step for the [90,0]3S strips). After each loading ramp the load 

was reduced, and an inspection phase was carried out using cyclic loading at the same level as 

phase 1 to characterise damage induced during the quasi-static loading but minimising damage 

propagation.  During each inspection, the specimens were subjected to cyclic uniaxial tension at 

a range of different loading frequencies (3.1 to 20.1 Hz) to obtain the different thermodynamic 

conditions. At high frequencies (≈ 20 Hz) adiabatic conditions are approached as determined in 

[11]; at lower frequencies through thickness heat conduction occurs. This phenomena offers an 

opportunity for the detection of subsurface features such as damage. 

During the inspection phase TSA was performed using a fast Telops M3K camera and DIC were 

performed using two 12MPx polarized monochrome cameras with progressive scan CMOS 

sensors (BFS-U3-51S5P-C USB 3.1 Blackfly®). The thermal data were firstly processed to 

compensate for motion by tracking circular fiducial markers specifically selected to have a 

different emissivity to the specimens. The image series captured by the white light cameras was 
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processed using MatchID DIC software. Strains were obtained for each image captured relative 

to the first image in the image series. The strain data were then processed using a lock-in process 

to obtain the magnitude of the strain [7]. The fiducial markers were further used to align the 

strain magnitude image from the DIC and the ΔT image from the TSA to a common datum. Then 

the data were interpolated to an identical coordinate systems equivalent to that of  the lower 

resolution DIC image coordinate system allowing a pointwise comparison between TSA and DIC. 

3. Results and Discussion 

To highlight the importance of the motion compensation procedure, the full field thermoelastic 

response before and after applying motion compensation is shown in Figure 1 for the specimen 

with a damage level of 76% of the UTS. The uncompenated image on the left of Figure 1 shows 

significant image blurring most evident in the non-circular shape of the fiducial markers.  The 

image on the right of Figure 1 clearly shows regions of much greater response (and hence stress) 

which is emanating from the intact  0o subsurface ply. The regions of lower response are the 90o 

surface ply that is unable to carry any stress due to the damage.  

 

Figure 1. Thermoelastic response of damaged [90,0]3S specimen before (left) and after (right) 
motion compensation. 

The full-field thermoelastic response images of the [90,0]3S coupons corresponding to 

undamaged and damaged states at different loading frequencies are shown in Figure 2. The 

images shown in Figure 2a display the undamaged laminate thermoelastic response in its 

normalised form: ΔT/T0. This has been done to account for any surface temperature changes 

due to the damage evolution. At low frequencies (where non-adiabatic conditions prevail), the 

thermoelastic response approximates a homogenised laminate response as heat transfer occurs 

from one ply to its adjacent ply/plies. At high frequencies (and as adiabatic conditions are met), 

the response tends toward the surface ply response. This phenomenon is explained because of 

the ply configuration: the 90° ply is on the surface, the stress induced temperature change in 

the subsurface ply (0°) is less and as a result the heat will transfer from the surface ply to the 
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subsurface at low loading frequencies. As the loading frequency increases the thermal diffusion 

length decreases, as there is less time for heat transfer and the system becomes more adiabatic. 

The full field thermoelastic response observed for the undamaged laminate at lower frequencies 

(3.1 Hz and 5.1 Hz) reveal vertical lines which correspond to the subsurface (0°) thermoelastic 

response (fibre direction) and horizontal thin lines corresponding to the surface (90°) ply. 

As the CLT predicted, the FPF of the cross-ply laminate occurred at 54% of the UTS of the 

laminate in the 90o plies.  As the load was increased more damage propagated in the surface ply 

which means it is unable to carry stress, so its stress induced temperature change decreases. 

Figure 2b shows the thermoelastic response of the specimen after 76% of the UTS of the 

laminate had been experienced. Here, the thermoelastic response clearly decreases with 

loading frequency. This is because heat is being transferred from the intact subsurface ply at 

lower frequencies and at higher loading frequencies the thermoelastic response reduces as a 

result of the inability of the surface ply to carry stress. Further analysis is required but clearly at 

the higher loading frequency the response from the subsurface ply is evident through the 

horizontal cracks in the surface ply. More interestingly are the regions of higher response in the 

subsurface cracks indicated by the red horizonal lines in Figure 2b at the lower loading 

frequencies. This points to an influence from the 3rd (90o) ply in the stack, which is transferring 

heat into the 0o ply and suggests it is still able to carry stress, indicating an increased strength 

possibly due to the constrained layer effect.  

 

Figure 2. Full-field normalized thermoelastic response of CFRP IM7/8552 [90,0]3S laminates at 
different loading frequencies (3.1 – 20.1 Hz) after reaching (a) 32% of the UTS (b) 76% of the UTS. 

4. Conclusions 

It has been shown that it is possible to identify damage in the surface ply of a CFRP laminate 

using TSA. The identification of the damage was greatly improved by implementing a motion 

compensation procedure on the thermal images. More importantly it was shown that, as a 

consequence of the damage, the thermoelastic response changed considerably as the loading 

frequency increased. This is because the different thermal conditions imposed by the damage 

modifies the heat transfer in the specimen. Clearly further work is required, but the results 

presented here, demonstrate clearly the proposition of being able to identify subsurface 

damage in a component undergoing fatigue loading during the test. The possibility of damage 

assessment and creating a damage parameter will be the focus of future work. 
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Abstract: Textile Reinforced Cementitious (TRC) sandwich technology generate lightweight 

elements with satisfactory loadbearing capacity. The non-corrosive nature of the textiles allows 

for concrete cover reductions, and therefore energy savings and lower carbon emissions when 

compared to a steel reinforced concrete sandwich, or steel reinforced concrete elements. 

However, due to its composite nature, TRC sandwich elements have a complex damage behavior, 

and bad interlaminar bond, might cause premature debonding, and drastically reduce the 

loadbearing capacity of the composite. Non-Destructive Testing (NDT) Techniques allow to 

inspect and monitor structural elements without affecting their behavior. In this study, MMW 

Spectrometry, Acoustic Emission, and Digital Image Correlation are used simultaneously to 

monitor quasi static four-point bending tests of TRC sandwich panels, and similar elements with 

an artificially destroyed interlaminar bond. 

Keywords: TRC sandwich; Damage monitoring; Acoustic Emission; MMW Spectrometry; 

Digital Image Correlation. 

1. Introduction 

Concrete sandwiches are constituted of two cementitious facings, and a thermal and acoustic 

insulating core. This technology has proven to be more advantageous than traditional steel 

rebars reinforced concrete by optimally utilizing the material where it is needed increasing the 

moment of inertia [1]. Reinforced concrete has been widely used as a facing material, however, 

to avoid corrosion of steel, the thickness of the concrete cover increases, not allowing for 

slender sections, compromising the lightweight nature of the sandwich element. Recently, 

Textile Reinforced Cementitious (TRC) composites have been proposed as an alternative facing 

material, allowing for slender, free-form, non-corrosive, and lightweight structural elements.  

The mechanical behavior of TRC’s [2]–[4] , as well as TRC sandwiches [5]–[12] have been widely 

investigated. 

Despite the clear advantages of TRC sandwich technology, its composite nature, and its thin-wall 

facings, renders the failure mechanisms quite complex, since a weak interlaminar bond can lead 

to premature debonding and substantially reduces the loadbearing capacity [13].  

An early, and periodic non-destructive (NDT) inspection of the TRC sandwich is necessary to 

ensure long-term structural efficiency. Previous studies show that premature debonding can 

successfully be detected and tracked by Acoustic Emission (AE) and Digital Image Correlation 

(DIC) [14]. 
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In this study, TRC sandwich beams with an artificially weak interlaminar bond, and reference 

ones are subjected to four-point bending and monitored by AE, DIC, and for the first time by 

Millimeter Wave Spectrometry (MMW-S).  

Results show a good consensus between techniques and exhibit complementarity. DIC 

successfully tracks the cracks formation and interfacial debonding at the surface, while AE 

provides characterization and localization of internal cracks with very high sensitivity, allowing 

to predict the failure mode and progress. Furthermore, MMW-S follows the loading and shows 

sensitivity to delamination, matrix, and core deterioration in the area of applied load, and the 

wide range of frequencies of the technique allows to extract information at different scales. 

2. Materials and methods 

2.1 Materials 

Along this study, five reference TRC sandwich beams, and two with an artificially destroyed 

lower interlaminar bond were tested. The two TRC skins were cast directly on the 100 mm thick 

extruded polystyrene, with a surface “waffled” pattern to improve the bonding with the TRC 
facings and cured for 24 hours. Then they were turned around, and the second TRC facing was 

cast. The cementitious matrix of the TRC was reinforced with AR-Glass SITgrid200 [15]. All 

samples were covered by plastic foil for better curing for at least 28 days.  

The cementitious matrix composition is summarized in Table 1.  

Table 1: Cementitious matrix composition 

 Ratio 

CEM I 52.5 N Strong [ref CEM] 1 

Water 0.45 

River sand 2 

Superplasticizer 0.5% 

 

The lower interlaminar bond of two TRC sandwich was artificially destroyed by applying a thin 

layer of oil in the area that corresponds with the maximum bending moment (see figure 1).  

 

 

Figure 1. Geometry TRC sandwich samples 

Area with destroyed 

Interlaminar bond 
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All samples were tested under quasi-static four-point-bending with a loading rate of 2 mm/min.  

2.2 MMW Spectrometry 

For this study, two Ka-Band Spot-Focusing Lens Antennas [16] with 10 cm of focal length, and 5 

cm of spot size were used to couple the EM waves from the ruggedized 14RKFK50-1.0 cables 

into a free-space radiation. An Anritsu Vector Network Analyzer (VNA) MS46122B was used, 

with a capacity to operate from 10 MHz to 43 GHz. The selected frequency band was 26-42 GHz, 

with 201 spectral points, and a sampling rate of 0.33 pictures/second.  As seen in Figure 3, the 

two antennas were focusing on the central area of the beam, where the highest bending 

moment is expected. Additionally, the whole MMW-S setup was fixed with the frame, to follow 

the vertical displacement during the test. 

 

2.3 Acoustic Emission 

The AE monitoring was performed with eight sensors resonant at 150 kHz. Two on the 

compressive TRC facing, and six in the bottom tensile TRC facing, where more activity is 

expected (for sensor placement, see Figure 2). Vaseline was used as coupling between the 

sensors and the samples. Additional technical details of the AE setup are shown in Table 1. 

 

Figure 2. Acoustic Emission setup 

Table 1: AE experimental details. 

Transducer Sampling rate Pre-amplification Wave Velocity 

R15 10 MHz 40 dB 3000 m/s 

 

2.4 Digital Image Correlation 

The DIC setup (see Figure 3) consisted of two high resolution cameras (2546x2048 pixels) with 

focal lenses of 8 mm and a measuring frequency of 0.33 pictures/sec, that were used to measure 

strains and displacement of the TRC sandwich panels subjected to quasi-static four-point-

bending.  

463/1211 ©2022 Ospitia 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. MMW-S and DIC setup 

3. Results 

In this section, the results are analyzed from the MMW-S and AE point of view, corroborated 

with DIC.  

Figure 4 shows the load vs. vertical displacement of both a reference TRC sandwich beam, and 

one with a artificially destroyed bond. It is clear that by destroying the lower interlaminar bond, 

the loadbearing capacity of the specimen is reduced more than 50%.  

 

Figure 4. Load vs. displacement for a representative reference sample, and with an artificially 

destroyed bond.  

3.1.  MMW Spectrometry 

Figure 5a shows the average transmission magnitude for a frequency band of 26-38.4 GHz of a 

representative reference TRC sandwich. A first look evidences its sensitivity to crack opening, 

following a similar behavior to the load, increasing until a vertical displacement of 15 mm, and 

a stabilization around 17 mm. Additionally, Figure 5a shows the crack opening evolution for a 

central crack in the tensile TRC facing for the same specimen. The similarities of the crack 

evolution, and the average magnitude of S21 evidence that EM waves are especially sensitive to 

vertical crack openings in the Area of Interest (AOI). Figure 5b illustrates an EM wave 

propagating through a typical tensile crack. From this schematic representation, it is clear that 
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the wave is less attenuated with these kind of tensile cracks, specially taking into account that 

the TRC facings, by having higher permittivity, have more influence in the transmission of the 

EM wave than the insulation, that has a permittivity close to the one of air. 

 

Figure 5. MMW-S a) average transmission abs(S21) and crack opening (in the AOI of the lower 

TRC facing) vs vertical displacement and b) Illustration of crack opening and transmission of EM 

waves. 

3.2. Acoustic Emission 

Figure 6a shows the AE hits for both the reference sample, and the one with a destroyed lower 

interlaminar bond. Results show big differences in the initial AE activity, evidenced in the 

amount of hits, and the AE characteristics. The reference sample reached 12000 hits at 2 mm of 

vertical displacement, while the sample with destroyed lower interlaminar bond did not reach 

700 hits. Additionally, the AE characteristics are different for both samples. The reference had 

higher frequency content, as measured by the “average frequency”, AF in time domain and 

lower RA value (defined as the rise time over the amplitude of the waveform) [17] than the one 

with destroyed interlaminar bond. This suggests that the reference sample presents more 

tensile related activity (such as matrix cracking), while the lack of bond of the other sample, 

triggers more debonding activity. Figure 6c shows the vertical strain of a sample with destroyed 

interlaminar bond evidencing that the early activity was mainly attributed to debonding 

phenomena, demonstrated by the shear strain map shown in Figure 6d. 

a. b. 

S21 

Crack opening 
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Figure 6. a) AE hits and b) AF vs RA value for very early load (less than 25% of the maximum) c) 

Vertical Strain and d) shear strain (εxy) at very early load obtained from DIC  

Conclusions 

The damage produced by 4 Point bending in TRC sandwich beams was monitored and 

characterized by optical, electromagnetic, and elastic wave-based NDTs. Additionally, TRC 

beams with an artificially weak interlaminar bond were tested and results were compared to 

allow for possible predictions at low load conditions. Results showed that a local weak 

interlaminar bond reduced the ultimate load more than 50%. Moreover, the information 

obtained from AE, DIC and MMW Spectrometry show high sensitivity to the test, and 

compatibility between each other. AE parameters allowed to characterize damage and proved 

useful as a tool to predict premature debonding. MMW showed sensitivity to damage, following 

closely the crack opening. Finally, DIC allowed to monitor surface strain maps, and measuring 

crack openings, that complements and validates AE and MMW data.  
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Abstract: The use of thick composites and sandwich structures is increasing rapidly in diverse 

industries. Nevertheless, due to extreme loads such as impact and blast, various defects tend to 

occur in thick composites that can degrade the structural integrity severely. Hence, it is important 

to advance non-destructive testing (NDT) towards composite structures of significant thickness. 

The objective of this study is to perform shearography NDT of a composite ship hull section which 

has been multiple impacts in the RAMSSES project. In this paper, experimental results on the 

inspection of the large-scale composite structure are reported. Different loading scenarios 

including step heating and mechanical loading were performed for shearography NDT. A 

comparison between thermal loading and mechanical loading on thick composite inspection with 

shearography is presented. Here we aim at bringing the shearography technique out of the 

laboratory and extending its applications to composites with a thickness of more than 50 mm. 

Keywords: thick composite inspection; shearography NDT; composite ship hull section; 

multiple impacts; thermal and mechanical loading 

1. Introduction 

Owing to the remarkable advantages of lightweight and superior material properties, composite 

materials are seeing widespread applications in various industrial sectors [1–4]. Initially, these 

materials were mainly used in thin structures, but in recent years the use of thick composites 

and sandwich structures has increased rapidly in the marine sector (e.g. decks and hulls) [1] and 

in wind energy (e.g. wind turbine blades) [3,4]. Particularly, sandwich structures consisting of 

glass-fiber laminate skins bonded to a foam core are attractive in the marine sector due to their 

resistance to corrosion and underwater shocks and cost-effectiveness [5]. Those marine 

composites tend to have significant thicknesses (e.g. 50-200 mm) and to be large-scale (e.g. up 

to 85 m in length). Nevertheless, they are susceptible to extreme loads such as impacts or blasts 

that can result in various defects including delaminations, core debonding, and fiber breakage. 

The presence of those defects can degrade material properties and structural integrity severely. 

Hence, it is important to advance non-destructive testing (NDT) towards composite structures 

of significant thickness.  

Some well-known NDT techniques, including ultrasonic testing and thermography, are difficult 

to be implemented for thick composite inspection. For ultrasonic testing, the problems of 

attenuation [3,4] and practical coupling issues with high surface roughness are significant. For 

thermography, it is difficult to heat evenly a large structure and to avoid rapid heat dissipation 

in thick composites [3,4]. Among the various NDT methods, shearography [6,7] is an optical NDT 

method that offers many advantages such as full-field and non-contact measurement. It reveals 
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defects by comparing two states of deformation of a test object. By applying a suitable loading, 

the defects can be revealed by looking for defect-induced anomalies in fringe maps or phase 

maps that can be related to surface strain components. It is possible to improve the sensitivity 

of shearography for defect detection by selecting suitable loading methods [8]. In shearography 

NDT, thermal loading is commonly used because of the advantages of versatility, non-contact, 

and low cost. Nevertheless, studies on the efficacy of mechanical loading on defect detection 

are rarely reported [9]. Our previous work with a 51 mm thick marine laminate [10] showed that 

defects at 5 to 20 mm depth can be detected successfully using shearography with thermal 

loading. Here we aim at bringing this technique out of the laboratory and extending 

shearography applications to large-scale composites with a thickness of more than 50 mm. 

The objective of this study is to perform shearography NDT of a large-scale thick composite 

structure, specifically a composite ship hull section which had been subjected to multiple 

impacts. Different loading scenarios including step heating as well as mechanical loading were 

performed for shearography NDT. Section 2 describes the tested composite hull section and the 

shearography inspection system. Section 3 presents experimental inspection results of the large-

scale composite structure. A comparison between thermal loading and mechanical loading on 

thick composite inspection with shearography is given in section 3 as well. The conclusions are 

given in section 4. 

2. Shearography inspection system for the composite ship hull section 

An overview of the composite ship hull section is shown in Fig. 1. The dimensions are about 

6 meters in height and 2.3 meters in width. The structure is made from FRP laminate skins and 

foam cores. The composite ship hull section is a RAMSSES demonstrator [11,12] at Damen 

Shipyards. Before shearography inspection, multiple impact tests (https://vimeo.com/522716506) 

surpassing helicopter emergency landing loads have been performed on the hull shell and its 

composite helicopter deck for proving the resilience of composites to harsh marine 

environments. The impacted area on the hull shell is shown in Fig. 1(c). 

 
Figure 1 The composite ship hull section at Damen Shipyards: (a) Overall view. (b) Front view. 

(c) The area with multiple impacts on the hull shell. 

~2.3 m 

Impacted area 

~6 m 

(a) (b) (c) 
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In this study, shearography was used to perform NDT of the large-scale composite ship hull 

section. Its theory and operation principle are well reported in [6,7,9]. For this experiment, the 

shearography instrument [Fig. 2(a)] was adopted to measure the out-of-plane displacement 

derivative in a location where defect-induced deformation is expected to be high. Both thermal 

and mechanical loadings were applied for shearography NDT to evaluate their corresponding 

efficacies in defect detection. 

 
Figure 2 Testing campaign at Damen Shipyards: (a) Experimental inspection system. 

(b) Average temperature profile from thermal loading. (c) Applying mechanical loading.  

The hull shell was illuminated with a Torus 532 laser source (optical power of 500 mW and 

wavelength of 532 nm) through a beam expander [Fig. 2(a)]. The formed speckle image was 

captured by a Pilot piA2400 camera with Linos MeVis-C 1.6/25 imaging lens and a Thorlabs 

bandpass filter through a Michelson interferometer. A piezo-electric actuator PSH 4z from 

Piezosystem Jena was used to enable temporal phase-shifting (three-step, 2.8 s per phase-

shifting cycle). The shearing distance is about 9 mm (~34 pixels) in the vertical direction, which 

was determined experimentally to produce reliable phase maps for defect detection. During the 

testing, the shearography instrument was fixed on a motorized rigid platform. By adjusting the 

rigid platform, scanning in both horizontal and vertical directions can be achieved, enabling a 

large-area inspection.  

Thermal loading was performed by three halogen lamps, each operating at full electrical power 

(1000W) [Fig. 2(a)]. During heating and cooling, the surface temperature of the hull shell was 

monitored with a FLIR A655 thermal infrared (IR) camera. The fields of view (FOVs) were 

inspected by repeating the same thermal loading [Fig. 2(b), 240s of heating], while the average 

temperature increase of the heated area was about 8 ℃. Mechanical loading was done by 
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placing a 7-ton metal block on the structure [Fig.2(c)], which corresponds to the landing of a 

medium-sized helicopter. 

3. Results and discussions 

3.1 Shearography inspection results 

The experimental results with thermal loading are shown in Fig. 3. A total area of about 

1500×900 mm2 was inspected by stitching six FOVs of 600×600 mm2 [Fig. 3(a), 2 in the vertical 

direction by 3 in the horizontal with about 20% overlap for stitching]. Phase-shifted sets of 

speckle images were captured continuously during cooling. All sets of the recorded images were 

analyzed and stitched together to produce built-up phase maps of the whole area [Fig. 3(b)] that 

represent the evolution of the surface out-of-plane strain during cooling. The resultant phase 

map was further processed to obtain the compensated phase map [Fig. 3(c)], where the defect-

induced deformation was extracted [10]. This compensated phase map reports the presence of 

damage in the structure. The stitching process can be further improved by considering the shape 

of the surface, the positions of the camera and the laser [13]. The damage in the impacted region 

is not obvious, this can be because its position is close to the edge of the FOVs no.5 and no.6, 

which makes it difficult to extract actual defect deformation.  

 
Figure 3 Stitched inspection results for six FOVs with thermal loading: (a) Total inspected area 

(FOVs no. 1-6). (b) Origin phase map. (c) Compensated phase map, A1 - skin-to-core 

debonding, A2 - heat damage, A3 - impact damage of interest. [Unit of phase is radian] 

The results of the detailed inspection of the impacted area are shown in Fig. 4. Both thermal 

loading and mechanical loading were applied for shearography NDT. The compensated phase 

maps with thermal and mechanical loadings are shown in Figs. 4(b) and 4(c), respectively. The 
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impact damage (shown as strain anomalies in compensated phase maps) was detected 

successfully from both thermal and mechanical loadings in the same region, which indicates the 

reliability of shearography. These strain anomalies are expected to be due to delaminations and 

potential skin-to-core debonding in the thick structure. 

 
Figure 4 Detailed inspection of the impact region (a) The inspection area with multiple impacts. 

(b) The compensated phase map with thermal loading. (c) The compensated phase map with 

mechanical loading. [Unit of phase is radian] 

3.2 Discussion 

The principle of shearography NDT relies on deformation changes of the test object surface. 

Therefore developing shearography NDT operation eventually becomes developing a suitable 

method of loading to deform the object that can reveal defects [9].  

For thermal loading, it is easy to apply, and loading parameters such as intensity and time of 

heating are easy to control. Uniform heating can be useful to inspect a large structure. 

Nevertheless when inspecting deep defects, e.g. deeper than 20 mm, more time is required for 

heat to propagate (tens of minutes). It can be noted that heating lamps can cause hot airflow 

during heating and cooling which should be treated carefully in experiments.  

For mechanical loading, it is possible to reveal critical defects only and to avoid trivial defects if 

the test object is loaded in a similar stress state to the actual working load in-service [9]. One 

possible advantage can be fast measurement time as heat propagation is not needed. However, 

the deformation of the test object is difficult to estimate in experiments. Suitable loading 

increments need to be determined for shearography. The loading process usually introduces 

large rigid body movements that may cause unfavorable speckle decorrelation in shearography. 

This was observed during the inspection. The unloading process is found to be acceptable in 

experiments for producing reliable phase maps. The challenge is to develop an adequate 

mechanical loading scenario to obtain the detectable defect-induced strain. For this, prior 

numerical modelling can be done to give an estimation of the needed load for expected critical 

defects. 

4. Conclusions 

This experimental study of the composite hull section demonstrates that shearography can be 

a suitable NDT technique for large-scale composite structures of significant thickness up to 50 

to 200 mm. Both thermal and mechanical loadings were evaluated for shearography NDT. 

Compensated phase maps from the two loadings both identified the presence of impact damage 

successfully. Uniform heating can be useful for inspecting a large structure with shearography, 

however significant time, e.g., 10 to 20 minutes, can be needed for heat to propagate when 

inspecting deep defects. Mechanical loading is possible to reveal critical defects directly and fast 

(a) (b) (c) 
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in speed, nevertheless, one precaution is to avoid excessive rigid body movements. Future work 

can be to determine suitable mechanical loading increments for shearography and to study the 

detection capability of shearography with mechanical loading. 
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Thermoelastic Stress Analysis (TSA) is unique in its ability to provide rich full field data describing 

stress distributions across a large field of view. Such data is invaluable for the evaluation of 

structures and for the validation of numerical models. Hitherto a key limitation of thermographic 

methods is that data output is in a 2D array, whereas most structures, and models of structures 

are 3D. Where model validation is concerned, this significantly limits the ability for point-by-

point comparisons between models and experimental data. Hence, the paper presents a novel 

method of obtaining 3D point cloud output data based on principles developed for machine 

vision (white light) imaging applications. The proposed method uses a bespoke calibration plate 

designed to be visible in the infra-red spectrum to perform stereo calibration of two nominally 

identical thermal cameras. Data is then processed and projected onto a 3D model of the 

structure whereby direct point wise comparisons could be made to a numerical model which 

would be based on the same geometry. The paper presents work carried out to develop the 

calibration plate, and a simple proof of concept. Finally, the procedure is applied to a carbon 

fibre reinforced epoxy C-spar structure, designed to be representative of structural features 

found in many aerospace applications.  

 

Keywords: Thermoelastic Stress Analysis (TSA); Thermography; Experimental mechanics; 

Laminated composites; Model Validation. 

 

1. Introduction 

Finite Element Analysis (FEA) offers a convenient means to analyse structures and components. 

However, if confidence is to be placed in such models, it is imperative that they are appropriately 

experimentally validated. Traditional experimental validation campaigns use sensors, e.g. strain 

gauges to provide data for comparison to FEA. These sensors typically provide only point 

measurements, and judicious placement of strain gauges is crucial if useful validation data is to 

be obtained. Moreover, such localised measurements do not necessarily validate numerical 

models since they provide no information pertaining to the rest of the component. In contrast, 

TSA is a quantitative [1] full field measurement technique based on thermal imaging that 

provides thousands of temperature measurements across a field of view, that can be used to 

infer the distribution of stress in a component [2]. Hence, TSA provides spatially and temporally 

rich data with significant potential for model validation. Moreover, TSA is unique in its capability 

to provide quantitative information related to stress distributions, as opposed to displacement 

and strains obtained from other full field strain measurement methods such as digital image 
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correlation (DIC). TSA relates temperature changes, caused by a transient, usually cyclic, loading 

to changes in principal stresses in an orthotropic laminate by 

 ∆𝑇 =  −𝑇0𝜌𝐶𝑝 (𝛼1∆𝜎1 + 𝛼2∆𝜎2) 

 

(1) 

where ∆𝑇 is change in temperature, 𝑇0 is the mean surface temperature, 𝜌 is density, 𝐶𝑝 is 

specific heat. 𝛼𝑖 is the thermal coefficient of expansion, and 𝜎𝑖 where the indices are the 

principal material directions.  

When TSA is combined with other techniques such as DIC, the stress values can be combined 

with the strains and provide indications of the changing material properties and redistribution 

of the component’s load carrying capacity and hence evolving damage. However, thermal 

cameras capture data on a 2D sensor array, whereas FE models often are generated to capture 

the 3D nature of components and structures. To date, model validation studies that utilise TSA 

have mainly focussed on planar specimens or surfaces, where 2D comparisons can be readily 

made. Yet real structures and components are rarely 2D, and often exhibit significant curvatures, 

e.g. leading edges of aeroplane wings. Using a single infrared camera to capture data for 

validation purposes from a curved surface results in perspective effects that skew and distort 

the view of the surface. Although, it is possible to map points onto a 3D surface, a great deal of 

interpretation is required to account for lens distortion and perspective effects. To improve the 

accuracy of imaging curved surface a new approach is proposed that utilises aspects of machine 

vision. Two infra-red (IR) cameras are used to capture thermal images using which are stereo 

calibrated in order to perceive depth and reconstruct curved surfaces enabling a 3D point cloud 

which can then be integrated with complex 3D models. The paper describes the design of a 

suitable experimental setup for stereo vision in IR, including the production of a suitable 

calibration plate. Results of validation work carried out on a cylindrical specimens are then 

presented showing a point cloud capturing 160 degree arc of the cylinder. Preliminary work 

describing a demonstration of the technique C-shaped spar specimen is then presented. 

 

2. Proof of Concept  

A simple experiment was devised using a cylindrial specimen to which the the point cloud 

methodology could be appied. The initial step in the work was the design and manufacture of a 

suitable calibration plate. Calibration plates are used in machine vision for two purposes, first to 

estimate intrinsic parameters which capture effects such as lens distortion, and secondly the 

extrinsic parameters such as relative positions between the stereo cameras, and between the 

cameras  and the specimen [3]. As such several design criteria were specified for the calibration 

plate. It must be flat, and be marked with a regular pattern that is clearly distinguishable in 

thermal images. The solution developed was to print a checkerboard pattern onto aluminium 

plates using an industrial printer. The pattern is used in many machine vision approaches, and 

while other patterns can be used, the checkerboard pattern was selected primarily for its 

compatibility with the machine vision toolbox in Matlab which was used for all processing 

presented in the paper. The manufactured calibration plate was a rectangular plate where the 
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emissivity varied between the bare aluminium surface (low emissivity) and areas with printed 

pattern that exhibited higher surface emissivity.  

Two Infratec Variocam HD cameras were placed side by side, each on a separate tripod with 

overlapping field of view, with a stereo angle of approximately 25 degrees. Figure 1 shows an 

image of the calibration plate, where the thermal contrast is evident. As the contrast between 

bare and printed areas was not sufficient to ensure accurate calibrations at room temperature, 

a heat pad was bonded to the rear surface of the plate to increase contrast. Contrast improved 

significantly when surface temperatures exceeded approximately 30 degrees Celsius.  

 

 

Figure 1: Bespoke thermal calibration plate 

 

The calibration plate was then placed in front of the cylindrical specimen (a beverage can)  and 

10 unique sets of calibration images recorded i.e. one image on each camera per set for a total 

of 20 images. The calibration plate was moved slightly between each image set provide extra 

information for the calibration processing thus improving calibration accuracy. The calibration 

plate was removed, and hot water poured into the specimen to increase its temperature. A 

random pattern was applied to the surface of the specimen using small rectangular pieces of 

tape. This provided unique shapes that were visible in the thermal data that could test the ability 

of the processing to project data accurately without causing excessive distortion. Thermal data 

was acquired using both cameras. Triggering was achieved manually since the thermal 

distribution was stationary and hence timing of image acquisition was not crucial. A model of 

the specimen was imported into Matlab using the STL Import toolbox. Stereo calibration was 

performed using the machine vision toolbox in Matlab. The thermal data was then imported 

into Matalb and projected onto the STL geometry using the machine vision toolbox functions. 

Figure 2 shows that the thermal data was successfully projected onto the geometry, and the 

rectangular features added to the specimens are well defined and accurately captured without 

perspective effects. An additional advantage of using the calibration procedure is that lens 

distortions are accounted for in the intrinsic calibration process. Results of the calibration 

showed significant lens distortion relative to white light lenses, an effect which is rarely 

accounted for in thermographic imaging.  
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Figure 2: Projected normalised thermal data showing random rectangular pattern on 

cylindrical specimens 

 

3. Application to Complex Geometry  

Following the proof of concept a second test campaign was conducted, designed to apply the 

previously developed methodology to a more complex geometry, which is also representative 

of real aerospace structures. A common feature in many aerospace applications is either a box 

or c-shaped spar which is used to accommodate either compressive or bending stresses. To 

achieve a realistic loading scenario for the c-spar a compression loading was considered, which 

for the purposes of the application of TSA was achieved in a servo-hydraulic test machine. The 

c-spar was manufactured as described in [4]  using 24 plies of AS4 8552 pre-preg plies in  quasi-

isotropic lay up [(45/0/-45/90)3]s. The laminate was laid up flat and then formed onto a mould 

tool at 60°C using continuous vacuum bag debulking during the cure cycle. The dimensions of 

the tool are given in Figure 3 (a), whereby a taper was included in the mid section of the spar. 

The taper was applied to both the web and flanges of the spar to create a gauge section where 

the highest stresses would develop and to encourage buckling failure modes over compressive 

failure of the composite at the edges. At both the flange and web sections of the c-spar, a 1:20 

ramp was used to create the tapered region. Post manufacture, the c-spar was machined to trim 

all edges to improve tolerances and part finish, resulting in an overall length of 450 mm and a 

flange width of 55 mm, presented in Figure 3 (b). 
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a) Male tool geometry  b) Schematic of C-spar overall 

geometry after machining 

 

 
Figure 3: C-Spar Specimen Dimensions from [4] 

 

To further prevent compressive failures, brooming, and to achieve good alignment, each end of 

the c-spar was constrained using machined steel end caps. The end caps were manufactured 

using 25 mm thick plate with a 15 mm deep groove machined to match the geometry of the c-

spar cross section with a 3 mm clearance designed around the c-spar shown in Figure 4 (a). The 

end caps were also designed to include a central hole which was aligned with the c-spar neutral 

axis to aid alignment into the test machine. To mount the end caps, an alignment jig was used 

to hold the c-spar perpendicular to the end cap. Araldite 2011 adhesive was used to bond the 

end cap to the c-spar as shown in Figure 4 (b). After curing, the bonded end cap was moved to 

the servo hydraulic test machine which was used to test the specimens. Compression platens 

were designed to have a central drilled and tapped hole to interface with the hole in the end 

caps. An M8 bolt was used to suspend the previously bonded end cap and c-spar perpendicular 

to the test frame. The hydraulic actuator was lowered to its lowest position so it would remain 

stationary even if hydraulic power was lost. The cross head was then lowered to mount the 

lower end of the c-spar into the end cap where more Araldite 2011 adhesive was used to 

adhesively bond the c-spar to the lower end cap. This procedure ensured that the end caps were 

precisely aligned to the test machine to minimise misalignment during loading.  

 

a) End cap design  b) C-spar bonded into end cap  

  
Figure 4: End cap design  

 

Front side 
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The final test configuration is shown in Figure 5, showing two end caps bonded to the c-spar, 

mounted in the hydraulic test machine. Two Infratec Variocam HD cameras were positioned in 

front of the test specimen. The same calibration procedure as described above was applied to 

the c-spar, whereby images were acquired by both cameras of the calibration plate at 10 

different angles. Thermal data was acquired at frame rate of 30 Hz using both cameras, of the 

c-spar subjected to cyclic loading at 10 kN +/- 8 kN at 3.1 Hz loading frequency. 

 

 

Figure 5: C-spar mounted in hydraulic test machine 

 

4. Results  

The thermal data from each camera was initially processed using least squares fitting to a sine 

wave [5] to obtain the small thermoelastic temperature change, ∆𝑇, given in equation (1),  to 

provide a single image corresponding to the sensors in the 2D detector array. The two sets of 

image data were imported into Matlab, alongside the calibration images recorded. The machine 

vision tool box was used to project the thermal data onto 3D point cloud. Figure 6 shows an 

example ∆𝑇 image from this test campaign. The data pertains to an experiment intentionally 

carried out at non-adiabatic conditions (3.1 Hz loading frequency) in a procedure based on [6], 

which revealed substantial subsurface wrinkle defects, not visually apparent from the surface.  
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Figure 6: Typical ∆𝑇 image obtained from the web of the C-spar gauge section as seen from the 

front. Subsurface wrinkles highlighted in green.  

 

5. Conclusions 

A bespoke calibration plate has been designed to enable stereo calibration of two thermal 

cameras. A procedure has been developed and a proof of concept test carried out on a cylindrical 

test specimen whereby thermal data acquired from two cameras is projected onto a 3D point 

cloud using Matlab. The methodology has been applied to a realistic structural component 

demonstrating how TSA can be performed on 3D geometry to obtain point cloud data which 

could enable point by point comparisons to 3D numerical models. The work makes a significant 

step towards high fidelity modelling by enabling better use of full field thermoelastic data for 

the validation of 3D numerical models.  
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Abstract: Nowadays the aerospace and energetic industries use ultrasonic non-destructive 

testing (NDT) to assess the presence of porosity in composite material parts. Ultrasonic testing 

is the most used technique due to its cost and easy use. The attenuation of the sound waves in 

the propagation through the composite thickness has been related to the void volume fraction. 

However, ultrasonics alone does not allow the prediction of the porosity level for any material. 

This is partly due to the impact that the voids morphology attributes like shape, size, and 

distribution have on the estimation. To date, ultrasonic testing cannot measure or identify these 

attributes. Instead, X-ray computed tomography (XCT) provides high resolution 3D images. It 

enables the digital reconstruction of voids. XCT is not suitable to be used in service due to the 

limitations of the inspection in size and time. The relation of XCT to ultrasonic signals could boost 

the discovery of new features to characterize the voids morphology. Even though ultrasonic dates 

to the 70's in composite materials, its research has been focused mostly on the analysis of the 

attenuation of the A-scan. We propose to compare the XCT volume to the ultrasonic signals 

obtained by phased array, using frequency domain analysis to inspect the signal behaviour in 

porosity areas. The experimentation was carried out on two coupons of different carbon fiber 

reinforced polymers. They were inspected at 10 MHz and XCT. It was validated that different 

morphologies of voids were present. Results show different patterns in the frequency analysis  

Keywords: NDT, porosity, ultrasounds, XCT, composites  

1. Introduction 

The presence of porosity is the main manufacturing defect in composite materials. It endangers 

the properties of the components and, therefore, inspections need to be performed to 

guarantee the quality of materials. The most used non-destructive technique is ultrasonic testing 

due to its easiness and speed. However, even though ultrasonic testing traces back to the 

seventies, its use for porosity assessment is still a challenge.  

Ultrasonic testing consists of the propagation of an ultrasound wave through the material. There 

is a relationship between the attenuation of the sound wave and the present volumetric fraction 

of porosity [1]. Several models such as bilinear or exponential relationships have been 
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suggested. [2] [3]. Nevertheless, there is not a unique model to assess porosity for any kind of 

composite material. [4]. All mentioned studies have pointed to the relevance of porosity 

properties such as size, shape, and distribution as the main limitation in the estimation of the 

void volume fraction. Unfortunately, no ultrasonic methodology can estimate these 

characteristics. 

Possible solutions may come from inspecting with different equipment. The use of phased arrays 

(PAUT) systems could improve the information regarding porosity details because it enables the 

finding of smaller defects and a better signal-to-noise ratio. [5]. They are also more suitable for 

thicker and larger parts or when access to only one side is needed. [6].  

Other signal analyses may contribute to the determination of void characteristics. One option 

consists in the analysis of the frequency domain. [7]. Chen et al. showed that if the transducer 

frequency is equivalent to the resonant frequency of the composite, the center frequency of the 

backscattered echoes diminishes with the increasing quantity of porosity.  They also developed 

an identification and location method. However, the effect of different void sizes in the 

distribution of the frequency domain was not studied.  

In conclusion, there is an opportunity in the assessment of porosity characteristics by using 

phased arrays and analysis in the frequency domain. Due to the complexity of the propagation 

of ultrasound in composite materials, it is common to verify the results through other 

methodologies. In this regard, X-ray computed tomography enables to generate 3D volumes 

with very high resolution. It can provide a 3D volume of the porosity present in the interior of 

the composite materials. Therefore, XCT porosity results can be used as ground truth to the 

discussion of the results.  

The goal of this work is to analyze the response in the frequency domain for two different carbon 

fiber reinforced polymers (CFRP) to find patterns related to porosity morphology. Ultrasonic 

tests were performed using a phased array of center frequency equal to 10 MHz. The samples 

were inspected by X-ray computed tomography to obtain a 3D reconstruction of the porosity. A 

comparison between the frequency domain and the projection of the porosity is performed. It 

was found that frequency distribution was relevant to locating the horizontal channels and the 

better determination of dispersed and clustered porosity. 

 

2. Experimental testing and materials 

Two coupons of sizes approximately 150x40x5 mm were the subject of study, each of them 

obtained from two carbon fiber reinforced polymers (CFRP). Both materials were thermoset 

resins. The manufacturing methods were different, material one was manufactured out of 

autoclave, while material two was obtained by automatic fiber placement (AFP). Both processes 

were carried out far from the optimal parameters to induce the creation of porosity.  

Ultrasonic testing was performed in pulse-echo mode using a linear transducer  array with 128 

elements and a central frequency of 10MHz. In this modality, the transducer receives one echo 

when propagating in water, and three echoes when the propagation occurs in the CFRP. The 

inspection sweep direction was parallel to the longest axis of the coupons. To obtain the whole 

coupon inspected two sweeps were needed. The two parts were concatenated afterward. 
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The coupons were inspected by X-ray computed tomography with a voxel resolution equal 

approximately to 20 um. The porosity was segmented by image processing methods. At the end 

of the process, a binary volume is obtained for each coupon. Void voxels are represented in 

white (pixel value equal to 1) while the matrix is black (pixel equal to 0). An illustration of the 

outcome for one slice is in figure 2. 

    

                        Figure 1: Calibration of ultrasonic testing       Figure 2 : Example of segmentation of the voids  

 

3. Frequency domain analysis 

As it was mentioned in the introduction, the study aims at finding patterns in the behavior of 

the signals in the frequency domain that could lead to differentiate porosity characteristics such 

as size, shape, and distribution. In this regard, the analysis of the backscattered echoes and the 

backwall-echo are explored. 

The ultrasound volumes were aligned based on the maximum peak in the radio-frequency. Two 

thresholds were used to define a window of backscattered echoes, all points outside the window 

were set to 0. Then the FFT was performed for each signal.  

To analyze the back-wall echo, again all signals were aligned as in the backscattered analysis. 

Then a signal in a centered only water region was selected. A window was set to segment the 

echo at the bottom of the tank and its FFT was obtained. This signal was used as the reference 

signal of the transducer frequency distribution. After that, all back-wall echoes were segmented 

and their FFT was obtained.  Finally, the FFT of every back-wall echo is divided by the reference 

signal. A linear model was fit in part of the domain, and its slope value was plotted.  

4. Results 

4.1 Coupon of material 1. 

It was found a good relationship between the attenuation C-scan and the projection of binary 

volume of the X-ray computed tomography. The voids tend to form long ellipsoids or large 

plain plates. Also, there were some small voids dispersed in all the coupon. 
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Figure 3 : (left) Attenuation C-scan, slope-value image, and XCT projection (right) for coupon one. 

The volume of the FFT of the backscattered echoes was manually compared with the projection 

of binary void volume from the XCT. On the one hand, it was checked not all peaks correspond 

to void regions, for example, the figure 4. On the other hand, at the higher frequencies, it was 

found the closest relation to the attenuation C-scan.  

 

Figure 4 : (left) Maximum peak in the backscattered FFT volume, slice at ≈12.5MHz, and XCT projection (right) for 

coupon one. 

 

10mm 10mm 10mm 

10mm 10mm 10mm 
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In the analysis of the back-wall echoes, it was found two clear behaviors between areas with 

porosity and areas of no-porosity. In the figure 5, the top graph represents the distribution in 

the frequency domain of the transducer measured in a centered only water region.  The left 

graph is an example of a signal in a non-porosity area. The right graph is an example of the signal 

for a region with porosity. A linear model was fit in the range [7,10], the value of the slope forms 

the image of figure 3. Despite the high contrast in the middle section of the image, it correlates 

well to the attenuation C-scan and the XCT.   

 

 

Figure 5 : (top) Reference FFT in water propagation, (left) sample signal of frequencies distribution in a non-

porosity area, (right) sample signal of frequencies distribution in a porosity area. 

 In the FFT volume for the backwall-echoes, it was found that the two local peaks were 

highly correlated to the attenuation C-scan. The image corresponding to higher frequencies 

seems to count with more contrast than the other one.  

 

4.2 Coupon of material 2. 

In this case, it was also found a good relationship between the attenuation C-scan and the 

projection of binary volume of the X-ray computed tomography. This coupon presents a 

different void morphology. The voids tend to form be small, spherical, and be dispersed or 

concentrated in clusters. The long, thin, vertical, and horizontal channels are a byproduct of the 

step of the automatic fiber placement machine. This indeed explains its regularity. 

The volume of the FFT of the backscattered echoes was manually compared with the 

projection of binary void volume from the XCT. As in coupon one, the frequency corresponding 

to the maximum peak could not be related to the porosity, illustrated by figure 8. It was not 

found a frequency that could be easily related to the porosity projection of the XCT. 

Furthermore, it was not possible to find any frequency where the horizontal nor the vertical 

channels could be found. 
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Figure 6 : (left) Attenuation C-scan, slice correspondent to the first in the frequency (≈7MHz), slice correspondent 

to the first in the frequency (≈9MHz), and XCT projection (right) for the coupon one. 

 

Figure 7 : (left) Attenuation C-scan, slope-value image, and XCT projection (right) for coupon two. 

10mm 10mm 10mm 10mm 

10mm 10mm 10mm 
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Figure 8 : (left) Maximum peak in the backscattered FFT volume, slice at ≈9.5 MHz, and XCT projection (right) for 

coupon two. 

 

 

Figure 9 : (top) Reference FFT in water propagation, (left) sample signal of frequencies distribution in a non-

porosity area, (right) sample signal of frequencies distribution in a porosity area for coupon two. 

It was not possible to find a region not affected to some degree by porosity. The reference FFT 

signal was very similar to the one obtained in the test of coupon one. In the figure 9, the top 

graph represents the distribution in the frequency domain of the transducer measured in a 

centered only water region.  The left graph is an example of a signal in a low-porosity area. The 

right graph is an example of the signal for a region with porosity. A linear model was fit in the 

range [7,10], the value of the slope forms the image of figure 7. These materials and their 

porosity made most of the frequency spectrum be in very low levels, under a 0.25 of the ratio 

of the FFT reference signal. Furthermore, above the 7.5-8 MHz it was close to being white noise 

and no pattern was found. Images near the 4 MHz and 7 MHz in the average signal of the volume 

10mm 10mm 10mm 
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were highly correlated to the attenuation C-scan and the XCT projection, figure 10. It was not 

found a frequency that could be exclusively linked to the horizontal or vertical channels, clusters 

of small voids behaved similarly.   

9   

 

 

 

Figure 10 : (left) Attenuation C-scan, slice correspondent to the first in the frequency (≈7MHz), slice 

correspondent to the first in the frequency (≈9MHz), and XCT projection (right) for the coupon one. 

 

5. Discussion 

The goal of this work was to analyze the response in the frequency domain for two different 

carbon fiber reinforced polymers (CFRP) to find patterns related to porosity morphology. The 

first coupon presented long, large, cylindrical voids and some thin plates. Coupon two presented 

large, thin vertical and horizontal channels and small, spherical voids that could be dispersed in 

a region or they could form clusters.  

It was verified for both coupons that the attenuation C-scan was highly correlated to the XCT 

binary void projection. The analysis in the frequency domain was performed in the 

backscattered echoes and the back-wall echoes. The maximum peak of the FFT of the 

backscattered echoes did not correlate well to the attenuation C-scan nor the XCT projection for 

both coupons. A possible explanation maybe that is the resonance frequency of the matrix. It 

was noted that the behavior of the Fourier domain is different for each coupon. On the one 

hand, the coupon one with large cylindrical voids showed patterns in high frequencies (12.5 MHz 

as the one shown in figure  4). On the other hand, coupon two with small spherical porosity had 

frequencies above 8.5 MHz almost entirely attenuated. 

10mm 10mm 10mm 10mm 
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The FFT of the backwall-echoes local peaks: coupon one at 7 and 9 MHz approximately, coupon 

two one peak at approximately 7 MHz. At those values of frequency, the images were highly 

correlated to the XCT projection. Despite no direct and simple pattern was found in the 

frequencies distribution that enables to make a difference between certain voids morphology, 

i.e. the plain plates and cylindrical voids, nor the thin channels and the clustered voids, certainly, 

the analysis of frequency images makes clearer the presence of horizontal channels, the location 

of dispersed porosity, and the disposition of angled clustered of voids than the attenuation C-

scan in coupon two.  Coupon one provides a coarser illustration of the porosity, that could help 

to establish its shape and size from the ultrasounds data alone. 

6. Conclusion and future work 

Two coupons of carbon fiber reinforced polymers were tested by the phased array at 10MHz 

and X-ray computed tomography. Each of them presented different porosity morphology and 

the goal of this work was to analyze the response in the frequency domain to find patterns 

related to the porosity morphology. The analysis focused on comparing the backscattered and 

back-wall frequencies to the XCT projection of the voids.  It was checked that at higher 

frequencies (approx. 12.5MHz) large cylindrical voids could be visualized in the FFT signals, while 

it was not possible for the small porosity. Although, the matrix plays an important role in the 

frequency distribution and more research would be needed. The FFT of the back-wall echoes 

was useful for the better determination of horizontal channels, distinguishing regions of average 

attenuation due to dispersed porosity, and determination of regions of clustered voids. 

However, the patterns are not simple, this could open the door to machine learning analysis. 

The fusion of attenuation information and FFT could lead to void morphology classification 

systems and better estimations of the void content. 

 

7. References 

1. Stone DEW, Clarke B. Ultrasonic attenuation as a measure of void content in carbon-fibre 

reinforced plastics. Non-Destructive Testing. 1975 Jun;8(3):137–45. 

2. Lin L, Luo M, Tian H. Experimental investigation on porosity of carbon fiber-reinforced 

composite using ultrasonic attenuation coefficient. 2008;9.7.  

3. Ding S, Jin S, Luo Z, Liu H, Chen J, Lin L, et al. Investigations on relationship between porosity 

and ultrasonic attenuation coefficient in CFRP laminates based on RMVM. :9.4.  

4. Smith RA, Nelson LJ, Mienczakowski MJ, Wilcox PD. Ultrasonic Analytic-Signal Responses 

From Polymer-Matrix Composite Laminates. IEEE Trans Ultrason, Ferroelect, Freq Contr. 

2018 Feb;65(2):231–43. 

5. Taheri H, Hassen AA. Nondestructive Ultrasonic Inspection of Composite Materials: A 

Comparative Advantage of Phased Array Ultrasonic. Applied Sciences. 2019 Apr 

19;9(8):1628. 

6. Rus J, Gustschin A, Mooshofer H, Grager J-C, Bente K, Gaal M, et al. Qualitative comparison 

of non-destructive methods for inspection of carbon fiber-reinforced polymer laminates. 

Journal of Composite Materials. 2020 Nov;54(27):4325–37.2.  

7. Chen Y, Yang C, Zhou X, Li Z, Zheng H. CFRP voids 3D identification and location method 

based on the process of backscattered signal. J Wuhan Univ Technol-Mat Sci Edit. 2016 

Feb;31(1):172–7.  

 

491/1211 ©2022 Caballero 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 

APPLICATION OF MACHINE LEARNING METHODS ON THE DEFECT 

DETECTION IN SHEAROGRAPHIC IMAGES 

 

Christian, Düretha, Andreas, Horniga, Ilja, Kocha, Maik, Gudea 

a: Institute of Lightweight Engineering and Polymer Technology, TU Dresden, Dresden, 

Germany – christian.duereth@tu-dresden.de 

 

Abstract: Defect detection in primary composite lightweight structures is a major ongoing 

challenge in terms of reliability, rapidity, and accuracy for a secure operational life-cycle. 

Shearography is a full-field and material independent non-destructive testing method. Despite 

its major suitability for large composite components, this method still requires specialists to 

reliably identify the defect patterns. Modern algorithms in terms of machine learning have 

gained huge popularity and provide the ability to outperform conventional algorithms, especially 

in image analysis. Hence, an object detection model based on convolutional neural networks has 

been implemented and applied to shearographic images of different composite specimens. 

Concluding, the model performs with a considerable high accuracy considering the medium sized 

and manually labeled dataset.  

Keywords: shearography; non-destructive testing; composite; machine learning 

1. Introduction 

The increasing demand for composite materials in the aviation, space, and automotive industry 

as well as in new advanced storage technologies for hydrogen requires rapid, reliable, and 

accurate methods for quality assurance and component inspection. Shearography, a full-field 

and material independent non-destructive testing (NDT) method is predestined for defect 

detection in large composite components e.g. wings, fuselages manufactured from carbon or 

glass fiber reinforced plastics (GFRP , CFRP) [1, 2]. Currently, (human) expert knowledge is still 

required to detect defects based on additional inherent material information, e.g. ply drops or 

weave pattern [3]. Conventional algorithms, which can support in a semi-automatic manner, are 

based on a heuristic threshold analysis. Thus, approaches based on machine learning algorithms 

gain increasing attention and already outperform bespoke conventional algorithms [4, 5]. 

In this work, a machine learning approach is applied to shearographic images containing 

different kinds of defect patterns and characteristics. The object detection framework faster R-

CNN, which is based on convolutional neural networks (CNN), has been implemented in Python 

using the PyTorch library [6]. This implementation uses the pretrained ResNet-50 as a backbone 

for feature extraction and classification tasks [7]. The transfer learning training was performed 

on a high-performance cluster of the TU Dresden. To determine the accuracy of the model the 

common evaluation method (COCO [8]) was applied on an unknown dataset.   

2. Experimental Methods 

2.1 Principals of Shearography 

Shearography, also known as electronic speckle pattern interferometry (ESPI), is a coherent laser 

measuring technique based on phase shifting and interferometry. Fig. 1 a) illustrates the typical 

test setup for temporal phase shifting shearography, which consists of a coherent laser source 

and an optical measurement unit [1, 9–11]. Emitted coherent and expanded laser light is 
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refracted from the test object surface to optical measurement unit. The illuminated rough 

surface, thereby, creates a speckle pattern, that is acquired by the charge-coupled device (CCD) 

sensor in the optical measurement unit [12]. By utilizing a modified Michelson interferometer 

as a shearing device, the intensities of two points (𝑃! and	𝑃") in the distance of the shear amount 

𝛿# are combined at a single point and pixel on the CCD (𝑃! ∪ 𝑃"), respectively. Thereby, the 

shear amount is proportional to the shear angle 𝛼$/2, the tilting angle of the shear mirror [9]. 

To measure the phase 𝜑 of the two rays from 𝑃! and 𝑃" temporal phase shifting is used. In this 

type of temporal phase shifting, four speckle images are recorded, between each a piezo 

generates a denoted phase shift of multiples of 𝜋/2 for each image. Finally, 𝜑 is calculated 

according to the four-bucket algorithm [10]. 

For defect detection purposes two or multiple 𝜑-images are recorded at an unloaded or 

reference state and a loaded state to measure local discontinuities, caused by underlying defects 

and voids, respectively (cf. Fig. 1 a)). A variety of excitation methods are possible, thermal loads 

are the most common [11].These 𝜑-images are subtracted, as shown in Fig. 1 b), to calculate 

the phase difference Δ𝜑 of two different states. Thereby, Δ𝜑 represents values between −𝜋/2 

to 𝜋/2. After demodulation of Δ𝜑 the so called shearogram is obtained, with its characteristic 

butterfly pattern, shown in Fig. 1 b), for a round shaped underlying defect [1, 9, 10]. These kinds 

of patterns are the features the defect detection should be able to detect. Furthermore, to 

distinguish damage specific patterns from similar patterns caused by other inhomogeneities 

such as e.g., weave patterns or ply drops. 

 
Figure 1.  Principal of temporal phase shifting shearography: a) test setup and ray paths of 

coherent light [9]; b) illustration of shearographic measurement results [10] 

2.2 Specimens  

Two different specimen classes have been chosen for creating the detection network’s dataset. 

The first one contains specimens with defects of defined geometry, as shown in Fig. 2. Three 

CRFP specimens were manufactured featuring different dimensions, drilling patterns, and 

thicknesses according to Fig. 2 a) – c). The second class features GFRP specimens with defects of 

undefined geometry. Four specimens with impact damage and two specimens with 

manufacturing induced dry spots are chosen. Specimens with impact damage were subjected to 

varying impact energies [13]. The specimens with dry spots were manufactured by a procedure 
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utilizing different amounts of ammonium hydrogen carbonate (𝑁𝐻%𝐻𝐶𝑂&) to create dry spots 

and voids, respectively. The process is described and specimens are illustrated in [13].  

 

Figure 2.  Illustration of specimens with defects of defined geometry: a) specimen_001; b) 

specimen_002; c) specimen_003 

2.3 Experimental Setup  

Experiments were carried on a SE3 shearography system from isi-sys GmbH. It is equipped with 

a 5 MPx (2452 x 2052 Px) CCD-Sensor and a 500 mW LED laser array (wavelength 𝜆 = 658 nm). 

Loading of the test objects was realized using a halogen radiator (1.2 kW). All specimens were 

excited with a  Δ𝑇 of 2 K measured at the top surface and examined with different shear angles 

and amounts, respectively. The range varied from 10 to 40 kSt in 5 kst increments in both 

directions for the piezo, which corresponds to a spatial resolution range of 2.63 to 6.98 mm 

shear amount 𝛿# and 𝛿' for a working distance of 833 mm. 

2.4 Experimental Results 

In the following, a comprehensive summary of the experimental results is provided. The entire 

dataset can be found in the ShearDetect dataset [14]. As an example, Fig. 3 a) illustrates the 

shearograms of specimen_001 (cf. Fig. 2 a)) for different shear amounts 𝛿#. Additionally, the 

defect patterns are highlighted on the extraction path. The Δ𝜑-values of different 

measurements with increasing  𝛿# are compared in Fig. 3 b) (in 8-bit grayscale values). Thereby 

it can be determined that the weave pattern has a significant influence on the shearogram and 

represents a similar pattern as any defect for any 𝛿# compared. Hence, especially for fiber 

reinforced plastics the necessity of modern detection algorithms are existent to guarantee a 

reliable and user independent defect detection. 

 
Figure 3.  Exemplary illustration of a) measurement results for different 𝛿# and b)	Δ𝜑- values	

of path extraction for different 𝛿# and highlighting of defect areas (specimen_001) 
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3. Machine Learning Methods 

3.1 Object Detection Network 

A robust defect detection framework for shearographic images based on machine learning 

algorithms has been achieved by training the object detection framework faster R-CNN [6]. Fig. 

4 illustrates the network architecture of the CNN with a region proposal network (RPN). An input 

image is firstly analyzed regarding significant features by the CNN-backbone ResNet-50 [7]. This 

CNN is a residual network with 50 CNN-layers clustered into 19 sequential residual blocks. A 

residual block or “deep residual learning” uses so-called “shortcut connections”. It has the main 

advantage that this network still increase in accuracy due to the greatly increased depths of the 

network. Back-propagation algorithms such as stochastic gradient-descent or adaptive moment 

estimation (ADAM) can optimize more sufficiently [7, 15]. 

 

Figure 4.  Schematic network architecture of faster R-CNN an object detection framework [6] 

These extracted features maps are furthermore processed by the RPN. In the faster R-CNN 

approach anchor boxes are utilized to efficiently predict region proposals with a wide range of 

scales and aspect ratios [6]. These anchor boxes are a set of possible sizes of bounding boxes 

that match to feature maps. The best predictions of anchor boxes are furthermore treated as 

region proposals and pooled and classified by the CNN’s backbone [16]. The result of each object 

detection is a four variables vector (coordinates of upper left and lower right corner of bounding 

box: [𝑥!, 𝑦!, 𝑥", 𝑦"]), a class (“specimen” or “defect”), and a corresponding probability of each 

bounding box, as Fig. 5 illustrates. The backbone ResNet-50 was downloaded as a pretrained 

model on “COCO train 2017” to perform transfer learning with the dataset [8, 17, 18]. 

In this paper the object detection framework is implemented in Python using the machine 

learning library Pytorch 1.11 [17]. The implementation and the trained model is available in [18] 

and [19] respectively. This implementation has 41,309,426 parameters including 41,087,026 

trainable parameters. For a batch size of 30 and an input size of 2452 x 2052 x 1 the network 

needs an estimated total size of 35.5 GB free RAM. A detailed summary of the characteristics 

can be found in [18]. 

3.2 Loss-functions (𝓛) 

For training the deep learning model it must be minimized by the chosen optimizer to the 

following objective function Eq. 1 [6]: 

ℒ({𝑝(}, {𝑡(}) = ∑ ℒ)*$(𝑝( , 𝑝(∗)( + ∑ 𝑝(∗ℒ,-.(𝑡( , 𝑡(∗)(                        (1) 

The so-called loss-function ℒ consists of two parts, the classification loss ℒ)*$ and the regression 

loss ℒ/01. The subscript index i denotes the index of an anchor in a mini-batch, 	𝑝(  is the 

probability of the anchor of being an object. The upper script .∗ denotes the ground-truth label, 

where 𝑝(∗ is 1 if the anchor is positive and vice versa. Hence, the classification loss ℒ)*$ is the 
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logarithmic loss of object and not object. This is represented in the following equation by the 

binary cross entropy [17]: 

ℒ)*$(𝑝( , 𝑝(∗) = −𝑝(∗ log 𝑝( − (1 − 𝑝(∗) log(1 − 𝑝()               (2) 

The variable	𝑡(  is a four parameterized coordinates vector representing the location of the 

predicted bounding box (object). The parameterization is according the following equations [6]: 

𝑡#   =  (𝑥 − 𝑥2  ) / 𝑤2;  𝑡'   =  (𝑦 − 𝑦2)/ℎ2; 	𝑡3 = log(𝑤/𝑤2) ; 	𝑡4 = log(ℎ/ℎ2)           (3) 

Thereby, 𝑥, 𝑦,𝑤 and ℎ are the boxes’ center coordinates and their width and height. Variables 

𝑥, 𝑥2 and 𝑥∗ denotes the predicted box, anchor box and ground-truth box, respectively (analog 

for 𝑦,𝑤 and ℎ). The bounding box regression loss was defined in [20] as a robust smooth5!  loss 

according to the following equation 

ℒ,-.(𝑡, 𝑡(∗) = ∑ smooth5!(𝑡6 − 𝑡6∗)6∈{#,',3,4} ,                   (4) 

whereas the loss is the sum of the four parameter according to Eq. 3 [17, 20]:  

smooth5!(𝑡6 − 𝑡6∗) = Q0,5	(𝑡6 − 𝑡6∗)"																				∀	|𝑡6 − 𝑡6∗| < 1
|𝑡6 − 𝑡6∗| − 0.5																												otherwise                (5) 

The calculation points in the network for the classification and regression loss are highlighted in 

Fig. 5. Additionally, the regression loss ℒ,-.rpn
 of the region proposal network is calculated and 

tracked during training. This can give better feedback of the training process. 

3.3 Dataset  

The dataset to train, validate and test the model was created with Labelbox, an open-source 

online Toolbox for data labeling [21]. Thereby, the experimental data was annotated with the 

ground truth bounding boxes for each defect manually. The labeled data of specimen_001 to 

_003 and _006 to _009 was randomly split into the training and validation set by the ratio 80 % 

and 20 %, respectively. The test set only includes the specimens_004 and _005. Hence, the 

model will be evaluated on unknown data to test its reliability. The dataset is available in [14].  

3.4 Data Augmentation 

Data augmentation is a common method to increase both size and diversity of labels training set 

to prevent overfitting in deep learning models and to improve the performance [22]. This is 

achieved by leveraging input transformations that preserve corresponding output labels. In this 

implementation the open-source library Albumentations [22] was utilized for data augmentation 

of the training set. The following transforms have been applied randomly to all images of the 

training set: random rotation of an image by 90 degrees zero or more times, random change of 

brightness & contrast and random perspective transform with horizontal flip. 

3.5 Optimizer and Training Schedule 

To minimize the stochastic objective loss function ℒ (Eq. (1)) the gradient based optimizer ADAM 

has been incorporated in this implementation of faster R-CNN [15]. ADAM is a simple and 

computationally efficient algorithm for machine learning problems with large datasets and/ or 

high dimensional parameter spaces [15]. Additional advantages of ADAM are its straightforward 

implementation by the PyTorch library [17] and low memory requirements. 

The commonly static learning rate, a tuning parameter that determines the step size of each 

iteration while minimizing the objective loss function ℒ  [23], is modified by an approach based 

on a restart technique presented in [24]. Those warm restart techniques gain popularity in 
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gradient-based optimization due to improved convergence behavior and performance. Warm 

restarts are considered as adjustments to learning rate whilst on going iteration. Thereby, this 

implementation uses the cosine annealing schedule according to the following equation for the 

current learning rate 𝜂; within the 𝑖-th iteration [17, 24] (cf. Fig. 6 a)): 

𝜂; = 𝜂<(=( + !

"
\𝜂<2#( − 𝜂<(=( ] ^1 + cos ^ >"#$

>%&'

𝜋``,              (6) 

where  𝜂<(=(  and  𝜂<2#(  are the lower and upper limits of 𝜂;, 𝑇)?,  is the current iteration, and 

𝑇<2# is the period of iterations for every restart. Thereby, an epoch describes the sum of 𝑖-
iterations that a dataset needs to pass one time forward and backward through an CNN for 

gradient calculation according to its mini-batch size [23]. The following training parameters have 

been chosen: epochs = 100, batch size = 30, 𝜂<2# = 1E-2,	𝜂<2#	= 1E-3 and	𝑇<2# = 33. 

The training was conducted on the high-performance computing cluster of the TU Dresden. The 

GPU Nvidia® A100 SXM with 40GB dedicated VRAM guaranteed a large batch size of 30 images 

(≈ 35GB VRAM) and consequently speeded up training times.  

3.6 Evaluation Methods  

For evaluation of the model performance and accuracy the common objects in context (COCO) 

evaluation method API from Microsoft® was implemented [8]. To determine whether a 

predicted bounding box is true positive TP or false positive FP the metric intersection over 

union IoU is used:  

IoU =	𝐴pred ∩ 𝐴gTruth𝐴pred ∪ 𝐴gTruth, (7) 

where 𝐴 is the area of the bounding box of the prediction (pred) and ground truth (gTruth), 

respectively. This portion of intersection is compared to different IoU-thresholds to distinguish 

between TP and FP. A commonly used threshold is 50 %, additionally the COCO-evaluation 

takes the range from 50 to 95 % in 5 % increments into account for comparison, especially for 

the average recall. Consequently, the recall r and the precision p to quantify the model accuracy 

are computed as following: 

r = ∑ TP

∑ TP∪∑FN
= ∑ TP

∑gTruths
; 								p = ∑TP

∑TP∪∑FP
= ∑TP

∑predictions
, (8) 

The average precision AP is calculated by the sum of the maximal values of p(r) in 11 equally 

spaced intervals for each selected IoU:            

AP	 = 	 111 d pe(r)
r∈{I,.!,…,!}

			with				pe(r) = max
rL:rLNr

p(r). 	 (9) 

More important in terms of a reliable defect detection is the metric average recall AR that is 

calculated as following in dependence of the IoU-range 0.5 to 0.95 [23]: 

AR = 2	h r(IoU)𝑑IoU.
I.OP

I.P

 (9) 

The mean average precision (mAP) and recall (mAR) are basically the mean values of AR and AP, 

respectively, across all individual classes. 
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3.3 Results 

The training of 100 epochs with a batch size of 30 images per iteration of the ShearDetect model 

(available in [19]) on the A100 SXM GPU was with 7.7194 s / iteration sufficiently fast. Due to 

the implementation of mixed precision training the memory consumption decreased to 27,427 

MB (26.8 GB) per batch. This method sets automatically the gradient calculation in the 

forward/backward pass of the model to either 16 or 32 bit floating precision, where necessary 

[17]. Overall, the training with integrated validation and testing each epoch took 2 h 22 min.  

During training the learning rate 𝜂; and the losses have been tracked for the training and 

validation set. Fig. 6 illustrates the median and standard deviation values per epoch per 9 and 3 

iterations, respectively. Fig. 5 a) shows a rapidly decreasing ℒ in the first epochs and slowly 

decreasing and converging values with a short increase between the epochs 20 to 40. Fig 5 b) 

and c) illustrates that behavior separately for ℒ,-. and ℒ)*$. Noticeably, whilst  ℒ,-. increased 

from epoch 20 to 40 ℒ,-.rpn
 decreased over all epochs. Hence, the RPN might provide sufficient 

region proposals to the region pool and classification layers (cf. Fig. 4 a)), but they might be 

misinterpreted. This behavior should be further investigated. 

 
Figure 5.  Illustration of median and standard deviation per epoch for a) overall loss ℒ and 

learning rate 𝜂; ,b) classification loss ℒ)*$ and c) regression loss for whole model ℒ,-. 

and RPN ℒ,-.,Q=
 for training set and validation set 

Nevertheless, the bespoke loss increasing effect seems not to affect the evaluation metrics mAP 

and mAR of the shear detect model. Fig 6 a) and b) illustrates the floating median (m10) and 

standard deviation (std10) over 10 epochs for mAP and mAR of the test set and the discrete 

values for the validation set every 10th epoch. Noticeably, the metrics indicate a major increase 

at the epochs 20 to 50 until mAP and mAR converge to their certain value. After 100 epochs the 

following evaluation metrics could be obtained (values for the validation set are in brackets for 

better comparability): mAP(IoU = 0.5) =  0.806 (0.964), mAP(IoU=.5:.95) = 0.447 (0.683) and 

mAR(IoU=.5:.95) = 0.511 (0.721). These values indicate that the model conceives for the 

validation set, for data that is similar to the training set, and still has considerable performance 

on unknown data.  

498/1211 ©2022 Düreth 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 

Furthermore, Fig. 6 b) illustrates and compares the precision-recall curves dependent on the 

IoU-range (.5:.8) for the class “defect” of the validation and test set. The main difference of the 

evaluation is that the model indicates a higher FP-rate on the test set. Hence, the precision 

decreases quite rapidly. However, a more profound examination on the testing results revealed 

that the data set features some human bias, as shown in Fig 6 c). There, the model predicts with 

91.2% probability a defect that was not marked during manual labeling but is obviously present 

during X-ray examination. Hence, methods to create a better and reliable data set should be 

elaborated, to gain better performance of the model. 

Lastly, it should be mentioned that the model performs on a A100 SXM with 0.0235 s, on a 

standard Quadro P4000 with 0.1550 s and on a CPU i7@860 with 22.7593 s per frame of the size 

2452 x 2052 Px (8-bit). GPU-acceleration is highly recommended for training and evaluation. 

 

Figure 6.  Illustration of a) median and standard deviation per epoch for mAP and mAR of the 

test and validation set and b) precision-recall curves for “defect” and IoU-range c) 

exemplary result for specimem_004 

4. Conclusion 

In this work, shearographic examinations of different specimens are conducted with temporal 

phase shifting method to create a large data set. Thereby, different shear angles and amounts 

have been considered to increase the diversity of the dataset. This data set has been used to 

train, validate, and test a machine learning model based on a CNN with the faster R-CNN region 

proposal network and the pretrained ResNet-50 as backbone. Via transfer learning the model 

was optimized using the ADAM optimizer and training rate scheduler on the dataset of 

shearographic images. Using the COCO evaluation method, the model preformed with a 

considerable mean average precision of 47.7 % and a mean average recall of 51.1 % on an 

unknown dataset for the intersection over union rage from 50 to 95 %. It emerged that the 

relative low accuracy occurred from a high false positive rate, due to human labeling bias. 

Consequently, further studies and methods have to be elaborated to decrease the impact of 

manual annotations. 
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Abstract: The aim of this work is to find termination criteria for fatigue tests of continuous fiber 

reinforced polymers, which reliably predict end of life. For this purpose, Young’s modulus, 
dissipated energy and acoustic emission events are monitored during fatigue testing of a ±60° 

and a ±75° glass-fiber reinforced epoxy laminate. Results show that the expected growth rate of 

damage events occurring at the end of lifetime is not necessarily reflected in a significant 

decrease of stiffness. However, material degradation at this stage is indicated by the dissipation 

of energy and a higher rate of detected acoustic emission events.  

Keywords: glass-fiber reinforced polymers; fatigue; termination criteria; non-destructive 

testing; acoustic emission 

 

1. Introduction 

Due to their outstanding weight-specific properties, in particular strength and stiffness, fiber 

reinforced polymers (FRPs) are widely used in high-performance structures for the aerospace, 

automotive or wind energy sector. Especially in those areas of application, unexpected property 

degradation or component failure can lead to catastrophic consequences. Hence, to ensure safe 

material use, characterization of fatigue behavior of FRPs is essential [1, 2].  

The most common way to describe fatigue behavior of materials are S/N-curves, also referred 

to as Wöhler lines. They represent the maximum bearable number of cycles at certain stress or 

strain amplitude levels until a predefined termination criterion is reached [3–5]. Since S/N-

curves assess fatigue life by a single event, commonly specimen fracture, they do not yield any 

information about the occurring damage mechanisms and the resulting property degradation. 

The theory of fracture mechanics takes the mechanisms of crack initiation and propagation into 

account. It is well established for life-time estimations of metallic components, where usually 

one single crack dominates fatigue behavior. This is not the case for composites, since this 

material class usually fails due to the accumulation of damage from several mechanisms and not 

because of a single crack [6]. 

Another approach describing composite fatigue is based on the change of stiffness due to 

progressing material damage. As already mentioned, there is a series of complex damage 

mechanisms occurring in FRPs during fatigue. In the first 10 to 15 % of fatigue life, the 
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dominating mechanism is matrix cracking in off-axis plies resulting in a significant stiffness 

reduction. Coalescence of matrix cracks at the interface of two adjacent plies can lead to 

delaminations as a further consequence. The terminating damage event usually is large-scale 

fiber failure of the fibers aligned closest to the principal loading direction. All those mechanisms 

contribute to the stiffness degradation to different extent depending on layup and loading 

situation. For most composite structures a certain decrease in stiffness is inadmissible for the 

application and therefore defines fatigue life [3, 1]. 

Damage progression also manifests in dissipation of energy, which is reflected by the increasing 

area inside the hysteresis loop under cyclic loading. Due to internal friction between unbounded 

regions in the matrix or between fiber and matrix heat is generated. Thus, one portion of the 

input mechanical energy is released in the form of heat [3]. Another part of the energy may be 

released in the form of elastic stress waves if microstructural changes occur in the material. Such 

phenomena are referred to as acoustic emissions and can be detected by piezo-electric sensors 

[7, 8]. 

In this work Young’s modulus, dissipated energy and acoustic emission (AE) activity are 

monitored during fatigue tests of glass-fiber reinforced polymers with two different layups: ±60° 

and ±75°. An attempt is made to assess the measured parameters in terms of their suitability to 

monitor structural health and in further consequence to define criteria terminating fatigue life 

of continuous FRPs. 

 

2. Experimental 

2.1 Material and specimen preparation 

Specimens are manufactured from an unidirectional glass fiber fabric and an epoxy resin as 

matrix material with a fiber volume content of approximately 40 %. The fabric is of type 92145 

by Porcher Industries Germany GmbH (Erbach, Germany) with an areal weight of 220 g/m2 and 

10 % weft yarn referring to the total fabric mass. The matrix contains a resin of type EPIKOTETM 

MGS® LR160 and a curing agent of type EPIKURETM MGS® LR160 both by Lange + Ritter GmbH 

(Gerlingen, Germany). The mixing ratio of resin to curing agent is 4:1 (weight proportion). Matrix 

and fabric are cured at a temperature of 80 °C and a pressure of 1 MPa for 3 hours. Subsequently 

all specimens are post-cured at 80 °C for 15 hours. Each specimen consists of 12 layers, which 

are symmetrically arranged. The layup is (-θ3, +θ3)s with θ being 60° and 75°. The specimen 

geometry is 200x20x2.6 mm3 with shafted aluminum tabs of 1 mm thickness and a gauge length 

of 100 mm, as shown in Figure 1. Additionally, a speckle pattern is applied to the specimens, 

which is necessary for the evaluation of Young’s modulus with digital image correlation (DIC), as 

will be described in the following sections. 
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Figure 1: Specimen with WD sensors and speckle pattern for DIC (dimensions in mm). 

2.2 Testing equipment 

The fatigue tests were performed on a servo-hydraulic testing machine of the model 322.31 by 

MTS Systems Corporations (Minnesota, USA) equipped with a 250 kN load cell. For DIC the 

software MercuryRT 2.8 by Sobriety Mercury d.o.o. (Blaneská, Czech Republic) in combination 

with a high-resolution camera of type Prosilica GT6600 by Allied Vision (Stadtroda, Germany) is 

used. The AE system is by MISTRAS Group Inc. (Princeton Junction, USA). Two broad band (WD) 

sensors are mounted to the specimen with fabric tape at a distance of 75 mm (see Figure 1). 

Silicone free vacuum grease is used as coupling medium between specimen surface and sensors. 

Each sensor is connected to a 2/4/6 preamplifier with a gain of 40 dB and a 20 - 1000 kHz 

bandpass filter. For AE data acquisition and evaluation, the software AEwinTM by MISTRAS Group 

Inc. is used. 

2.3 Testing procedure and parameters 

The testing procedure is adapted from the one proposed by Brunbauer et al. [9]. Thereby, the 

fatigue tests are interrupted at certain intervals and quasi-static tensile tests are performed in 

between to be able to determine the change of static Young’ modulus during the experiment. 

For this purpose, every 100 N during the tensile test a picture of the speckle pattern on the 

specimen is recorded and subsequently evaluated with DIC. Tensile tests are conducted with a 

testing speed of 0.5 mm/min and are stopped before reaching the maximum stress level σmax of 

the cyclic loading blocks. The cyclic loading blocks are implemented with a testing frequency f 

of 5 Hz and an R-ratio of 0.1. Tests were performed at various σmax levels for each layup. In this 

contribution two representative experiments are discussed: For the ±60° laminate an 

experiment with a σmax of 38.6 MPa and for the ±75° laminate an experiment with a σmax of 31.6 

MPa is presented. Dissipated energy is calculated directly from the machine data and 

corresponds to the area inside the hysteresis loop. The testing procedure is schematically shown 

in Figure 2. While the fatigue blocks are conducted in load controlled mode, the tensile tests are 

performed in displacement control. 
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Figure 2: Schematic testing procedure for fatigue tests (load control, R-ratio 0.1) with quasi-

static tensile tests between fatigue load blocks, the circles indicate stress levels for DIC 

measurements for the determination of Young's modulus. 

For AE data acquisition a sampling rate of 5 MHz is used. The threshold is set to 40 dBAE and 

the following AE timing parameters are chosen: 

• Peak definition time (PDT): 50 μs 

• Hit definition time (HDT): 100 μs 

• Hit lockout time (HLT): 300 μs 

If a detected AE signal, also called “hit”, is recorded at least at two sensors within a certain time 

interval (depending on the wave speed in the specimen and the distance of the respective 

sensors) it is referred to as an AE event [7]. For the interpretation of the AE data only events 

occurring in between the two sensors are considered, in order to eliminate “hits” originating 

from outside the region of interest to a great extent. 

 

3. Results and discussion 

In the following two sections, the results of the fatigue tests of the ±60° and ±75° layups are 

presented. Young’s modulus and dissipated energy are shown relative to their initial values. The 

fatigue life in % refers to the point of specimen rupture (final material failure). Subsequently the 

measured parameters are discussed with regard to their qualification to monitor structural 

health and how this can be used to define termination criteria. 

3.1 Fatigue test results of ±60° laminate 

Figure 3 shows relative Young’s modulus, relative dissipated energy and cumulative AE events 

during fatigue life of a ±60° laminate. Final material failure for this representative specimen 

occurred at 204'761 cycles. In the beginning, a rapid decrease of Young’s modulus can be 
observed. It declines to 55 % of the initial value already within the first 15 % of fatigue life. During 

the remaining 85 %, Young’s modulus decreases with a much smaller rate to 45 % at the end of 

life. Only a slightly higher decrease rate of Young’s modulus can be observed close to final 
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material failure. Contrary to Young’s modulus, dissipated energy shows a recognizable increase 

within the first 15 % of fatigue life. Both of these observations probably can be attributed to 

matrix cracking, which is the dominating damage mechanism at this early stage of fatigue life 

[1]. This fast increase is followed by a section, in which dissipated energy increases more slowly. 

Shortly before failure, at approximately 85 % of fatigue life, dissipated energy strongly increases 

again, indicating increased inner friction due to a growing accumulation of damage. At this stage 

typical damage mechanisms occurring are delamination or fiber breaking [1]. Considering the 

cumulative AE events, there are two sections, showing a higher slope. One is located between 

50 and 60 % of fatigue life. However, no noticeable changes of Young’s modulus or dissipated 
energy can be observed in this period. Additional non-destructive methods, e.g. computed 

tomography or thermography, to monitor the condition of the specimen are necessary to assess 

the cause for this increase. The second section showing a higher increase rate starts shortly 

before specimen rupture at around 90 % of fatigue life. Similar to the progression of dissipated 

energy at this stage, the increase in AE events can be attributed to a higher rate of damage 

occurring just before specimen rupture. 

 

Figure 3: Relative Young’s modulus, relative dissipated energy and cumulative AE events during 

fatigue life of a ±60° glass-fiber reinforced epoxy resin (σmax = 38.6 MPa, R = 0.1, f = 5 Hz). 

3.2 Fatigue test results of ±75° laminate 

The monitored parameters during the fatigue test of the representative ±75° laminate are 

presented in Figure 4. After 353'959 cycles the specimen failed. Just as with the ±60° laminate, 

Young’s modulus declines rapidly at the beginning, in this case to 58 % of the intact specimen 

within the first 15 % of fatigue life. This is again followed by a section with a smaller decrease 

rate. As for the ±60° laminate, a slightly higher decrease rate can be noticed close to final failure. 

Young’s modulus at the end of fatigue life amounts to 46 % of the initial value. Dissipated energy 

also shows the same trend as already monitored for the first laminate. After a high increase rate 

at the beginning, there is a section with a slower steady increase. At around 80 % of fatigue life 

a slightly higher increase can be observed. Approximately at the same time AE events are 

detected with a higher rate, reflecting the increasing amount of damage leading to specimen 
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rupture shortly thereafter. A sudden increase in AE events can be observed at around 10 % of 

fatigue life. As already mentioned in section 3.1 additional non-destructive methods are 

necessary to determine the origin.  

 

Figure 4: Relative Young’s modulus, relative dissipated energy and cumulative AE events during 

fatigue life of a ±75° glass-fiber reinforced epoxy resin (σmax = 31.6 MPa, R = 0.1, f = 5 Hz). 

3.3 Termination criteria 

For both laminates tested, Young’s modulus severely declines within the first 15 % of fatigue 

life. This observation can be attributed to the mechanism of matrix cracking, which typically 

occurs at this stage of fatigue life in laminates with off-axis plies [1]. Young’s modulus 
subsequently slowly decreases until final failure. Shortly before specimen rupture, it decreases 

with a slightly higher rate. However, since this change is so small, it is difficult to predict 

specimen failure considering the progression of Young’s modulus exclusively. Nevertheless, 

some applications require a certain stiffness in order to ensure proper performance. Therefore, 

fatigue life can always be determined by a certain limit of the decrease of Young’s modulus. 

Dissipated energy is much more sensitive towards the specimen’s end of life. The higher increase 

rate in the section before final failure represents a potential termination criterion, which can be 

applied to both tested laminates. For the ±60° laminate it is around 85 % and for the ±75° 

laminate at around 80 % of fatigue life, leaving enough time to exchange damaged components 

before fracture. 

The method of AE proves its applicability for monitoring the structural health of laminates. For 

both laminates tested, an increasing number of AE events is detected before final material 

failure. Nevertheless, fatigue life cannot be predicted by this observation since there are other 

regions showing a higher detection rate at an earlier stage of fatigue life as well. 
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4. Conclusion 

The purpose of this work was to find termination criteria for fatigue tests of continuous FRPs, 

reliably predicting end of life at an early stage. Young’s modulus, dissipated energy and 
cumulative AE events were monitored during fatigue tests of glass-fiber reinforced epoxy 

laminates with two different layups of (-θ3, +θ3)s with θ being 60° and 75°. In order to determine 

classic Young’s modulus, the fatigue tests were interrupted in regular intervals and quasi-static 

tensile tests were conducted between the cyclic loading blocks. 

Results show that Young’s modulus exhibits the highest decrease within the first 15 % of fatigue 

life. It amounts to approximately 80 % of total stiffness loss. The remaining 20 % stiffness loss 

occur steadily during the rest of life. Besides a minimally higher decrease rate, there is no 

significant warning for the occurrence of failure. Dissipated energy on the contrary is more 

sensitive towards the end of life. It shows a higher increase rate between 80 and 85 % of fatigue 

life, which may be used as termination criterion. Needless to say, fatigue life for certain 

applications can already be terminated at an earlier stage by a function-critical stiffness loss. The 

higher rate of damage occurring near the end of the experiment is reflected in the curve of 

cumulative AE events as well, which exhibits a higher detection rate at this period. Other regions 

during fatigue life showing a higher detection rate as well need to be investigated in more detail 

in order to assess their origin. 

An approach for prospective interpretations of AE data would be the evaluation of other 

features of the signals, e.g. the absolute energy. This parameter has potential for being a 

sensitive indicator for changes occurring in the material due to damage accumulation, since 

recorded signals are not only counted, but also weighted by their intensity. 
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Abstract: Adhesive bonding is an essential method for joining composite materials. However, 

the occurrence of contaminations, resulting in a not detectable weakened adhesion, persists. 

This study aims to uncover weak bonds with the vibroacoustic modulation method, a nonlinear 

ultrasonic testing method, where ultrasonic guided waves are modulated by a simultaneously 

applied, high amplitude pump wave. Afterwards, the measurements are evaluated by a deep 

learning approach. A previous dataset of 40 single-lap shear specimens (ASTM D5868-01), in 

which artificial interfaces in the form of circular PTFE films or release agent contaminations were 

introduced, was extended by a second dataset with 14 specimens of a different laminate to 

evaluate the robustness and transferability of the method. The proposed neural network 

approach can reliably recognize the bonding flaws in the training dataset and even has high 

accuracies on the transfer dataset, demonstrating the tremendous potential for the 

nondestructive evaluation of adhesive joints. 

Keywords: Composites; Weak bonds; Nondestructive Testing; Vibroacoustic Modulation; 

Artificial Neural Networks 

1. Introduction 

The application of fiber-reinforced composites for primary structures is widely adopted due to 

their high specific strength, corrosion resistance, and fatigue properties. Nevertheless, the 

lightweight potential for bonding composite structures is not fully exploited since the traditional 

bonding with bolts or rivets introduces substantial stress concentrations around the fastener 

and, therefore, requires a thickened material [1]. Adhesive bonding overcomes these difficulties 

due to the homogeneous stress concentration in the bonding area [1,2]. However, even with 

highly automated processes, contaminations persist, resulting in areas of weekend adhesion. 

Since the weakened bond arises from a changed chemical interaction, magnitudes smaller than 

ultrasonic wavelengths [3], they are hard or even impossible to detect with conventional 

nondestructive testing. The significant reduction of bond strength, coupled with the inability to 

detect these defects, poses a severe threat to structural safety and limits the lightweight and 

application potential [2,4]. 

Numerous studies have been published where weak bonds are created artificially either by 

contaminating the adherent's surface [5–7] or by introducing a non-adhesive film [5,8–10]. 

While the non-adhesive film is detectable by several NDT methods [5,6,8], the release agent 

contamination resembles reality much closer [11] and is more challenging to detect. To the 

author's knowledge, there is no method capable of reliably detecting areas of reduced adhesion, 

preventing the application of adhesives as the main bonding method in primary structures 

[1,4,12,13]. In this regard, applying nonlinear ultrasonic methods has shown promising results 
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in the literature. The vibroacoustic modulation (VAM)—which combines nonlinear ultrasonic 

measurements with a simultaneously introduced vibration— has shown a superior sensitivity to 

damages already on other specimen types [6,14–16]. 

Our prior work [17] showed the ability to detect weak bonds in single lap shear specimens. An 

artificial neural network evaluated the VAM measurements to classify the bonding state. This 

combination has proven superior to the traditional VAM evaluation based on a damage index. 

In recent VAM-related works, the nonlinear modulation—indicating the damage—is divided into 

amplitude and phase modulation. In this work, we quantify whether—based on our extended 

dataset—a weak bond detection, evaluating only these modulation values results in precise 

predictions as well. Furthermore, the transferability and robustness of the old and newly trained 

ANNs are evaluated on the newly manufactured specimen with a different laminate layup.  

2. Introduction 

2.1 Specimen manufacturing 

      

Figure 1. Dimensions of the tested specimen (left). The gray disks illustrate the different 

positions of the piezoceramic actuators. Illustration of VAM (right), where the excitation signals 

on the left result in the modulated signal with higher harmonics and sidebands (adapted [17]). 

Additionally to the 40 original specimens (details in [17]), 14 specimens were manufactured 

according to the same procedure but with a different laminate layup. In contrast to the 3mm 

[04]s glass fiber laminate, the new specimens were made from a 3 mm thick adherent with a 

[0,±453]s layup. The same E-glass fibers and the low-viscosity epoxy system (RIMH135 with 

RIMR137 from Hexion) have been used. The single-lap joints are produced in a secondary-

bonding process with the 2C-epoxy adhesive (Sika-Power-1280). The dimensions follow the 

ASTM D5868-01, as shown in Figure 1 (left). Prior to the bonding process, seven specimens were 

contaminated with a release agent (RA) (Mikon W-64+ from Münch Chemie) in a circular area 

(d=12 mm), creating nondetectable weak bonds in ultrasonic C-Scans. Since the PTFE intrusions 

are detectable with VAM [6,17] and traditional testing methods (e.g. ultrasonic testing), only the 

RA and pristine specimens were newly manufactured and compared. 

2.2 Vibroacoustic modulation method 

The vibroacoustic modulation (VAM) is an active nonlinear ultrasonic method for nondestructive 

testing. It utilizes the modulation of two sinusoidal frequencies. The pump wave has a low-

frequency 𝑓P but high amplitude to alter the stress state in the specimen, especially around 

defects. The probe wave with the high-frequency 𝑓Ca acts as a carrier for the modulated signal 
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[14]. Damages (initial defects, i.e., discontinuities, surfaces, interfaces, etc.) and presumably the 

weak bonds of this work result in a nonlinear modulation of the carrier [15–17].  

Traditionally, VAM is evaluated by calculating the frequency domain from the steady-state signal 

with the Fast Fourier transform (FFT). The nonlinear behavior of the specimen results in a 

superposition of several dominating frequencies. They can be attributed to the unmodulated 

frequencies at 𝑓P and 𝑓Ca, the higher harmonics due to the modulation (𝑛𝑓P ∧ 𝑛𝑓Ca | 𝑛 ∈ ℕ), 

and sidebands around the carrier frequency (𝑓Ca ± 𝑛𝑓P | 𝑛 ∈ ℕ) [14] as shown in Figure 1 

(right). For evaluation, a representative value such as the Modulation Index (MI) is calculated 

from the amplitudes of the carrier signal and first sidebands denoted as 𝐴 [18,19]. 𝑀𝐼 = 20 ∙ 𝑙𝑜𝑔10 (𝐴1++𝐴1−2 ∙𝐴Ca )               (1) 

In recent works, the separation in amplitude modulation (AM) and phase modulation (PM) was 

shown to be beneficial and attributed to different types of damage, which in turn increased the 

sensitivity of VAM. This separation was proposed by methods like the Hilbert-transform [20], 

the Hilbert-Huang-transform [21], the In-phase/Quadrature Homodyne Separation (IQHS) [22], 

and the short-time Fourier-transform (STFT) [23]. Since the STFT provides a significant advantage 

of the lowest computational cost, which is beneficial for the real-world application in sensor 

networks, in the following we analyze whether it could be used for weak bond detection. 

Most works analyze the development of the MI over the specimen lifetime, where the first 

measurement is defined as a baseline. However, comparing measurements from different 

specimens leads to severe differences in signal strength and initial modulation, making 

evaluations a complex endeavor. Hence, as presented later, the data-driven analysis proves 

beneficial for such complex and highly correlated input data. 

2.3 Experimental setup 

To have similar conditions for all measurements, all vibroacoustic measurements were 

performed on a servo-hydraulic testing machine (Instron 8801 with a max. load capacity of 

63 kN). The pumping frequency was chosen as 5 Hz with an amplitude of 11 MPa and a stress 

ratio of 𝑅 = 0.1 due to limitations on the hydraulic valve of the machine and the tensile strength 

of the specimen. The high-frequency ultrasonic vibration was introduced by piezoceramic 

actuator disks (PI-Ceramics 10 x 2mm) attached to the specimen with double-sided tape (Tesa 

56172). A NI-USB 6366 (National Instruments) with a sampling rate of 2 MS/s was used for the 

excitation and monitoring of the piezoceramics. The generated sine was amplified to 12 Vpp, and 

39 equidistant measurements in a range of 200 kHz <𝑓𝐶𝑎< 220 kHz and a duration of 2 s were 

acquired. Furthermore, as shown in Figure 1, the signal path between actuating and receiving 

piezoceramic was alternated, resulting in a total of 234 VAM samples per specimen (39 

frequencies, three pathways, two directions).  

2.4 Machine Learning Application 

As preprocessing, the transient regime (first 0.4 ms) of all measurements was removed. The 

remaining signal (1.996 s) was multiplied with a Hanning window function and afterwards 

transformed with a fast Fourier transformation (FFT) into the frequency domain. This procedure 

resulted in a reduction of spectral leakage and clearly pronounced sideband peaks in the 

frequency domain. For each specimen 𝑗, the amplitude of the sidebands 𝐴𝑗,𝑖± and the carrier 
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amplitude 𝐴𝑗,Ca are stored in a data matrix denoted as 𝐗𝐒𝐁 for the initial and 𝐗𝐓𝐫𝐚𝐧𝐬𝐟 for the 

newly manufactured specimen. The bonding type is stored as the label for the classification in 

vectors denoted as 𝒚 and 𝒚𝐓𝐫𝐚𝐧𝐬𝐟. All amplitudes in dB-scale were normalized so that the mean 

value was set to zero and the standard deviation equals one (Z-score normalization). This 

normalization was calculated for the training set and adapted for the validation set and 𝐗𝐒𝐁. For 

a second dataset 𝐗𝐀𝐏𝐌, the amplitude modulation mj,A and phase modulation mj,P were 

calculated based on the STFT [23].  

The defect detection is implemented as a classification problem in TensorFlow. The optimal 

network architecture for the dataset 𝐗𝐒𝐁 was determined in a randomized grid search as 

described in [17]. Here, the number of used sidebands as ANN-input, the frequency range, and 

the signal path of the measurements were permuted to identify whether some frequencies or 

placements of the piezoceramics resulted in more precise predictions. These results are 

compared to a smaller network (ANN 2) with 16 neurons in one hidden layer (2-16-3 neurons) 

trained on 𝐗𝐀𝐏𝐌. 
All models were evaluated by calculating the accuracy of each prediction, which is defined as accuracy(𝒚, �̂�) = 1𝑛 ∑ 1𝒚𝑖(�̂�𝑖)𝑛𝑖=1  where 𝑛 is the number of samples, �̂�𝑖 is the predicted label of 

the 𝑖-th sample, 𝒚𝑖 is corresponding true label, and 1𝒚𝑖 (�̂�𝑖) is the indicator function which 

returns one if both match and zero otherwise.  

Since the dataset is rather small for the training of deep ANNs, the dataset splitting in the 

training set (80%) and validation set (20%) influences the result. Therefore, every shown result 

from an ANN is the mean of 10 randomized splits. In every split, all measurements of a specimen 

are either in the test or validation set, as this has been shown to increase the reliability of the 

results [17]. 

3. Results and Discussion 

3.1 Vibroacoustic measurements 

 

Figure 2. Boxplots for the Modulation index (left), amplitude modulation (middle) and phase 

modulation (right). 

The vibroacoustic measurements are typically evaluated by calculating the "traditional" MI, as 

shown in Figure 2 (left). Here, the MI is plotted for the 239 measurements of all specimens in a 

boxplot. Indicated by the median value (line inside each box), a differentiation of the PTFE 

specimen of 𝐗𝐒𝐁 is possible even though the standard deviation and interquartile range are 

relatively high. However, the release agent specimen cannot be differentiated from the pristine 
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specimens based on the MI. The mean MI of the new dataset 𝐗𝐓𝐫𝐚𝐧𝐬𝐟 is significantly higher 

compared to 𝐗𝐒𝐁 and closer to the mean of the PTFE specimens, underlining the importance of 

more values to be analyzed. 

Therefore, also the values of the amplitude and phase modulation calculated with the STFT are 

presented. For both values, the modulation of the PTFE specimen is the highest. However, the 

mean AM of the RA specimens is slightly lower and the mean PM is marginally higher compared 

to pristine specimens. However, both differences are negligibly compared to standard deviation. 

3.2 Adhesive Bonding Classification 

To outperform the bond differentiation based on a pure MI evaluation or other indices, shown 

in the previous chapter, more sophisticated data-driven methods were applied to predict the 

bonding. As described in the methods section, we have created two datasets from the 

measurements, where 𝐗𝐒𝐁 contains the normalized sideband values and 𝐗𝐀𝐏𝐌 contains the 

calculated AM and PM value of the signal obtained with the STFT transform. Since the measured 

frequency range is rather big, the ANNs were trained on subsets of 5 neighboring frequencies of 

one piezo combination. The most precise results of the 10-fold cross-validation are shown in 

Figure 3. Note that the used carrier frequency ranges overlap. Hence, each point represents the 

highest achieved accuracy of a frequency obtained for training an ANN with input data from a 

certain frequency range.  

The ANNs trained on the actual sideband values (𝐗𝐒𝐁) were able to predict the bonding type 

reliably. The differentiation between the three classes of specimens is possible with an accuracy 

of 93.4 % if the frequency range of 202.5 − 204.5 kHz and the number of five sidebands on both 

sides and the carrier are used (as marked with the red circles). As discussed in [17], the accuracy 

of the prediction depends on the number of sidebands used as input for the ANN. Less evaluated 

sidebands result in lower accuracies due to less information as ANN input. However, a high 

number of used sidebands results in the ANN overfitting the existing noise. Hence, this number 

has to be chosen carefully. Furthermore, the accuracy is also dependent on the placement of 

the piezoceramic. The asymmetric combinations (P1–P3 and P2–P4) result in high accuracy and 

strong frequency dependence compared to the symmetric layout (P2–P3). This might be an 

effect of the distance to the bond, the signal path length, or more generally the resulting 

eigenmodes of the specimen.  

 

Figure 3. Comparison of the maximal achieved bond line defect classification for different signal 

pathways between the piezoceramics and probe frequencies. Compared are the results for the 

ANNs trained on 𝐗𝐒𝐁 and 𝐗𝐀𝐏𝐌. 
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When training the ANNs solely on the AM and PM values (𝑿𝐀𝐏𝐌) extracted by the STFT, the 

accuracy of the prediction is less accurate compared to the networks trained on the peak values. 

Only a maximal accuracy of 67 % was reached with a maximal value around 206-208 kHz. 

Comparable to the prior results, a dependency on the utilized frequency range is observable as 

well. Nevertheless, the precision of the different piezo combinations is mostly similar. This 

significantly worse behavior can have a variety of reasons. Most importantly, the STFT is based 

on the assumption of a perfect sinusoidal modulation, which might be close but not exactly the 

predominant stress-strain response of the specimens. Furthermore, the STFT evaluates only 

frequency components of 𝑓P and 𝑓Ca. However, as many publications describe, higher harmonics 

also occur as a nonlinear response to damages. Since VAM is evaluated at the steady state of 

the vibration, these higher harmonics are also reflected many times in the specimen and, in turn, 

contribute to the higher-order sidebands as well. For example, the first harmonic at 10 Hz would 

contribute to the second, fourth, and sixth sidebands, the second harmonic in the third and 

sixth. These contributions are not taken into account by the STFT. Finally, the networks applied 

on 𝐗𝐀𝐏𝐌 are smaller compared to 𝐗𝐒𝐁 since patterns in two input values are much easier to 

detect and bigger networks overfit the data resulting in even worse results. 

Interestingly, interchanging the left and right sidebands of the 𝐗𝐒𝐁 evaluation dataset results in 

a mean accuracy decrease of around 28 %. This underlines the relevance of the asymmetries in 

the sideband peaks and results in a similar accuracy comparable to the AM and PM ANN training 

(𝐗𝐀𝐏𝐌), which—as an approximation—does not take all frequency components into account. 

3.3 Transfer of trained models to the new dataset 

Based on the most accurate prediction of 𝐗𝐒𝐁 (piezo combination P2–P4, the frequency range 

of 202.5 − 204.5 kHz, amplitudes of 5 sidebands to each side and of the carrier as input, marked 

as red circles in Figure 3), 50 new ANNs have been trained and saved with randomized splits into 

test and training data of 𝐗𝐒𝐁 to evaluate whether the "learned" patterns are universal and also 

applicable to the specimen with a changed laminate layup in 𝐗𝐓𝐫𝐚𝐧𝐬𝐟. The number of trained 

networks is increased compared to the prior results to further test the robustness. These 

networks reach a mean accuracy of 92,5 %, which is 0.9 % below the results from the previous 

chapter due to statistical reasons of the small dataset, but still underlining the good agreement. 

These networks were now used to predict the bonding state of 𝐗𝐓𝐫𝐚𝐧𝐬𝐟. The combined 

predictions are shown in Figure 4 in a confusion matrix. Note that no PTFE specimens have been 

tested, resulting in only two rows. However, the networks were trained as ternary classification 

and misclassified a marginal percentage of samples as PTFE specimens, as shown in the left 

column. 

The upper-middle and lower-right boxes represent the percentage of correct predictions, while 

the other indicates the wrong predictions. In total, an accuracy of 72.9 % was achieved. 

However, the confusion matrix indicates that the networks tend to classify specimens as 

contaminated, resulting in higher accuracy for the release agent specimen than the pristine 

ones. This could stem from the lower stiffness and therefore changed wave propagation of the 

new composite layup. Furthermore, the high count of fibers in a ±45° direction influences the 

Lamb waves. As discussed by [24], a continuous mode conversation (S to A mode) occurs in 

composites made with twill fabric and possibly other layups. These factors eventually change 
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the measured signal, resulting in slight changes in the modulation, which probably explain the 

near 20% reduction in accuracy.  

 

Figure 4. Confusion matrix of the 50-fold prediction of 𝑿𝑻𝒓𝒂𝒏𝒔𝒇 with ANNs trained on 𝐗𝐒𝐁. 
4. Conclusion  

The evaluation of the vibroacoustic measurements with a machine learning approach, as 

presented in this work, has shown promising capabilities for detecting a reduced adhesion by 

release agent contaminations (or more general weak bonds). The results indicate that the 

nonlinear modulation of ultrasonic waves can detect defects or adhesive properties in the 

interface between adhesive and substrate [19], although the wavelength is in the cm range and, 

therefore, considerably larger than the adhesive layer thickness. The enhanced sensitivity is 

most likely related to the interaction of the cyclic stress change in the bond by the high-stress 

pump frequency and the Lamb-wave characteristics. Larger contaminated regions are likely to 

boost the signal's nonlinear amplitudes, improving ANN accuracy, although contaminations 

smaller than the Lamb wavelength may be more difficult to detect. 

However, just training a network on the extracted values of amplitude and phase modulation 

results in a severe decrease in the reached accuracy. This decrease indicates that the 

information in the sideband amplitudes and the carrier are not completely included in the STFT 

calculations. For example, interchanging the inputs of the most accurate ANN trained on 𝐗𝐒𝐁 by 

swapping left and right sidebands results as well in an average decrease in classification accuracy 

of 28 %, which is in the range of the predictions on 𝐗𝐓𝐫𝐚𝐧𝐬𝐟. 

Predicting the contamination of specimens with the same dimensions but different layup shows 

a decrease in accuracy as well. Presumably, the changes in the laminate structure result in 

altered wave propagations and further effects like a continuous mode conversation of the lamb 

waves. Despite these effects, the ANNs trained on 𝐗𝐒𝐁 were still able to predict the bonding 

state of 𝐗𝐓𝐫𝐚𝐧𝐬𝐟 reasonably well with a more reliable detection of contaminated specimens 

(86 %) while misclassifying roughly 40 % of the pristine specimens. 

To conclude, this supervised ANN approach is suitable for analyzing similar specimens, e.g., in 

mass productions. Hence, the change in specimen dimensions, design, or manufacturing reduces 

prediction quality. However, the examined specimen with the different laminate could be 

classified with an accuracy far beyond a random guess. 
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Abstract: This work presents a computational analysis of AE waveforms resulting from fiber 

break and fiber/matrix debonding in a model composite with a single carbon fiber. In this study, 

Finite Elements Modeling (FEM) is used to simulate AE signals due to fiber break and fiber/matrix 

debonding in a model carbon fiber composite. A specimen made of a single carbon fiber and 

epoxy matrix is tested to experimentally validate the simulated fiber break AE signals. The 

comparison of the AE signals from a validated fiber break simulation to the AE signals obtained 

from fiber/matrix debonding (with several models) and fiber break obtained in several media 

allows to discuss the capability to detect and identify each source.  

Keywords: acoustic emission, composite, modelling, sensor effect, F/M debonding. 

1. Introduction 

 

Composite materials exhibit different damage mechanisms such as matrix cracking, fiber break, 

fiber/matrix debonding and delamination. Real-time monitoring of composite damage may be 

carried out using Acoustic Emission (AE) [1-2]. A main advantage of AE is the possibility to detect 

damage in-situ even at an early stage in a nondestructive manner. However, the main difficulty 

consists in establishing a robust link between the different damage mechanisms and the signals 

acquired by the sensors. AE signals depend on several distinct factors: the damage source,  the 

specimen geometry, the material properties and the type of sensor and instrumentation. 

Modeling and numerical simulations of AE appear as a promising way to establish a quantitative 

link between AE signal and source [3-6]. Giordano et al. [3] developed a model for AE wave 

propagation based on the ray theory, applied in plates with viscoelastic properties. Numerical 

methods were then used to simulate the sources of AE. Dietzhausen et al. [4] investigated the 

dynamic behavior due to a single glass fiber break in a polymer matrix using FEM and carried 

out parametric studies with different matrix material behaviors (elastic, nonlinear elastic and 

elastic-plastic model) and various fiber positions in the thickness of the specimen. Sause et al. 

[6] simulated the AE sources in a composite material using FEM applying a multiscale approach. 

They also considered the different elements of the acquisition chain, thus enabling a comparison 

between the signals obtained numerically and experimentally. Such a quantitative comparison 

cannot be achieved without accounting for the transfer function of the sensor, which can be 

obtained either from the analytical reciprocity method [7] or from multi-physics simulations 

reproducing the interface between the sensor and the material [8]. 

In this study, a specimen made of a single carbon fiber and epoxy matrix [9-10] is used to 

experimentally obtain the fiber break AE signals and to validate the model. A good agreement 

in both time and frequency domains between numerical and experimental AE signals from fiber 

break [9] is obtained. The objective of this study is to extend the proposed model to account for 
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both fiber break and fiber/matrix debonding as well as to identify the main parameters that 

influence the acoustic emission signatures and to discuss the detectability of the sources [10]. 

2. Experimental procedure and numerical simulation. 

2.1 Sample and AE monitoring 

The specimen is made of a single long carbon fiber T700 embedded in epoxy matrix. The 

dimensions of the specimen are shown in Figure 1a. Concerning the AE system, nano30 

piezoelectric transducers are used. The distance between each couple of sensors is 40 mm. All 

recorded signals are filtered in the [20 - 1200] kHz bandwidth. The Single Fiber Fragmentation 

Test (SFFT) is applied on single fiber composite in axial direction, in order to create fiber 

breakage. 

2.2 Fiber break and fiber/matrix debonding simulation 

 

A 3D FE model of the single fiber specimen is set up using AbaqusTM Standard. The fiber and 

matrix behaviors are considered linear, elastic and isotropic. The simulated first fiber break is 

located at the position denoted P2 and 0.5 mm from the top surface (Figure 1c). The nodes lying 

on the fracture plane are doubled so as to enable the surface separation at this location. Several 

cases of debonding between the epoxy matrix and the fiber are studied. It should be pointed 

out that debonding is assumed to occur at the same applied load as the one applied for the fiber 

break (Figure 1). Figure 2 shows different kinetics of debonding for the model A, B, C and D. The 

waveforms (out-of-plane velocity vz) are calculated on several nodes from the epicenter of the 

source to the boundaries of the gauge length on the top surface (Figure 1c). 

 

a)                                                                       b)                                                 c) 

Figure 1. Schematic representation of the specimen (t : thickness) (b) Position of the 

simulated fiber break and fiber/matrix debonding, c) position of the source (P2) and 

position of the simulated signal (blue points). 
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Figure 2. Variation of debonding length as a function of time. (a) Model A: instantaneous 

debonding, (b) Model B: linear progressive debonding, (c) Model C: uniform progressive 

debonding by step and (d) Model D: non-uniform progressive debonding by step. 

The influence of the surrounding medium on the AE signature due to fiber break is also 

investigated. The properties of the matrix material are chosen in order to simulate different 

materials [10] such as polymers (PPMA) or ceramics (SiC or carbone). The values are reported in 

table 1. The comparison between the different matrices cannot be established based on the 

same imposed force because of the stiffness differences. Therefore, the imposed force was 

adapted to ensure the same 2.5% fiber failure strain. 

Table 1. Set of material properties used for FE simulation for several surrounding media. 

Matrix 

Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

Density 

(kg/m3) 

Rayleigh parameters 

R (s−1) R (s) 
DGEBD-

3DCM 
1.41 0.38 1034 50 000 10−8 

PMMA  6.2 0.32 1160 1000 10−10 

Carbone  35 0.22 2200 10 000 3 × 10−9 

SiC  350 0.2 3150 10 000 4 × 10−10 

 

2.3 Sensors simulation and extracted descriptors 

Two types of sensors are considered in the modeling part: a perfect virtual point-contact sensor 

and resonant sensors. The details for the sensor modelling are given in [9-10]. The simulated 

signals are analyzed in time and frequency domain. The main features to be investigated are 

amplitude or energy, frequency centroid (FC), peak frequency (PF) and the partial powers, 

denoted PPi. PPi evaluate the frequency distribution in the signal. They represent the 

percentage of energy contained in separate frequency intervals. For the nano30 sensor, the 

intervals are the following, PP1 [0–125 kHz], PP2 [125–250 kHz], PP3 [250–450 kHz] and PP4 

[450–1200 kHz]. Additionally, the roll-off frequency is also investigated. The interval [0-froll-off] 

contained 95% of the energy of the complete spectrum. 

 

3. Results and discussion 
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The experimental signals and the simulated signals are presented in order to show the validation 

of the modeling approach before expanding this numerical investigation to different media and 

different damage mechanisms. Figure 3a shows the direct comparison between experimental 

signals and simulated signals resulting from fiber break in time domain. Figure 3b shows the 

evolution of two features (amplitude and frequency centroid) versus the distance of propagation 

for the experimental data and the simulated data. We observed a good agreement. Accordingly, 

we can use this simulation to extrapolate the signal recorded in several surrounding media. 

  

a)                                                                                 b) 

Figure 3. a) Comparison between simulated and experimental data obtained with nano 30 

sensor (distance source/sensor 12 mm) b) Amplitude and roll-off frequency vs. source/sensor 

distance for experimental signals and numerical signals with nano30 sensors. 

The effects of the medium on the AE signature of a fiber break are summarized in Figure 4a and 

Figure 4b. The dispersion modes depend on the mechanical properties of the matrix (e.g. 

Young’s modulus, density). The dispersion modes detected in polymer materials are much more 

numerous than in a ceramic material over the same frequency range up to 1 MHz. The 

viscoelastic nature of polymer materials significantly attenuated the frequency compared to 

ceramic materials. Young’s modulus plays an important role in the energy content of the signals. 
The higher the Young’s modulus, the lower the energy content of the signals. This simulation 

confirmed the impossibility to obtain a universal signature for the same fiber break in several 

media. Our study shows that it is not possible to generalize the results of a fiber break signature 

(amplitude and frequency content) to all composite materials. Therefore, it is necessary to treat 

each medium independently.  

We can now use the model to compare the fiber breakage and fiber/matrix debonding. The 

amplitude of the signals resulting from debonding and recorded with a perfect sensor is much 

smaller than that from fiber break, even when the size of the debonding was large (Figure 5). On 

the other hand, instantaneous debonding and fiber break had very similar centroid frequencies 

with perfect sensor. Debonding also generated high-frequency waves but did not excite the 

same modes as did fiber break in the near field. Fiber break rather excited the fundamental anti-

symmetric mode at low frequencies (Figure 6). For F/M debonding we can notice excited modes 

with higher order.  
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a)                                                                          b) 

Figure. 4.  Variation of amplitude a) and frequency centroid b) as a function of distance of 

propagation for the simulated acoustic emission signature of fiber break in several surrounding 

media (perfect sensor).  

 

a)                                                               b) 

Figure 5. a) Evolution of the amplitude versus propagation distance for simulated F/M debonding 

(L=100 mm) and Fiber break (perfect sensor) b) Variation of Partial Power PP1 [0–125 kHz] as a 

function of amplitude obtained with nano 30 sensor for several simulated sources. The 

experimental data are also reported. The acquisition threshold is equal to 30 dB. 

 

a)                                                                             b) 

Debonding Inst. 100 µmFiber breakage

A0
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Figure 6. Simulated dispersion curves (wavenumber k versus frequency f) via 2D-FFT of signals 

due to a) fiber break, b) debonding model A - L=100 mm and recorded along a straight line on the 

top surface of numerical specimen without sensor effect. 

The acoustic signature for debonding is mostly affected by the debonding conditions 

(instantaneous debonding or progressive debonding). The signals obtained with progressive 

debonding have lower amplitude and frequency (Figure 5a). For instantaneous debonding for 

different lengths, the amplitude is affected more than the frequency content (Figure 5b).  

Comparison of the results associated with the perfect virtual point sensor and those associated 

with the nano30 sensor shows that the differences between the amplitudes of the fiber 

breakage signals and those associated with the F/M debonding slightly increase. Nevertheless, 

the response of the nano30 sensor modified the frequency barycenter level compared to the 

perfect virtual point sensor. The frequency centroid values associated with instantaneous 

debonding, linear progressive debonding, and step progressive debonding are higher than those 

of fiber breakage, whereas without the sensor effect, they were almost at the same level. 

The combination of the sensor effect and the acquisition threshold makes it possible to define 

the detectability of the source according to its nature and size. The notion of detectability of the 

source is rarely considered for the labeling of clusters. Moreover, if we assumed a detection 

threshold of 30 dB, which is often experimentally chosen, the simulation showed a very low 

detection of 20 μm debonding as well as 100 μm debonding with Model D. On the other hand, 
for the fiber break for this propagation distance, the detection rate was 100%. This result con-

firms that all the damage mechanisms observed from microscopy may not always be detected 

depending on the position of the sensor. Numerical simulation of AE offers the ability to evaluate 

whether a damage mechanism occurring in the specimen may be detected by the AE system or 

not. 

Finally, in the last part we consider the combination of the 2 damage modes. We model in the 

following part these two combined damage modes by considering that fiber breakage and 

debonding are created simultaneously at the same position. The signals from these two damage 

modes are calculated over a distance of 31 𝑚𝑚 and are then summed for each sensor position. 

The presented signals are calculated for a virtual perfect sensor. In the amplitude / frequency 

centroid plane, the combined damage is compared to the debonding damage and the fiber 

breakage. The evolution of the combined damage and the fiber breakage are superimposed 

because of the difference in magnitude between the amplitude of the debonding and the fiber 

break (Figure 7a). The AE signature due to the combined damage is dominated by the one of the 

fiber breakages.  These results show that we cannot distinguish the signals from fiber breakage 

from those obtained with the two simultaneous damage modes. However, debonding can be 

distinguished from the fiber breakage in particular by the amplitude and the frequency content. 

Even if the frequency centroid is equivalent for different damage types, the interfacial 

debonding can be separated from the other damage modes in an amplitude/partial power plane 

(Figure 7b).  
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a)                                                                                     b) 

Figure 7. a) Frequency centroid versus amplitude, b) PP3 [250-600] kHz versus amplitude. 

Simulation with perfect sensor for fiber break, fiber/matrix debonding (model D - L = 100 mm) 

and combined fiber break and debonding. 

4. Conclusion 

A numerical model of the carbon fiber failure embedded in an epoxy matrix is established. This 

numerical model is validated by comparison with the experimental results. A parametric study 

is carried out in order to identify the effect of the propagation medium on the acoustic signature. 

An extension of this numerical model is also proposed in order to simulate the interfacial fiber / 

matrix debonding. These numerical AE signals can be used in addition to experimental data to 

build libraries for life prediction approaches, based on machine learning methods within a PHM 

(Prognosis Heath Management) approach.  
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Abstract: Due to their versatility, stretchable and transparent electrodes with metallic 

nanowires (NWs) have been used in various electronic fields of wearable and stretchable devices, 

such as light-emitting diodes and displays. Orienting the AgNWs on the transparent substrate 

can overcome the limitation of a trade-off between the optical transmittance and electrical 

conductivity observed at the electrodes of AgNWs with random distribution.  

In this study, the dip-coating method was used to coat and align the AgNWs on 

polydimethylsiloxane (PDMS) substrates according to a coating speed. From microscopy analysis, 

it was observed that the AgNWs on the PDMS substrate were well coated and aligned as 

intended. Additionally, the degree of AgNWs alignment according to coating speed was 

investigated by measuring birefringence characteristics of AgNWs/PDMS composites using 

terahertz time-domain spectroscopy. From the measurement result, the distribution of AgNWs 

on the PDMS substrate can be confirmed using the terahertz inspection method. 

Keywords: Terahertz wave; Ag Nanowires-Polydimethylsiloxane composites; conductivity; 

alignment; Birefringence  

1. Introduction 

The implementation of thin films with transparent conductive material on flexible substrates 

has led to the development of highly efficient sensors in recent years [1, 2]. The transparent thin 

film was used for displays, solar cells, flexible devices, and touch screen panels. Devices with 

thin film have advantages, including low cost, ease of manufacturing, and choice of substrate 

material [3, 4].   

There are candidates for transparent-electrode materials such as Indium tin oxide (ITO), 

single/multi-walled carbon nanotubes (CNTs), graphene, and metallic nanowires (NWs) [5, 6, 7]. 

The ITO widely used for transparent electrodes requires careful fabrication and is vulnerable to 

cracking due to its brittle nature [8]. CNTs and graphene have advantages for high-performance 

transparent electrodes. However, it has a trade-off between its optical transparency and 

resistance property. To improve the conductivity of the electrode, the amount of CNTs and 

graphene in the electrode should be increased [9]. Metallic NWs are good candidates to be 

applied as transparent and flexible electrodes since they show high electrical conductivity and 

mechanical flexibility [10]. The mesh network of NWs can exhibit consistent conductivity even 

at a 100% stretched substrate [11].  
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In recent research, the metallic NWs were coated on the substrate by aligning them to improve 

the flexible and stretching properties of the transparent conductive electrode [12, 13]. By 

orienting the metallic NWs, an additional effect can be obtained which overcomes the trade-off 

between optical transmittance and electrical conductivity in randomly distributed NWs at 

electrodes [14]. 

The electrical conductivity of the transparent conductive electrodes is inspected to ensure their 

performance. The conductivity has been measured using traditional methods such as four-point 

probe measurement and the eddy current method. These methods are not ineffective for 

inspecting the reliability of the transparent conductivity electrode in mass production. The four-

point probe method requires mechanical contact between probe tips and electrode, which 

would lead to damage to the electrode [15]. Due to the edge effect as an inherent characteristic 

of the eddy current, it has a limit on the inspectable area of transparent conductive electrodes 

on substrates, which would reduce the inspection reliability and the usable area of the 

transparent conductive electrode [16]. 

On the other hand, the conductive measurement methods using electro-magnetic waves can 

inspect the electrical properties of the transparent electrode in a non-contact manner and with 

high resolution [17]. Among electro-magnetic waves, the terahertz (THz) wave technique has 

been widely used for the following reasons: The THz waves with a low energy band are harmless 

to the human body and do not cause electrical and mechanical damage to the electrodes [18]. 

In addition, it can be used for roll-to-roll production with a fast inspection time. Also, THz waves 

have the characteristics of penetrating non-metallic materials and reflecting metallic materials.  

In this study, a terahertz time domain spectroscopy (THz-TDS) technique was used to investigate 

the conductivity and degree of distribution of AgNWs on a polydimethylsiloxane (PDMS) 

substrate as shown in Fig. 1. The relation between the reflection behavior of THz wave and the 

conductivity of the oriented AgNWs on the PDMS substrate was analyzed according to the 

coating speed. Additionally, the birefringence characteristics of the AgNWs/PDMS composites 

were obtained from horizontal and perpendicular measurements with the orientation of the 

AgNWs. Based on the result, the orienting distribution of the AgNWs was confirmed according 

to coating condition. 

 

Fig. 1 Schematic for inspecting the transparent electrode with oriented AgNWs via transmission 

mode terahertz time domain spectroscopy 
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2. Experiment 

2.1 Sample preparation 

The fabrication process of the AgNWs/PDMS composites is depicted through four steps as 

shown in Figure 2. In this study, poly-di-methyl-siloxane (PDMS) solution was used as a substrate. 

The PDMS solution (SYLGARD 184) was provided by Dow Chemical (USA), while the 0.5wt% silver 

nanowires-IPA dispersion solution (Flexiowire2020c) was provided by SG Flexio Co., Ltd (South 

Korea). A mixture (v/v, 10:1) of PDMS solution and hardener was mechanically stirred for 10 min, 

and poured into molds with 1.0 mm of engrave as shown in Figure 2(a). The curing process was 

performed for 24 hours at 75 °C. After demolding the PDMS substrate, the PDMS substrate with 

1 mm of thickness was attached to a slide glass to prevent the coating of AgNWs on both sides 

of the substrate as shown in Figure 2(b). After that, the PDMS/slide glass specimen was dipped 

in the 0.1% AgNWs-IPA dispersion solution and pulled up at 0.5-3.0 mm/s as shown in Figure 

2(c). As shown in Figure 2(d), a shear force induced by relative movement between the AgNWs-

IPA solution and the substrate allows AgNWs to be coated on the PDMS substrate parallel to the 

movement.  

 

Figure 2.  Schematic diagram of fabricating AgNWs film on PDMS substrate 

2.2 Characteristics 

In this study, a commercial terahertz time domain spectroscopy (THz-TDS) system (FiCO™, 
Zomega Terahertz Corp.) was used to investigate the optical and electrical properties of the 

AgNWs/PDMS composites as shown in Figure 1. The THz-TDS system is composed of an emitter 

module, a detector module, an optical delay line, and a femto-second layer module. The emitted 

THz signals have a frequency spectrum of 0.1-3.0 THz, in which the signal-to-noise (SNR) ratio is 

over 60 dB. For measuring THz signals, the transmission mode of the THz system was used where 

the emitter and detector module were aligned on a line, and the AgNWs/PDMS composites were 

vertically placed on the THz beam. To measure the birefringence according to alignment of 

AgNWs, the polarized THz signals were irradiated onto the sample perpendicular and parallel to 

the orientation of the AgNWs as shown in Figure 3.  
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Figure 3.  Schematic diagram for birefringence measurement: polarization direction of THz 

angle (a) perpendicular and (b) parallel to the orientation of the AgNWs 

3. Result and Discussion 

3.1 Coverage density and sheet resistance 

When the PDMS substrate was pulled up, the AgNWs were aligned and coated by the shear 

force, which was induced by the relative movement between the solution and the substrate. As 

shown in Figure 4 (a), it can be observed that the AgNWs were well aligned in the direction of 

coating movement when the coating speed was 0.5 mm/s. The coverage densities of AgNWs on 

PDMS were measured according to the coating speed of 0.5-3.0 mm/s using microscopy images 

and image segmentation in MATLAB (R2021b, MathWorks). As shown in Figure 4 (b), it was 

confirmed that the coverage density was affected by the coating speed because the slow 

movement of pulling up allows the silver nanowire to attach better to the PDMS substrate. 

Therefore, as the coating speed was increased, the coverage density was gradually decreased. 

Accordingly, a high coverage density was found to have a relation with the increase of reflection 

ratio of terahertz waves and the decrease of the sheet resistances.  

 

Figure 4. (a) Microscopy image for calculating the coverage density of AgNWs at the coating 

speed of 0.5 mm/s and (b) Measurement results of the coverage density and sheet resistance of 

AgNWs/PDMS composites according to the coating speed  
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3.2 Effect of alignment distribution on birefringence  

In this study, the influence of the AgNWs alignment degree on the optical properties was 

investigated by birefringence. Figure 5 (a) shows a comparison of THz wave measurement results 

parallel and perpendicular to the polarization direction of THz waves. The peak time of THz 

waves parallel to the AgNWs was more delayed than those perpendicular to the AgNWs when 

the coating speed was 0.5 mm/s. Since the thickness of the sample was the same by measuring 

the same point, the angle between the polarization of the AgNW and the terahertz wave 

affected the time delay. The refractive index (�̅�𝑠(𝜔) = 𝑛𝑠 − 𝑖𝜅𝑠) of AgNWs/PDMS composites 

with a thickness of d can be calculated by phase difference (𝜑(𝜔)), which was extracted from 

the fast Fourier transformation of reference and sample THz signals as below, 𝑛𝑠(𝜔) = 𝜑(𝜔) ∙ 𝐶𝜔∙𝑑 + 1                                                                                                                            (1) 

where c and 𝜔 are the speed of THz waves and the anglur frequency of THz waves, respectively. 

Figure 5 (b) shows the refractive index extracted from parallel and perpendicular measurements 

when the coating speed was 0.5 mm/s. Over the frequency range of 0.4–2.0 THz, the parallel 

refractive index was higher than the perpendicular refractive index. This means that the AgNWs 

parallel to the polarization direction of THz waves have an effect on THz waves propagating 

slowly. In other words, the aligned AgNWs/PDMS composites have the characteristics of a 

birefringence material. 

 

Figure 5. Comparing results of terahertz wave measurements parallel and perpendicular to 

AgNWs alignment when the coating speed was 0.5 mm/s : (a) THz waveform in time-domain 

and (b) refractive index in frequency-domain 

The birefrigence ∆𝑛𝑠 was calculated by difference of refractive index between parallel (𝑛𝑠,𝑝𝑎𝑟) 

and perperndicular (𝑛𝑠,𝑝𝑒𝑟) measurement as below, ∆𝑛𝑠(𝜔) = 𝑛𝑠,𝑝𝑎𝑟 − 𝑛𝑠,𝑝𝑒𝑟                                                                                                                          (2) 

From the study [13], the coating speed of AgNWs would affect the degree of alignment 

distribution due to the shear force. When the coating speed is slow, the AgNWs are provided 

sufficient time to be aligned parallel to the coating dicrection. As shown in Table 1, the 

birefringence phenomenon can be observed at all cases of coating speed and the birefringence 

phenomenon stand out at slower coating speed due to the well aligned AgNWs.  
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Table 1: The calculation results of birefringence characteristics of the AgNWs/PDMS composites 

Coating speed (mm/s)  Birefringence (0.8 THz) Birefringence (1.2 THz) 

0.5 0.0201 0.0226 

1 0.0107 0.0119 

2 0.0074 0.0085 

3 0.0036 0.0039 

 

4. Conclusion 

In this study, the AgNWs were coated on the PDMS substrate using the dip-coating process to 

align the AgNWs in the direction. The range of coverage density was about 24–32% according to 

the coating speed. It was confirmed that the coating speed affects the coverage density of the 

AgNWs and the resistance of the electrode due to the shear force between the substrate and 

the solution. Additionally, the degree of AgNWs alignment can be affected by the coating speed. 

This can be confirmed by the birefringence of AgNWs/PDMS composites using non-destructive 

evaluation of the pulsed THz system. It is expected that the coverage density related to the 

electrical conductivity as well as the degree of alignment of the AgNWs can be inspected using 

THz-TDS. Therefore, THz wave inspection technique can be applied to roll-to-roll manufacturing 

due to its characteristics including non-contact, fast inspection time, and safety. 
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Abstract: With an exponentially growing Carbon Fiber (CF) market the recycling of those 

material gains traction quickly. One way is to reuse the reclaimed CF as nonwoven in semi-

finished products. In this study an eddy current testing method is investigated for the 

characterization of the properties of a CF-nonwoven. A novel anisotropic sensor is used to 

evaluate the orientation of the carbon fibers in the nonwoven. In addition, the fiber areal weight 

(FAW) and the fiber volume content (FVC) of the CF-nonwoven mixed with thermoplastic fibers 

(TF) was measured. The measured orientation of the CF in the nonwoven, was validated via 

mechanical testing after consolidation and showed good correlation. The results obtained by 

eddy current testing for the FAW measured as nonwoven was deviating 6,5%. Furthermore the 

CF volume content of the nonwoven containing CF and TF can be determined with about 4,7 % 

deviation with eddy current testing. 

Keywords: Recycling; Carbon Fibers; Nonwoven; Eddy-current; NDT  

 

1. Introduction 

Eddy current testing is widely used in the field of carbon fiber reinforced plastics (CFRP), but only 

in the case of continuous fiber reinforced materials, which means for CFRPs, they are made of 

virgin carbon fibers [1-3]. Since the recycling of carbon fibers gains more and more importance 

due to rising usage of CFRP not only the non-destructive testing of the first lifecycle products is 

necessary but also the non-destructive testing of second lifecycle products is progressively 

needed [4,5]. These products made of recycled carbon fibers (rCF) are often made from 

nonwoven material, which can contain either only rCF as a 100% rCF product or also a 

thermoplastic component, usually as a thermoplastic fiber [6-8]. A typical process to consolidate 

hybrid nonwoven material to CFRPs is hot pressing. A 100% rCF nonwoven is normally infiltrated 

by a thermoset resin and then hardened in a RTM process or similar ones like wet compression 

moulding. The aim of this study is to show the potential of eddy current testing for CF-nonwoven 

in terms of measuring the fiber areal weight, the fiber volume content and the orientation of 

the carbon fibers in the nonwoven. Those three characteristics of a nonwoven are very 

important for the resulting mechanical properties of the consolidated CFRP. Measuring and 

regulating the three parameters during nonwoven production has a huge potential to increase 

the quality of the semi-finished product. In this study the feasibility of this method is investigated 

by using a novel anisotropic eddy current sensor at lab scale. 
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2. Materials and methods 

The eddy current device used for the main measurements of the presented article is EddyCus® 

CF lab 4040 with the related software EddyCus® CF lab Control by the company SURAGUS GmbH, 

Dresden, Germany. The device includes two coils in a transmission arrangement. The coils 

themselves are oriented, meaning focused, with higher sensitivity along the x axis. This enables 

the determination of fiber orientation. The applied frequency is located between 5 and 30 MHz. 

The detected eddy current signal can be translated as the relative amount of carbon fibers. The 

eddy current measurement was conducted at, 4x4 grid, in total 16 points per nonwoven 

specimen. At each of these locations, four angles were measured. The eddy current signal in 0°, 

45°, 90° and 135°. This was done by manual rotating the specimen between the sensors. For 

each of these points the orientation of the fibers was calculated by dividing the 0°-value by the 

90°-value. This leads to the orientation ratio, often called MD/CD-ratio (machine direction/cross 

direction). The MD/CD-ratio is commonly used to describe nonwoven orientation. Besides 

calculating the orientation-value at each point, the mean value from all four measured angles 

was calculated to get a reliable value for the amount of carbon fiber in the nonwoven at each 

measured spot. Furthermore, to verify the orientation measurement via eddy current testing, a 

mechanical characterization via four-point bending of CFRP-plates was conducted. 

For pre-tests a virgin carbon-fiber uni-directional (UD)-textile from the company SGL Carbon, 

Meitingen, Germany, with the tradename Udo UD CS 300/300 was used with an areal weight of 

300 g/m². The carbon fiber nonwoven used in this study were produced by Institut für 

Textiltechnik Augsburg gGmbH (ITA Augsburg), Augsburg, Germany. The materials were made 

of 100 % carbon fiber as well as mixtures of carbon fibers with thermoplastic fibers as either 

polyamide 6 (PA6) fibers or polyethylenterephtalate (PET) fibers. Therefore the carbon fiber 

CarboNXT chopped 60.000 NP5 R from the company Mitsubishi Chemical Advanced Materials, 

Wischhafen, Germany, was used, which origins from cut-off waste and has the mechanical 

properties of a high tenacity carbon fiber. These cut-off CFs were used for the 100% rCF-

nonwoven and hybrid nonwovens containing polyamide 6 P300 from EMS Chemie AG, 

Dormat/Ens, Switzerland, or PET T290 by the Trevira GmbH, Bobingen, Germany. For the PET 

containing nonwoven the rCF-volume content was varied between 20 % and 30 % with three 

different types of nonwoven containing either 20%, 25% or 30% carbon fibers. For orientation 

measurements a hybrid nonwoven made with the pyrolysed carbon fiber Carbiso C SM45R by 

ELG Carbon Fiber Ltd., Coseley, UK and P300 PA6-fibers was used. The rCF volume content of 

this used hybrid nonwoven was 30%. The used thermoplastic fibers are shown in Table 1. 

Table 1. Thermoplastic fibers and their textile properties. 

Type Length [mm] Fineness [dtex] Crimp [B/cm] Code 

P300 40 1.7 8 P300 

TREVIRA® 290 60 6.7 4 T290 
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3. Results 

3.1 Pre-Tests with UD-Material 

First the sensitivity of the novel eddy current sensor on orientated carbon fibers is investigated, 

by measuring unidirectional fabrics. The measurement setup is shown in Figure 1 on the left 

side. On the right side, the dependency of the measured eddy current signal on the fiber areal 

weight is shown.  

 

Figure 1. Measurements of carbon fiber UD-layers show that the sensor is sensitive to the fiber 

orientation and to the fiber areal weight. 

Figure 2 shows the polar-diagram of the UD-fabric on the left side and a polar diagram of a 

slightly orientated nonwoven made of rCF and PA6-fibers. By the measurement of different 

amounts of UD-fabric layers it is demonstrated that on one hand the eddy current signal 

increases with more carbon fibers and on the other hand the eddy current value in 0° orientation 

of the sensor to the UD layers is highest and in 90° orientation lowest. This shows the potential 

of the sensor to measure the carbon fiber orientation.  

  

Figure 2.  On the left an eddy-current orientation measurement at UD-layers of a carbon fiber 

fabric is shown. On the right an orientation measurement of a slightly orientated hybrid-

nonwoven made of rCF and PA6-fibers. 
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When measuring a slightly orientated nonwoven, it can be noticed that the CF-orientation in 0° 

is higher than in 90° orientation. Measuring the orientation of carbon fibers and the carbon fiber 

areal weight by this eddy current sensor in nonwovens are further investigated in the following 

chapters. 

3.2 Fiber areal weight determination of 100% rCF-nonwoven (cut-off waste) 

To verify the usability of the sensor for determining the carbon fiber areal weight of nonwoven 

for e.g. quality control in a textile production line the following investigation is conducted. There 

are nonwoven made of 100% rCF tested with areal weights ranging from 150 to 750 g/m². A 

linear model is used for creating an equation to determine the fiber areal weight of samples by 

using the measured eddy current signal. This can be seen in Figure 3. It was found that the fiber 

areal weight of test samples can be determined with an accuracy of on average 6,5 % by using 

the linear model.  The single values are visible in Table 1. 

 

Figure 3. Dependency of eddy current signal on the carbon fiber areal weight of nonwoven.  

Table 1. Weighed values, calculated values and values for the deviation of the used test samples. 

ID number 
Weighed fiber areal weight 

[g/m²] 

Calculated fiber areal weight 

[g/m²] 

Deviation 

[%] 

1 152,3 159,3 4,6 

2 159,2 170,0 6,8 

3 361,4 409,0 13,2 

4 368,6 385,6 4,6 

5 618,8 598,7 3,2 

6 625,6 582,9 6,8 
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Intersection with 
the y-axis

-0,36902 ± 0,15241 0,07304 ± 0,28406

Slope 0,01142 ± 3,55036E-4 0,01034 ± 6,66671E-4

R² (COD) 0,97456 0,98364
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Differences in the weighed and calculated values might be caused by inhomogeneities of the 

nonwoven material, overall there is a good correlation between weighed and calculated 

values. 

3.3 Carbon fiber volume content determination of mixed nonwoven made of rCF (cut-off 

waste) and PET 

Often there are hybrid nonwove made of carbon fibers and plastic fibers and a quality control 

of those during production is necessary. Therefore here the carbon fiber volume content (FVC) 

is evaluated and measured with the eddy current sensor. After the eddy current measurement 

nonwovens are pyrolysed to determine the amount of rCF and the FAW of the rCF in the hybrid 

nonwoven. The pyrolysis basically burns of the PET and leave the CF blank. In order to obtain 

the FVC, one simply has to weigh the nonwoven before and the remaining CF after pyrolysis. By 

converting the fiber areal weight of PET and rCF with the help of the densities of both materials 

like shown in Eq. 1 the fiber volume (FV) per m² is obtained. By dividing the FV per m² for rCF by 

the FV per m² of both rCF and PET the FVC is obtained. 𝐹𝑉 𝑝𝑒𝑟 𝑚2 = 𝐹𝐴𝑊𝜌                   (1) 

The next Figure 4 shows the fiber areal weight of the nonwoven after pyrolysis, so the FAW of 

the CF in the nonwoven. This means by using the shown calibration curve the fiber volume 

content of the carbon fibers can be determined just by measuring the eddy-current signal of the 

nonwoven and their weight, containing both, thermoplastic and carbon fibers, the results are 

shown in Table 2, the calculated values are obtained with the help of the calibration curve and 

compared to the values obtained by pyrolysis. The deviation of the calculated rCF-volume 

content from the rCF-volume content obtained by pyrolysis of the test samples is in average 

4,7%. 

 

Figure 4. Dependency of eddy current signal of the carbon fiber areal weight of hybrid 

nonwoven. 
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Table 2: Determined FVC values by pyrolysis, calculated values FVC by eddy-current 

measurement and values for the deviation of the used test samples. 

ID 

num-

ber 

FV per m²-PET 

obtained by 

pyrolysis 

[cm³/m²] 

FV per m²-rCF 

obtained by 

pyrolysis 

[cm³/m²] 

FV per m²-PET 

obtained by eddy 

current testing 

[cm³/m²] 

FV per m²-rCF 

obtained by eddy 

current testing 

[cm³/m²] 

FVC-CF 

obtained by 

pyrolysis [%] 

FVC-CF 

obtained by 

eddy current 

testing [%] 

Deviation 

[%] 

1 142,33 32,41 143,51 31,49 18,55 18,00 2,97 

2 144,18 33,03 145,95 31,66 18,64 17,83 4,37 

3 139,48 33,76 142,54 31,39 19,49 18,05 7,40 

4 114,91 39,92 111,52 42,55 25,78 27,62 7,11 

5 121,51 42,17 120,58 42,89 25,77 26,24 1,83 

6 116,43 41,01 113,72 43,11 26,05 27,49 5,52 

7 114,06 49,93 115,80 48,58 30,45 29,55 2,94 

8 112,02 51,35 116,14 48,16 31,43 29,31 6,75 

9 111,34 49,00 113,11 47,62 30,56 29,63 3,05 

 

The measurement of the FVC of the rCF in the hybrid nonwoven with the eddy-current sensor is 

very promising and shows just slight deviation from the value obtained by pyrolysis and weighing 

of the samples.  

3.4 Measurement of carbon fiber orientation in CFRPs made of rCF and PA6 

To verify the measurement of the carbon fiber orientation in the rCF-PA6 nonwoven by eddy 

current testing two different CFRP plates were hot pressed and mechanically characterized via 

four-point bending tests. Besides mechanical tests, the unpressed nonwoven and the hot 

pressed CFRP were characterized with the eddy-current sensor. All tests are conducted at the 

same spot on the nonwoven and respectively the CFRP, in order to ensure that both methods 

are used at identical locations. The mechanical tests are conducted at octagon-shaped samples 

shown in Figure 5. They were only bend within the linear elastic part of the bending curve, to 

ensure the parts integrity for all four directions (0°, 45°, 90° and 135°), so that the youngs 

modulus ca be used for the evaluation of the bending tests. This means that the octagon samples 

are not tested until failure. The anisotropic plate 1 and the isotropic plate 2 are made of 10 

nonwoven samples for each plate, which are hot-pressed to make a 2 mm thick consolidated 

CFRP. The only difference between both plates is, that the slightly orientated nonwoven is 

always stacked in the same direction for plate 1 but for plate 2 every second layer is rotated by 

90 degrees to achieve an isotropic CFRP. 

 

Figure 5 : Octagon test sample (left), stacking order for plate 1 and 2 (middle and right). 
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The results show that the orientation of the fibers in the nonwoven is correctly predicted by the 

eddy current sensor. The measurement of the orientation of the fibers in the unpressed 

condition with eddy current sensor is very similar to the mechanically determined orientation 

of the fibers, see Figure 6 and Figure 7. The eddy current measurement at the pressed CRRPs 

shows nevertheless the same orientation direction for the carbon fibers compared to the 

mechanical investigation but with a smaller ratio. The reason could be the pressed form, which 

results in more electrical connections points of the same amount of fibers. Hence, the electrical 

resistance for hot-pressed parts is generally lower than for unpressed nonwovens. Hence, this 

leads to a lower MD/CD-ratio. The isotropic plate shows that the eddy current measurement of 

both plate and nonwoven is very similar to the mechanical characterization. 

  

Figure 6 : Polar diagram of orientation measurements determined by bending test and eddy 

current test of plate 1 (left) and plate 2 (right) 

 

Figure 7 : MD/CD ratios of plate 1 (left) and plate 2 (right) determined by bending test and 

eddy current test. 
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4. Conclusion 

The results demonstrate the potential of the eddy current characterization for rCF-nonwoven as 

semi-finished products. The fiber areal weight and the fiber volume content can be measured 

with low deviation from the real value, when using the SURAGUS eddy current sensor of the 

company Suragus GmbH, Dresden. As a next step the measurement of both values should be 

done during production of a nonwoven. For example a carding or wet-laying process. Also, the 

measurement of the fiber orientation in the nonwoven and in the CFRP was confirmed via 

mechanical testing. Being able to measure the orientation – a key quality parameter - in early 

production steps allows to influence and monitor this values. The orientation plays a significant 

role for the mechanical performance of CFRP made from semi-finished rCF products. 
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Abstract: In this study a new approach regarding Structural Health Monitoring (SHM) of 

composite materials is investigated since a Thermoelectric Generator (TEG) is utilized as a 

strain/damage sensor. To this end p- and n-dopped CNT inks were printed with the appropriate 

architecture onto a glass fiber substrate, that was then incorporated as the top ply lamina of a 

Glass Fiber Reinforced Polymer (GFRP) laminate. Specimens were extracted and subsequently 

tested under static and dynamic loading, while concurrently their electrical resistance change 

was measured. Identical mechanical tests were carried out, this time however the generated 

electrical current was measured. Results revealed that both monitored parameters, namely the 

resistance and the current, provide information about the structural integrity of the composite, 

thus making a step towards autonomous SHM  

Keywords: Energy harvesting; SHM; Sensing 

1. Introduction 

During the last decades, the use of composite materials has rapidly increased in various critical 

applications, replacing metals to a certain degree. Composites, offer higher specific strength, 

superior fatigue behavior, and tailorable mechanical properties, hence making them attractive 

in specific industries such as aerospace. [1] However, their complex nature in combination with 

the multiplicity of damage mechanisms that they display [2] calls for the development of reliable 

methods to monitor their structural integrity. SHM in comparison with traditional Non-

Destructive Evaluation (NDE) methods is capable of providing continuous and real-time 

information about the structural health of materials [3]. The goal of such a monitoring system is 

to make structures safer, while in parallel minimizing their maintenance cost [4].  

With the ever-increasing use of composite materials, along with the increasingly significant 

energy consumption problem it is of great importance to develop appropriate SHM techniques, 

requiring neither external sensors nor an external power supply to function. A well-established 

method to detect and characterize damage in electrically conductive composites is the Electrical 

Resistance Change Method (ERCM). Considering that an inherent property of the material is 

measured, the ERCM falls under the scope of self-sensing. When monitoring the resistance 

change, strain manifests itself as a linear increase, while resistance increases in a stepwise 

manner when damage occurs. [5-7]. 

The ERCM can also be applied to appropriate modified GFRPs that are normally not conductive 

but can be rendered as such with the addition of electrically conductive nonofillers, such as 

Carbon NanoTubes (CNTs) [8-9]. Alternatively, a conductive path printed or deposited onto the 

material could serve as a strain and damage sensor [10-11]. 

540/1211 ©2022 Koutsotolis 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:l.koutsotolis@uoi.gr
https://doi.org/


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

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

©2022 1

Apart from SHM another significant problem that modern constructions face is that of energy 

consumption, as large amounts of energy is dissipated as heat. A possible solution to this may 

provide the thermoelectric (TE) effect, where temperature difference is directly converted into 

electric voltage. A composite endowed with the functionality of thermal energy harvesting could 

alleviate the energy loss problem, making as a consequence structures environmentally and 

economically more viable. Several recent studies have reported on such multifunctional 

composites [12-14]. Regarding the materials comprising the TEGs there are many options such 

as PEDOT [15], but more recently CNTs, being inherently multifunctional, were employed in 

order to fabricate generators [16-18]. When combining the functionalities of SHM and energy 

harvesting that the CNTs bestow upon composites with their primary load-bearing purpose 

smart of multifunctional materials emerge. 

Taking the above into consideration, the scope of this study was to utilize the two 

aforementioned functionalities that specifically engineered composites can offer. Therefore, 

dopped CNT inks were printed with the appropriate architecture onto the surface of glass fiber 

fabrics. Subsequently these fabrics were laminated as the top-ply lamina of cross-ply 

composites. Afterwards tensile specimens were cut from the plates. The TEG-enabled GFRP 

specimens were subjected to tensile and fatigue testing. Firstly, the efficiency of the TEGs was 

measured at specific load cycle intervals, in order to assess damage accumulation and its 

subsequent effect in energy harvesting. Then the whole process took place on-line, meaning 

that a real-time and continuous monitoring of the TEGs’ behavior was carried out. This was 

implemented in two distinct ways. The first one was by employing the ERCM and measuring the 

change in the electrical resistance of the TEGs. The second manner, and here lies the innovation 

of this study, was by measuring the electrical current generated by the TEGs upon being exposed 

to a constant temperature difference. Thereby the procedure was zero-biased, since no external 

voltage was applied but the material itself provided the electrical current that was to be 

measured. 

2. Experimental Section 

2.1 TEG printing and laminate manufacturing 

The materials and process to prepare the p-and n-doped CNTs thermoelectric inks can be found 

in [19]. After preparation the inks were appropriately deposited by hand onto a unidirectional 

glass fiber substrate obtained from Fibermax (Greece). The printing process took place on a hot 

plate for the inks to dry and was assisted with a vinyl mask. The architecture of the TEG involved 

alternating p- and n-type thermoelectric legs, electrically connected in series and thermally in 

parallel. This architecture is described in detail in [18] and has the potential of high-power 

outputs since the contact resistance between thermoelectric elements is minimized [17]. Then 

the TEGs were incorporated into cross-ply GFRP laminates with [90/0]2s layup. The fabrics 

bearing the TEGs were then used as a top ply lamina, so that the mechanical performance of the 

composites would not be affected [20]. The manufacturing of the composites was carried out 

by hand using the Araldite LY5052 resin system acquired from Huntsman Advanced Materials 

(Switzerland). After layup the laminates were positioned in to a hot press and cured for 24 hours 

at 25 oC, followed by a 4 hour post-curing at 100 oC under 3 MPa applied pressure. Tensile and 

fatigue specimens of 240x35x2 mm3 were extracted from the laminate on which GFRP tabs were 

attached. The specimens tested at fatigue loading had their edges polished. As electrical 

measurements were afterwards to be carried out cooper wires were attached to the two edges 
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of the TEGs with the RS Pro conductive silver paste (UK). The TEG printing and composites 

manufacturing procedure is depicted in Figure 1. 

 

Figure 1: TEG printing and specimen manufacturing process. 

2.2 Mechanical testing and TEG output degradation 

Monotonic tensile testing was conducted according to ASTM D3039 on an Instron 8800 

Universal Testing Machine equipped with a 100kN loadcell to define the ultimate tensile 

strength σt, the fracture strain εt and the elastic modulus. Five specimens were used, whereas 

testing was performed at a constant displacement rate of 2 mm/min.  

Tension-tension fatigue loading was conducted on the same testing machine as per ASTM 

D3479. The load ratio R was set at 0.1 and a frequency of 5 Hz was used. Two different scenarios 

were investigated. More precisely, in the first one a TEG-enabled specimen was subjected to low 

stress, i.e., 20% of σt so as not to induce mechanical degradation, while the second specimen 

was tested under a stress equal to the 40% of σt. The thermoelectric characteristics of the 

specimens, namely the internal resistance RTEG, the produced voltage VTEG, and the generated 

current ISC were measured prior to testing under an applied temperature difference of 75 oC. 

Every 5000 cycles the specimens were unmounted from the testing machine and had their 

output characteristics measured again. This was done in order to assess the degradation that 

dynamic loading induces to the thermoelectric performance of the material. 

To carry out the thermoelectric measurements a longitudinal side of the TEG was placed onto a 

hot plate operating at 100 oC, while the remaining part was positioned on a cool metal block to 

achieve the desired temperature difference of 75 oC. For the electrical measurements the 

Agilent 34401A6½ digital multimeter was utilized, employing the two-probe method. 

2.3 On-line monitoring 

In order to exploit the printed TEG to achieve stain and damage sensing, electrical 

measurements were carried out during mechanical testing. This was achieved with two different 

approaches. Initially the ERCM was applied, and the internal resistance was measured. The 

second approach took it a step further as the generated current was measured. In this way, zero-

biased measurements were performed since the sensor was powered up by the harvested 
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energy. To perform this a metallic thermal heater was attached onto a longitudinal side of the 

TEG and was thermally activated via the Joule effect. For online monitoring the specimens were 

subjected to tensile and fatigue loading of 3 Hz and σ= 0.6σt, while their electrical characteristics 

were measured in real time. The whole procedure is summarized in Figure 2. 

 

Figure 2: Schematic diagram of electrical SHM performed on TEG-enabled specimens. 

3. Results and Discussion 

3.1 Mechanical testing and TEG output degradation 

Specimens failed at 418.57 ± 6.25 MPa, corresponding to a 3.45 ± 0.04 % strain, while the elastic 

modulus of the material was 17.0 ± 0.1 GPa. The effect that the application of dynamic 

mechanical loading had on the output characteristic of the specimens is presented in Table 1. 

Table 1: Thermoelectric output performance at specific fatigue cycle intervals. 

Stress level Cycles RTEG (Οhm) VTEG (mV) ISC (μΑ) 
20% 0 200 41 258 

5000 200 42 258 

10000 198 42 258 

15000 198 41 257 

20000 192 38 220 

25000 195 37.5 222 

40% 0 203 44.5 274 

5000 204 44 251 

10000 206 37.9 217 

15000 215 40.1 223 

15977 ∞ 0 0 

 

It is observed that testing at 20% of σt did not result in specimen failure up to the 25000 cycles, 

while the application of a 40% stress level led to complete failure of the specimen at 15977 

cycles. As cracks due to fatigue occur and propagate [21] the TE performance is adversely 

affected. In more detail, the material degradation resulted in an increase in the internal 

resistance RTEG. Contrariwise both the generated voltage VTEG and the current ISC decreased with 
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damage accumulation. These findings can be clearly distinguished in the loading scenario of 40%, 

where the material ultimately failed. Such behavior was on the contrary barely observed with 

the low stress level, where the RTEG remained practically constant, and the output characteristics 

decreased only slightly. This was to be expected since the applied stress remained low enough 

to induce only small damage if any at all. With ultimate failure of the tested specimen came a 

total disruption of the conductive path, therefore their electrical resistance reached an infinite 

value, while the current dropped to zero.  

3.1 On-line monitoring 

Figure 3 depicts the stress-strain curve of the specimen under tension in conjunction with the 

relative resistance change ΔR/Ro of the TEG. From the diagram it becomes clear that the printed 

TEG has the potential to act as a strain/damage sensor to fulfil SHM purposes. This is feasible 

due to the relative high conductivity of the printed path. Furthermore, because the TEG was 

incorporated into the composite it followed its deformation. As a result, electrical resistance 

provided information about both the strain and the damage that occurred. As the specimen was 

deformed due to tensile loading and its length increased, the length of the conductive path also 

increased, resulting in a rise in electrical resistance. At the moment of fracture, the conductive 

path was disrupted resulting in an abrupt resistance increase [5, 9]. It is mentioned here that 

the information about the structural integrity refer only to the damage developed in the outer 

lamina since the measured conductive path was located there. Therefore, damage occurring into 

the material such as delaminations could not be detected. From the joined diagram it can be 

deduced that prior to final failure the conductive path experienced no other damage. 

 

Figure 3: Stress-strain curves of the TEG-enabled specimen during tensile testing coupled with 

electrical measurements. a) Relative resistance change. b) Relative change of the generated 

current. 

In Figure 3 b the stress-strain curve is plotted together with the relative change of the generated 

electrical current ΔΙ/Ιο. The expected behavior would be a linear decrease in current, being 

inversely proportional to the RTEG. Additionnaly it should be further affected by the structural 

condition of the TEG due to accumulated damage. Moreover, the generated voltage strongly 

depends on the applied temperature difference [13]. Therefore, even minor temperature 

fluctuations can lead to current changes larger than the ones deriving from the change of the 

electrical resistance. In Figure 3b a decrease in the relative current change can be partially 

recognized. Only an area within the middle of the diagram decreases, while the two outer parts 

are characterized by an increase of the generated current. This owns probably to the fluctuation 
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of the thermal difference generating the current. Consequently, only a part of the curve reliably 

reflects the structural condition of the material. The small fluctuations that are present in the 

curve are attributed to the random small oscillations of the applied ΔΤ. It is noted that these 
temperature oscillations could not be avoided, since the TEG was heated in real time with an 

externally applied heater the temperature of which was not strictly controlled. Finally, at 

specimen breakage the generated current dropped to zero as the conductive path existed no 

more. Therefore, with this approach it was possible to detect the final failure of the material via 

a zero-biased electrical method. The strain monitoring on the other hand is as discussed not so 

reliable due to high sensitivity on temperature difference.  

The electrical response of the TEG during fatigue testing is depicted in Figure 4. The diagram in 

Figure 4a illustrates the overall change in resistance throughout the test, namely from the initial 

preloading stage to the final failure. The load level of 60% was chosen in order to allow for a 

relative slow damage accumulation that could be easily monitored. Initially, a sharp linear 

increase in resistance was observed, corresponding to the deformation of the material during 

preloading. Then as the specimen was subjected to dynamic loading the resistance showed a 

linear increase with a much smaller slope than the preloading area. This small but steady 

increase in resistance is related to microdamage accumulation and stiffness loss [7, 21]. As 

previously, final failure was manifested by a stepwise increase in resistance at the end of the 

curve. Looking at the magnified image in Figure 4a, it is seen that the electrical resistance closely 

follows the deformation of the specimen. In summary, the relative change in electrical resistance 

during dynamic loading proved a sensitive and reliable index of the material’s structural 
integrity, providing information about strain, damage accumulation and final failure. 

 

Figure 4: Electrical behavior of the TEG-enabled specimen during fatigue loading. a) Relative 

resistance change. b) Relative change of the generated current. 

Figure 4 b illustrates the relative change in the generated electric current ΔΙ/Io by means of 

thermal energy harvesting during fatigue loading. As seen, the generated current gradually 

decreased, displaying an almost linear behavior. This reduction corresponded not only to the 

increase in the internal resistance (Figure a) but to a possible drop of the TEG’s efficiency as well. 
Both of these phenomena were owing to the microdamage accumulation during fatigue. The 

zoomed part of the curve shows that the values of the current followed the oscillations of the 

applied stress, thus serve as strain sensor. It can also be noticed that the current values deviate 

from this behavior at an area around 1500 cycles, marked with a red cycle and accompanied by 

the indication ΔΤ = 2 οC, where a distinguishable oscillation exists. This temperature difference 
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originated from turning off and then on again the air-condition, while the room temperature 

was measured. This was purposely done in order to confirm the previous findings. It is therefore 

concluded that even a small change in the applied ΔΤ has a stronger effect on the generated 
current than the changes in resistance due to damage. This means that for TEG to operate as a 

self-powered SHM sensor, a constant applied temperature difference is of outmost importance. 

4. Conclusion 

The objective of this work was to explore the possibility of utilizing a TEG incorporated into a 

composite material to achieve SHM. For this reason, initially the ERCM was employed, and the 

internal resistance of the printed TEG was measured online. Results that arose from both static 

and dynamic loading showed that the relative change in the internal resistance is directly related 

to its structural integrity. The strain of the material was demonstrated as a linear increase in the 

resistance while final failure of the material was accompanied by an abrupt increase. The next 

step, being the novelty of this study was to monitor the generated current instead of the electric 

resistance to accomplish strain and damage sensing. In this case, deformation was manifested 

as a decrease in the generated current whereas at final failure the current became zero. 

Although, recordings of electrical resistance provided reliable results, the utilization of the 

current as a strain/damage index was strongly dependent on external factors, namely the 

applied temperature difference, the effect of which is dominant. Therefore, a stable ΔΤ would 
be a prerequisite in order to implement this approach to real structures. However, it offers the 

significant advantage that the energy harvested via the thermoelectric effect was used to power 

up the method, thus laying the foundations to future autonomous SHM. 
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Abstract: The algorithm for detecting micro-delamination inside the glass fiber reinforced 

polymer (GFRP) was studied by training the terahertz (THz) signal based on the convolutional 

neural network (CNN). THz signals with respect to the thickness of delamination in GFRP 

specimens were obtained through the reflection mode of the Terahertz Time-Domain 

Spectroscopy (THz-TDS) system. Peaks of the THz signal reflected from the top surface, micro-

delamination, and the bottom surface of the GFRP specimens were classified, respectively. Then, 

after transforming 1D-THz signals to 2D-spectrograms through Short-Term Fourier Transform 

(STFT), the THz signals were trained through a CNN. Based on this, the probability map that can 

predict the thickness of micro-delamination from the THz signal was derived. As a result, the 

thickness of micro-delamination could be successfully predicted. 

Keywords: Composites; Delamination; Non-destructive Evaluation; Terahertz; Convolutional 

Neural Network  

1. Introduction 

Glass fiber reinforced polymer (GFRP) has characteristics of light weight and superior mechanical 

properties, making them a popular material in the fields of automobiles, aviation, space, and so 

on [1]. The structures of composite materials have been suffered from delamination and 

debonding interfaces, which can deteriorate their strength and stiffness. Many studies have 

been conducted to inspect the delamination in the GFRP composites via non-destructive 

evaluation (NDE) methods [2,3]. Among them, the NDE method using terahertz waves is 

effective for inspecting the delamination of the GFRP composites due to their characteristics 

[4,5]; The THz waves can straightly transmit non-metallic materials without a medium such as a 

gel. Additionally, the THz waves are non-ionizing and harmless to the human body. The 

delamination can be analyzed using the separately detected signals at each interface. However, 

since the wavelength of the THz signal is in the millimeter range, superposition between signals 

occurs in micro-scale delamination. This makes it difficult to determine the depth and thickness 

of the micro delamination in the GFRP composites. 
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Figure 1. Schematic of delamination analysis through CNN based THz signal learning 

By analyzing the superposed THz signals, a technique for detecting the depth and thickness of 

micro delamination in the GFRP composites was developed through the convolutional neural 

network (CNN) algorithm as shown in Figure 1. First, THz signals measured at each delamination 

in GFRP composites were measured through the reflection mode of terahertz time-domain 

spectroscopy (THz-TDS). The peak times of the THz signal reflected from the surface, fine 

delamination, and the bottom of the GFRP composites were labeled for CNN training. By using 

short-term Fourier transform (STFT), the 1D-type THz signals were transformed into 2D images. 

Then, the images were learned through the CNN algorithm which can classify the THz signals 

into the trained labels. To verify the CNN algorithm, the THz signals were segmented every 0.055 

ps with 12 ps intervals for CNN classification. From the CNN classification results, a probability 

distribution of trained labels for each segmented signal was derived. As a result, the THz signals 

according to the depth and thickness of micro delamination can be successfully identified. 

2. Experiments 

2.1 Sample preparation 

The GFRP was manufactured by laminating 4 sheets of UD prepreg (UGN160B, SK Chemical) in 

one direction and then using the vacuum bagging method. The laminated prepregs were 

subjected to a pressure of 0.6 MPa and cured under the temperature condition as shown in 

Figure 2(a). The thickness of the fabricated GFRP plate was 0.5 mm. To measure the THz 

superposed signal generated from micro-delamination, thin films of 25, 50, 75, 110 um thickness 

were inserted between two GFRP plates as shown in Figure 2(b). 
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Figure 2. (a) Curing temperature of the GFRP prepreg (b) The GFRP specimens with micro-

delamination (25, 50, 75, 110 um) 

2.2 THz-TDS system 

A terahertz time-domain spectroscopy (THz-TDS) system was used for signal measurement in 

micro-delamination of the GFRP. The THz-TDS system used in this study (FiCOTM, Zomega 

Terahertz Corp.) consists of a femtosecond laser module, a THz emitter module, a THz detector 

module, and optical instruments. In addition, it has a frequency range of 0.1-3.0 THz, a frequency 

resolution of 11 GHz, a time resolution of 55 fs, and a signal-to-noise ratio (SNR) of 60 dB. When 

measuring the THz signal with respect to the size of the micro-delamination inside the GFRP, the 

signal was measured using a reflection mode having an incident angle of zero degrees. 

2.3 Convolutional Neural Network 

For the CNN structure, a simple structure consisting of two convolution, max-pooling layers, and 

one dense layer was used. The rectified linear unit (ReLU) activation function was applied to 

each layer, and SoftMax was applied to the output layer. Since there are many classes to be 

classified, categorical cross-entropy, which enables multiple classifications, was applied as a loss 

function. For learning, 100 data for each micro-delamination were measured. The class for 

learning was divided into peaks reflected from the top surface, from the bottom surface, and 

peaks superposed from the micro-delamination. The classes of the superposed signals were 

divided into thicknesses of 25, 50, 75, and 110 um. Also, a class of noise signals was added to 

increase the learning accuracy.  

For learning, the THz signals were segmented into 12 ps ranges based on the peak positions of 

each class. In addition, signals above 1 THz were filtered to improve learning accuracy. Then, a 

2D spectrogram was derived through short-term Fourier transform (STFT) for a 1D THz signal 

since the CNN model is trained based on 2D image data. The STFT equation is as follows. 𝑺𝑻𝑭𝑻{𝒙(𝒕)}(𝝉,𝝎) ≡ 𝑿(𝝉,𝝎) = ∫ 𝒙(𝒕)𝒘(𝒕 − 𝝉)𝒆−𝒊𝝎𝒕𝒅𝒕∞−∞    ( 1 ) 

where 𝑤(𝜏) is the Hann window function, 𝑥(𝑡) is the signal to be transformed, X(τ, ω) is the 

Fourier transform of 𝑥(𝑡)𝑤(𝑡 − 𝜏), 𝜔 is the frequency, and 𝑡, 𝜏 are the time axis. The function 

to be transformed (𝑥(𝑡)) is multiplied by a window function 𝑤(𝜏) which is non-zero for only a 

short period of time. The Fourier transform of the resulting signal is taken as the window is slid 

along the time axis, resulting in a two-dimensional representation of the signal. As a result, the 

CNN model was trained using the transformed spectrograms. 

When classifying the signal, a window of the same range as the data used for learning (12 ps) 

was created, and the window was shifted by 0.055 ps from the beginning of the THz signal. Then, 

the probability map for the THz signal was derived by extracting the class probability of the signal 

corresponding to each window position. Since truncated forms of signals are generated as the 

window moves, the CNN model was trained by separately adding classes of truncated signals to 

reduce the error due to untrained data. 

3. Results and Discussions 

3.1 THz signals with respect to micro-delamination 
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Figure 3(a) shows the measurement results of THz signals with respect to the thickness of the 

micro-delamination for the GFRP. The first peaks in the signals are the fastest detected peak 

among the THz detection signal, which represents the signal reflected from the top surface of 

the specimen. It can be confirmed that the peaks were detected more quickly as the thickness 

of the micro-delamination increased as shown in Figure 3(b). This is because the optical path of 

the THz signal is different since there is a difference in the height of the entire specimens as 

much as the difference in the thickness of the micro-delamination. On the other hand, it was 

confirmed that the peak positions were the same regardless of the thickness of the micro-

delamination in the signals reflected from the bottom surface as shown in Figure 3(d). This is 

because, although there is a difference in the height of the specimens, the overall optical paths 

of the signals reflected from the bottom are the same. Figure 3(c) shows the THz superposed 

signals reflected at the micro-delamination, and it was confirmed that the shapes of the THz 

superposed signals for each thickness of the micro-delamination were different. Among them, 

several trends can be confirmed. As the thickness of the micro-delamination increased, the 

intensity of the THz superposed signal gradually increased. Also, the peak of the superposed 

signals with thicker delamination was detected later. This is because the degree of superposition 

gradually decreased as the thickness of the micro-delamination increased. 

 

Figure 3. (a) THz signals measured by reflection mode with respect to the micro-delamination, 

and the magnification of the signals (b) reflected from the top surface, (c) reflected from micro-

delamination, and (d) reflected from the bottom surface of the GFRP specimens 

As described above, it has been confirmed that the intensity and the detection time of the THz 

superposed signals change with respect to the thickness of the micro-delamination. But the 

exact thickness of the delamination cannot be determined from the shape of the superposed 

signal alone. Therefore, the probability map of the THz signal was derived through the CNN 

model. 
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3.2 Probability map 

The probability maps of the THz signals measured with respect to the micro-delamination were 

derived through the trained CNN algorithm for each signal type as shown in Figure 4. In the top 

and bottom surface signals, it was confirmed that the peak positions were accurately pointed to 

in the probability map. Also, the positions of the superposed signals could be determined in the 

probability map, and even the thicknesses of the micro-delamination could be determined 

through the class in the probability maps. In the case of the superposed signals, only the 

presence or absence of superposed signals could be determined using only the shapes of the 

THz signals. However, the CNN algorithm trained the shapes of the signals that change due to 

superposition, and as a result, the superposed signals could be analyzed more intuitively through 

the probability maps. 

 

Figure 4. probability maps of the THz signals measured with respect to the micro-delamination; 

(a) 25 um, (b) 50 um, (c) 75 um, and (d) 110 um 

4. Conclusion 

In this study, the THz signals including the superposition of the signals were trained through the 

convolutional neural network (CNN) to analyze depth and thickness of the micro-delamination 

inside the GFRP. The GFRP specimens with 25, 50, 75, 110 um delamination were prepared, and 

THz signals were measured through the reflection mode. It was confirmed that the larger the 

delamination thickness, the weaker the superposition of the signals, which increased the 

amplitude and decreased the peak detection time of the superposed signal. Based on the 

measured THz signals, the signals were classified into the peaks reflected from the top surface, 

micro-delamination (superposed signals), and the bottom surface. Also, the classes for the noise 

signals and signals with truncated form were added. Then, the THz signals were transformed 

into 2D spectrograms through the STFT and trained through the CNN algorithm. After training, 

the probability maps of the THz signals with respect to the micro-delamination were derived 
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through the CNN classification. Consequently, from the probability maps, it was possible to 

determine the peaks of the signals reflected from the top surface, the bottom surface, and the 

micro-delamination, as well as the thickness of the micro-delamination. 

Acknowledgments 

This work was supported by a grant from the Human Resources Development program (no. 

20204010600090)of the Korea Institute of Energy Technology Evaluation and Planning (KETEP), 

funded by the Ministry of Trade, Industry, and Energy of the Korean Government. This research 

was also supported by a National Research Foundation of Korea (NRF) grant funded by the 

Korean Government (MEST) (2021M2E6A1084690). 

5. References 

1. PALANIKUMAR, K.; PRAKASH, S.; SHANMUGAM, K. Evaluation of delamination in drilling 

GFRP composites. Materials and Manufacturing Processes, 2008, 23.8: 858-864. 

2. YANG, Ryan SH, et al. An automated ultrasonic inspection approach for flip chip solder joint 

assessment. Microelectronics Reliability, 2012, 52.12: 2995-3001. 

3. WANG, Fuliang; WANG, Feng. Void detection in TSVs with X-ray image multithreshold 

segmentation and artificial neural networks. IEEE Transactions on Components, Packaging 

and Manufacturing Technology, 2014, 4.7: 1245-1250. 

4. KIM, Do-Hyoung, et al. Nondestructive evaluation of hidden damages in glass fiber reinforced 

plastic by using the terahertz spectroscopy. International Journal of Precision Engineering 

and Manufacturing-Green Technology, 2017, 4.2: 211-219. 

5. RYU, Chung-Hyeon, et al. Nondestructive evaluation of hidden multi-delamination in a glass-

fiber-reinforced plastic composite using terahertz spectroscopy. Composite Structures, 2016, 

156: 338-347. 

553/1211 ©2022 Heon-Su 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 

NON-DESTRUCTIVE EVALUATION FOR CRYSTALLINITY AND MOISTURE 

CONTENT OF POLYETHYLENE TEREPHTHALATE USING TERAHERTZ WAVE 
 

Sang-Il, Kima, Dong-Woon, Parka, Heon-Su, Kima and Hak-Sung, Kim a,b 

a: Department of Mechanical Convergence Engineering, Hanyang University, 222, Wangsimni-
ro, Seongdong-gu, Seoul, Republic of Korea 

b: Institute of Nano Science and Technology, Hanyang University, 222, Wangsimni-ro, 
Seongdong-gu, Seoul, Republic of Korea 

 

Abstract: In this study, a terahertz time-domain spectroscopy (THz-TDS) system was used to 

analyze the crystallinity and moisture content of polyethylene terephthalate (PET). The 

crystallinity of the PET specimen was analyzed by differential scanning calorimetry (DSC), and 

the moisture content of the PET specimen was measured by an electronic scale. The complex 

refractive index with respect to the crystallinity and moisture content of the PET was obtained 

using the transmission mode of the THz-TDS system. As the crystallinity of the PET increased, the 

refractive index was increased due to the increased polymer density. In addition, as the moisture 

content of the PET increased, the refractive index increased since the moisture absorbed the THz 

signal. Consequently, it was confirmed that the crystallinity and moisture content of the PET can 

be successfully analyzed by THz signals.  

Keywords: terahertz; polymer; non-destructive evaluation; moisture; crystallinity  

1. Introduction 

Polyethylene terephthalate (PET) has been used in various industries such as automobiles, 

electronics, and construction due to its characteristics of lightweight and electrical insulating 

properties. Since the mechanical properties of PET are affected by crystallinity and moisture 

content, a non-destructive evaluation (NDE) method for inspecting the crystallinity and moisture 

content of PET is required in the industry to ensure reliability [1, 2]. Currently, differential 

scanning calorimeter (DSC) and X-ray diffraction (XRD) methods have been used to measure the 

crystallinity of the polymer. However, the DSC method destroys a sample, and the XRD method 

generates dangerous X-ray radiation for the human body. Also, these methods are impossible 

to inspect in real-time because they require a long time to measure. For measuring the moisture 

content, the weight of the specimen is measured, which is also too much time consuming 

process. On the other hand, the NDE method using a terahertz (THz) wave has characteristics of 

fast inspection time and straightness without a medium. Furthermore, the THz waves are safe 

for the human body due to their low energy level. In addition, the THz waves are sensitive to 

moisture with dielectric relaxation [3].  

In this study, the relationship between the THz waves and the crystallinity/moisture content of 

the PET was investigated via terahertz time-domain spectroscopy (THz-TDS). The THz signals 

transmitted through the PET specimens were measured according to their crystallinity and 

moisture content. The crystallinity and moisture content of the PET specimen were confirmed 

using the DSC and the electronic scale, respectively. Then, the THz signals were measured with 

respect to the crystallinity and moisture content and the refractive index was derived to analyze 

the relationship between the THz waves and the crystallinity/moisture content.  
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2. Experiment 

2.1 Sample preparation  

The PET specimens were fabricated using twenty-two PET (SKC Co., South Korea) films with a 

thickness of 50 um. The stacked PET films were hot-press molded at 0.2 MPa with 300 °C. After 

the hot press molding, the cooling rate was controlled to fabricate specimens with different 

crystallinities by fast cooling (100 °C/min) and slow cooling (2 °C/min) conditions as shown in 

Figure 1. The specimen fabricated by fast cooling forms an amorphous structure, which is the 

polymer chain combined irregularly, since the polymer chain does not have enough time to be 

regularly bonded due to the fast cooling rate. On the other hand, the specimen fabricated by 

slow cooling forms a crystalline structure in which the polymer chain is combined regularly since 

the polymer chain has enough time to be combined regularly due to the slow cooling rate.  

To prepare specimens with different moisture contents, a water absorption test was conducted. 

The PET specimens were immersed in distilled water at room temperature for 1, 3, and 7 days, 

and the increase in weight of specimens due to water absorption was measured using an 

electronic scale.  

 

Figure 1. A schematic diagram of the process for amorphous and crystalline specimens.  

2.2 Differential Scanning Calorimeter (DSC) 

The crystallinities of the PET specimens were measured using the DSC. The DSC (SDT Q600, Auto-

DSCQ20 System, TA Instruments) inspection method was performed with a heating rate of 

10 °C/min from a temperature of 25 °C to 297 °C. By calculating the melting enthalpy and 

crystallization enthalpy of the PET specimen (Equation (1)), the crystallinity (K) of the PET 

specimen can be calculated using Equation (2) ([4]). ∆𝐻𝑚(𝑇2) − ∆𝐻𝑚(𝑇1) = ∫ ∆𝐶𝑝𝑑𝑇                                                                                  (1) 

𝐾 = ∆𝐻𝑚−∆𝐻𝑐∆𝐻𝑙𝑖𝑡                                                                                                                         (2) 

where, ∆Hm, ∆Hc, and ∆Hlit were the melting enthalpy, crystallization enthalpy, and enthalpy of 

melting for 100% crystalline (140J/g), respectively [3].  
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2.3 THz non-destructive inspection 

The terahertz time-domain spectroscopy (THz-TDS) system was used for inspecting the 

crystallinity and moisture content of the PET specimen. The THz-TDS system (FiCOTM, Zomega 

Terahertz Corp.) consists of a femtosecond laser module, a THz emitter module, a THz detector 

module, and an optical module, e.g., lenses, beam splitters, and reflectors, as shown in Figure 2. 

The THz-TDS system has a frequency range of 0.1 to 3.0 THz, a frequency resolution of 11 GHz, 

a time resolution of 55 fs, and a signal-to-noise ratio of 60 dB. The emitter and detector module 

of the THz system were set to transmission mode, which is coaxially aligned with a specimen 

between them.  

 

 

Figure 2. Schematic diagram of the optical equipment constituting the THz-TDS system. 

3. Theory 

The complex refractive index (ñs), which is the electromagnetic property of the specimen, can 

be derived by measuring reference (transmitted air) and sample (transmitted specimen) signals 

in transmission mode. The complex refractive index is comprised of the refractive index (ns) and 

the extinction coefficient (ks) as the following equation (Equation (3)) 

 ñ𝑠(𝜔) = 𝑛𝑠(𝜔) − 𝑖𝑘𝑠(𝜔)                                                                                            (3) 

The refractive index and the extinction coefficient were described by the phase difference (∅(ω)) 

between the reference and the sample signal and the magnitude ratio of the reference signal to 

the sample signal (ρ(ω)) in the frequency domain as shown in Equation (4) and (5). 𝑛𝑠(𝜔) = ∅(𝜔) × 𝑐𝜔∙𝑑 + 𝑛𝑎𝑖𝑟                                                                                         (4) 
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𝑘𝑠(𝜔) = ln( 4𝑛𝑠(𝜔)𝜌(𝜔)∙(𝑛𝑠(𝜔)+1)2) × 𝑐𝜔∙𝑑                                                                               (5) 

where, ω  is the angular frequency, c is the speed of light, d is the thickness of the specimen, 

and nair is the refractive index of air.  

In this study, the refractive index, which is the real part of the complex refractive index, was 

used to analyze the crystallinity and moisture content of the PET specimen. This was because 

the refractive index changes sensitively with the polymer structure and moisture condition ([5], 

[6]). 

4. Results and discussions 

4.1 Crystallinity  

Figure 3(a) shows the results of the DSC with respect to the crystallinity of the PET specimen. By 

using Equation (2), the crystallinities of the amorphous and crystalline specimen were calculated 

as 14.31% and 41.45%, respectively. The PET specimens were well fabricated with different 

crystallinities by controlling the cooling rate. 

The THz signals were measured with respect to the crystallinity using transmission mode. The 

THz signals were converted to the frequency domain using a fast Fourier transform (FFT). Then, 

the refractive index was calculated using Equation (4) and is depicted in Figure 3(b). From Figure 

3(b), it was confirmed that the refractive index differed with respect to the crystallinity of the 

PET specimen. This is because the density of the polymer structure increased as the crystallinity 

increased [7]. As a result, the refractive index of the crystalline specimen was higher than the 

amorphous specimen due to the higher density. Based on this result, the refractive index of the 

PET specimen with respect to the moisture absorption time was compared in the 0.3 THz 

frequency range. This is because the 0.3 THz frequency range responded most sensitively to 

changes in the crystallinity and moisture content of the PET specimen. 

 

Figure 3. Characterization of PET specimen with respect to the crystallinity using (a) DSC and (b) 

refractive index 

4.2 Moisture content  

Figure 4(a) shows the weight increases with respect to crystallinities during water absorption 

time in the distilled water. From Figure 4(a), it was confirmed that the moisture absorption of 
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the PET specimen differed with the crystallinity. Since the PET specimen has a different density 

depending on the degree of crystallinity, the amorphous specimen with a low density absorbs 

more moisture than the crystalline specimen with a high density. 

Figure 4(b) shows the refractive index with respect to the moisture content of the PET 

specimens. The refractive index of amorphous and crystalline PET specimens was increased 

during the moisture absorption. This is because the moisture in the PET specimen absorbed the 

THz electromagnetic wave with the dielectric relaxation in the terahertz region [8]. Therefore, 

the increased moisture content in the PET specimens increased the refractive index of the PET 

specimens as shown in Figure 4(b). 

 

Figure 4. Characterization of PET specimen with respect to absorption time using (a) electronic 

scale and (b) refractive index 

Conclusion 

In this research, the THz-TDS system was used to analyze the relationship between the THz 

waves and the crystallinity/moisture content of the PET. The different crystallinity PET 

specimens were fabricated by controlling the cooling rate, and the crystallinity was confirmed 

by the DSC. Then, the PET specimens with respect to the crystallinities were submerged into the 

distilled water chamber, and the moisture content of the PET specimen was measured by the 

electronic scale. Using the THz-TDS transmission mode, the refractive index of the PET specimen 

was derived with respect to the crystallinity and moisture content. As the crystallinity of the PET 

specimen increased, the refractive index of the specimen was also increased because the density 

was increased. In addition, the refractive index was increased as the moisture content increased 

due to the moisture absorbing the THz signal. As a result, it was confirmed that the crystallinity 

and moisture content of the PET specimen can be monitored using the THz-TDS system in a non-

destructive and non-contact method. 
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Abstract: The use of Ultrasonic guided waves such as Lamb Waves has been identified in the 

last decades as a promising Non-Destructive Testing (NDT) method for defects detection in 

composites. However, their propagation is complex, especially in Carbon Fiber Reinforced Plastics 

(CFRP) which are widely used for aerospace structures.  Moreover, analyzing the Lamb Waves 

propagation requires to develop an efficient Signal Processing method to interpret the waves 

characteristics. In this study, a Signal Processing method using the Wavelet Transform allows to 

analyze several features of the propagated Lamb Wave: the amplitude, the frequency and the 

propagation velocity. This study also investigates how these waves features are impacted by 

different sample parameters such as the thickness, the anisotropy or the presence of 

delamination.  

 Keywords: Non-Destructive Testing ; Lamb Waves ; Ultrasonic Testing ; Wave propagation 

1. Introduction 

Carbon Fibers Reinforced Plastics (CFRP) are increasingly used in the aerospace industry due to 

their high strength performance and low weight. However, CFRP are anisotropic and susceptible 

to specific internal defects or damages. Therefore, the use of very efficient Non-Destructive 

Testing (NDT) method is necessary at every step of the life cycle of CFRP aerospace structures, 

from the manufacturing to the maintenance.   

One of the most widely used NDT method is the Ultrasonic Testing (UT), which consists in 

analyzing the propagation of waves through the structures in order to detect irregularities which 

can be caused by the presence of internal defects. In the last decades a type of UT using guided 

waves such as Lamb Waves has been attracting more and more interest. Whereas the classic UT 

methods need complete scanning of the structure, the Lamb Waves can propagate through wide 

areas, which gives the perspective of a drastic reduction of the time of control. However, the 

use of Lamb Waves for NDT requires deep investigation in order to fully understand all the 

complex phenomena which occur during the propagation, and in order to develop efficient 

Signal Processing method for the measurement and interpretation of the propagated wave 

signals.  

This study proposes an innovative Signal Processing method using the Wavelet Transform. This 

Signal Processing method allows to convert the measurement of surface out-of-plane 

displacements into useful information about several characteristics of the propagated wave:  the 

amplitude, the frequency bandwidth and the propagation velocity. Afterwards, the study also 

investigates the effect of different sample parameters on these propagated wave 

characteristics. The parameters investigated are the plate thickness, the direction of 

propagation, the presence of a thickness change and the presence of delamination.  
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2. The Theory of Lamb Waves Propagation 

In the early 20th century, a type of elastic waves propagating in plate-like structures over 

relatively long distances has been identified. These waves, called Lamb Waves, are one of the 

most promising perspectives for the improvement of UT. However, deep studies of Lamb Waves 

propagation principles and functional set-up still must be performed in order to master this 

method and to implement it for industrial NDT.  

Lamb Waves mostly propagate with two different modes. The Antisymmetric mode (A mode) 

consists in an out-of-plane displacement of the particles. The Symmetric mode (S mode) consists 

in an in-plane displacement of the particles. Several A mode and S mode can coexist during a 

Lamb Waves propagation. In this case, the modes are named 𝐴𝐴𝑛𝑛  and 𝑆𝑆𝑛𝑛  with 𝑛𝑛 = 0, 1, 2, 3 … 

The resolution of Lamb Waves propagation equations [1] allows to obtain the dispersion curves, 

which show the evolution of the group and phase velocity with the wave frequency. The 

resolution can only be performed with numerical methods. In this study, a simulation tool called 

GUIGUW has been used in order to obtain the theoretical dispersion curves in the experimental 

condition. The theoretical dispersion curves obtained are shown in figure 1.  

 
Figure 1: Theoretical group and phase velocity dispersion curves calculated from GUIGUW software 

The NDT with Lamb Waves can be decomposed into four main steps. The first step is the 

excitation of the wave, which is generally performed with Piezoelectric Transducers (PZT) or Air-

Coupled Transducers (ACT) [2, 3]. The second step is the propagation of Lamb Waves through 

the intact or defected material, which is an important topic of research nowadays, particularly 

with the use of Finite Element Method (FEM) simulation [4, 5] . The third step is the reception 

of the response signal from the controlled structure. The typical methods for this signal 

reception are PZT, ACT or Single-Laser-Doppler Vibrometers (SLDV) [2, 3, 6]. Finally, the fourth 

step is the step of signal processing. This step consists in treating the response signal measured 

at the third step in order to transform these signals into understandable information for the 

control of the structure (thickness measurement, defect detection, etc.) [7] 

3. Experimental set-up 

In this experiment, some CFRP samples are used in order to calibrate a Lamb Waves NDT process 

including non-contact excitation and reception methods and a signal processing technique using 

the Wavelet Transform. The use of the Wavelet Transform is investigated due to the ability of 

this technique to obtain information about several features of the propagated wave: the 

frequency, the wave amplitude and the group velocity. The calibrated method using the Wavelet 
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Transform is then used to characterize the Lamb Waves propagating into plates with different 

parameters (thickness, geometry, delamination, etc.) in order to observe the effect of these 

parameters on the waves features and to identify the most promising features for defects 

detection.  

A total of eight samples is used is the current study. The table 1 and the figure 2 describe the 

experimental samples.  

Table 1: Experimental samples description: 

Sample 

denomination 

Number 

of plies 

Thickness [mm] Size [mm] Lay-up Condition 

LW-08-00-00 8 1,6 450x450 [45/0/-45/90]s Healthy, flat 

LW-16-00-00 16 3,2 450x450 [45/0/-45/90]2s Healthy, flat 

LW-24-00-00 24 4,8 450x450 [45/0/-45/90]3s Healthy, flat 

LW-32-00-00 32 6,4 300x300 [45/0/-45/90]4s Healthy, flat 

LW-08-08-00 
8 
16* 

1,6  
3,2* 

450x450 
[45/0/-45/90]s  
[45/0/-45/90]2s* 

Healthy, stiffened 

LW-08-08-50C 
8 
16* 

1,6  
3,2* 

450x450 
[45/0/-45/90]s  
[45/0/-45/90]2s* 

Delaminated, stiffened 

LW-08-08-50S 
8 
16* 

1,6  
3,2* 

450x450 
[45/0/-45/90]s  
[45/0/-45/90]2s* 

Delaminated, stiffened 

LW-08-08-75S 
8 
16* 

1,6  
3,2* 

450x450 
[45/0/-45/90]s  
[45/0/-45/90]2s* 

Delaminated, stiffened 

*At the stiffened zone 

 

Figure 2: Experimental samples geometry (grey color represents CFRP, white color represents delamination) 

In this experiment, a fully non-contact excitation and reception of Lamb Waves is implemented. 

The excitation of Lamb Waves is performed with a Laser-Induced Plasma (LIP) shock wave. The 

concentration of a high pulse laser a few centimeters on top of the surface of the controlled 

sample generates a shock wave which, when propagating in the air, encounters the surface of 

the sample, resulting in the excitation of Lamb Waves through the material. This method of 

Lamb Waves excitation has been developed and calibrated by Pr. Hosoya et al. [8 – 10] 

The measurement of response signal is performed with a SLDV which measures exclusively the 

out-of-plane displacement of particles on the surface of the sample, corresponding therefore to 

the A mode propagation.  

Two different SLDV scanning were implemented. The Area-method consists in scanning all 

points in a 200x200 mm area centered on the sample surface with a step of 2 mm, corresponding 

to 10201 points in total. The particle displacement at each point is measured during 800 µs. The 

Line-method consists in scanning all points in a 300 mm or 400 mm line in a chosen direction 

(45°, 0°, -45° or 90° following the different fibers directions in the sample). The step is 2 mm and 

the measurement duration is 800 µs. This corresponds to 151 points for  300 mm line and 201 

points for a 400 mm line. The experimental results therefore take the form of a matrix containing 

the particle displacement versus time for every scanned point. (Figure 3b and c) 
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4. Experimental data analysis method 

4.1. Principles of Signal Processing and the Wavelet Transform 

After the raw experimental data is obtained from experiment, it is necessary to process this 

data, which takes the form of a matrix of signals, in order to obtain the relevant information. 

This analysis generally consists in one or several steps of signal processing.  

In this study, a method of signal processing called the Wavelet Transform is used. The Wavelet 

Transform is a type of signal processing in which a signal is decomposed as a matrix of 

coefficients, called the Coefficients of Wavelet Transform (Cwt). The principle is to scan the full 

signal with a chosen mother wavelet in the time domain and in the frequency domain. The Cwt 

therefore reflects the concordance of the signal with the mother wavelet at each parameter. 

The matrix of calculated Cwt can then be visualised as a colour cartography with time as x-axis 

(from the values of 𝜏𝜏), the frequency as y-axis (from the values of s) and Cwt amplitude as colour 

scale (representing the amplitude of the signal) (Figure 3a) 

 

Figure 3: (a) Example of Wavelet Transform figure. The first peak represents the Lamb Wave peak. The second peak 
represents the Shock Wave peak. (b) Description of the scanned zone for the Area-method and Line-method,  

(c) Mapping of the analysis points for the Area-method 

 

4.2. Step-by-step analysis method 

In the current study, the Wavelet Transform figures have been calculated at several points on 

the surface of the experimental samples, in order to observe the evolution of the wave 

amplitude, the wave frequency and the wave velocity during the propagation. The points 

selected at which the wavelet transform is performed have been chosen to follow the different 

fiber directions in the samples for the Area-method, or points along the line for the Line-method.   

After the wavelet transform figures are obtained at each point, the values of frequency-

bandwidth, Cwt amplitude and Time-of-Arrival of the Lamb Wave peak are recorded and 

compared. The Time-of-Arrival data allow to calculate the group velocity, knowing the distance 

between every analysed point. With this data, a comparison is performed in order to observe 

the influence of the plate thickness, the direction of propagation (anisotropy of the sample), the 

change of geometry and the presence of delamination on the wave features obtained from 

analysis of the wavelet transform figures. These comparisons are presented in section 5.  
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5. Experimental results 

5.1. Effect of the plate thickness 

For comparing the wave propagation for different sample thicknesses, the samples LW-08-00-

00, LW-16-00-00, LW-24-00-00 and LW-32-00-00, which correspond to flat healthy samples with 

respectively 8, 16, 24 and 32 plies, are used. (Figure 2) 

The comparison of the amplitude of Cwt at the Lamb Wave peak of every figure shows that the 

amplitude decreases very quickly with the increasing of thickness. Also, whereas the Cwt 

amplitude at the 8-ply sample shows relatively high variation for different points at different 

zones, and reflecting different directions of propagation, the Cwt amplitude gets more stable 

when the number of plies increases. (Figure 4a) 

The analysis of the evolution of the frequency bandwidth, which is observed by measuring the 

height of the visible Lamb Wave peak on the Wavelet Transform figure (Figure 3a) shows also a 

neat decrease of the frequency bandwidth for thicker samples. The frequencies which are lost 

for thicker samples are the high frequencies (the Lamb Waves peaks appear shorter). The 

analysis also shown that the frequency bandwidth decreases with increasing distance of the 

measurement point from the excitation point. Again, the lost frequencies during the 

propagation are the highest frequencies. (Figure 4c) 

The analysis of Time-Of-Arrival observable on the x-axis of the Wavelet Transform figures at all 

visible frequencies for each peak allowed to build some experimental dispersion curves of the 

experimental group velocities measured. These experimental dispersion curves show a velocity 

around 1000 to 1500 m/s with an increasing of the group velocity with the increase of thickness 

and with the frequency. This is concordant with the theoretical dispersion curves. (Figures 4b 

and 1) 

Therefore, it is observed that the thickness of the plate influences importantly the Lamb Wave 

propagation on all the calculated features: the wave amplitude, reflected by the Cwt amplitude, 

the frequency bandwidth and the group velocity.  

 

Figure 4: Experimental results for the effect of thickness on wave propagation                                                                  
(a) Study of the wave amplitude (b) Study of the group velocity (c) Study of the frequency bandwidth 
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5.2. Effect of the material anisotropy 

A comparison of the samples LW-08-00-00, LW-16-00-00, LW-24-00-00, LW-32-00-00, LW-08-

08-00 and LW-08-08-50C allows to compare the wave features in different directions of 

propagation for flat and stiffened samples. (see figure 2) 

The group velocity was calculated at several points of every direction for every sample, and then 

averaged to obtain a main group velocity of the Lamb Wave beam in every fiber direction (0°, 

90°, 45° and -45°). The results shown that the group velocity was highly influenced by anisotropy 

for 8-ply samples with and without stiffener, whereas it is more stable in every direction for 

thicker samples. The exception is the 32-ply samples at which the variability of calculated group 

velocity was higher, resulting is less reliable values. This was due to the low amplitude of the 

Lamb Wave peak on the Wavelet Transform figure at 32 plies which makes the measurement of 

the exact Time-Of-Arrival of the wave more difficult. It has also been observed that for every 

sample except the LW-08-08-50C, the group velocity at 45°, which corresponds to the direction 

of the top and bottom fibers was higher than in other directions. (see figure 5) 

However, no important influence of the direction of propagation was observed for the 

frequency bandwidth nor the Cwt amplitude.  

 
Figure 5: Comparison of the experimental main group velocities of the Lamb Wave beam for each direction 

5.3. Effect of stiffener and delamination 

Finally, for observing the effect of delamination at stiffened zone, a comparison of signals 

measured with the Line-method in the 90° direction in two different ways was performed on 

the LW-08-08-00 and the LW-08-08-75S samples. (Figure 2 and 6) 

The analysis of the Cwt amplitude and the frequency bandwidth evolution along the line allowed 

to notice that there is a decrease of amplitude after crossing the stiffener, which is generally 

more important for delaminated sample, especially for the Cwt amplitude. (Figure 6) 

Experimental dispersion curves have also been calculated from the experimental results 

measured on the different points of the signal line, with a differentiation of three propagation 

zones: zone 1 which corresponds to the delaminated 16-ply zone, zone 2 which corresponds to 

the 16-ply healthy zone and zone 3 which corresponds to the 8-ply healthy zone. The dispersion 

curves shown some high velocity values only in zone 2, which corresponds to the thicker zone. 

Some values of low velocities are also observed for a few points at the zone 1 (delamination). 

Therefore, it is observed that the presence of delamination, which can affect the group velocity, 

the Cwt amplitude and the frequency bandwidth, can be detected by the use of the Wavelet 

Transform. However, it seems that the results are disturbed by the presence of wave modes 

travelling in healthy zones or reflected. (Figure 7) 
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Figure 6: Signals compared for the stiffened delaminated zone analysis. 

  

Figure 7: Experimental dispersion curves calculated from the experimental propagation, with differentiation of three 
different zones of propagation 

6. Conclusion and perspectives 

In this study, a signal processing method of experimental Lamb Wave propagation signals using 

the Wavelet Transform is proposed and used for characterizing some Lamb Wave propagation 

under different plate and propagation parameters. The method with the Wavelet Transform 

allowed to observe different features of the experimental propagating waves: the wave 

amplitude, reflected by the Coefficient of Wavelet Transform amplitude, the wave frequency 

bandwidth which can be easily observed on the Wavelet Transform figure as the Lamb Wave 

peak and the group velocity which is calculated by comparing different time of arrival of the 

Lamb Wave at different points of the plate surface with known distance.                         

The application of this method for comparing experimental Lamb Wave propagations under 

different plates parameters allowed to obtain some characteristics of the Lamb Wave 

propagation in CFRP. The thickness of the plate influences highly the Lamb Wave beam 

amplitude, frequency bandwidth and group velocity, which is relevant with the Rayleigh-Lamb 

equation theory. The direction of propagation shown especially influence on the group velocity 

for thin samples, whereas on thicker samples the group velocity reached stable values in every 

direction, which is due to the change of general stiffness of the plate with increasing number of 
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plies. The change of geometry and the presence of delamination shown only a small effect on 

the wave amplitude and the wave frequency and was difficult to observe for the wave velocity. 

This is probably due to the presence of interferences due to the more complex geometry. The 

method with the Wavelet Transform may therefore be improved by filtering the signals created 

by the delamination and the stiffener from the signals in healthy zones.  
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Abstract: Composites are indispensable modern structural and functional materials with wide 

applications. The carbon material family, including graphene, carbon nanotubes and carbon 

fibres, plays an important role in reinforcing various applications. It emphasized the crucial role 

of understanding what mechanisms govern the reinforcement. The properties of carbon-based 

bulk composites have been studied extensively, however these properties are ultimately 

determined by the structure, interfaces and processes at micro- and nano-scale. Thus it is 

important for techniques to be developed to study individual phases at this scale. As an analytical 

tool, Raman spectroscopy has found wide applications covering polymers, ceramics and 

inorganics. Fundamental theories have been well established on different forms of carbon 

materials. In this paper, applications of Raman spectroscopy will be reviewed for NDT 

investigation of individual carbon filler in composites and their interaction. It can be used to 

quantify the features that are crucial for composite applications from microscale to bulk scale.  

 

Keywords: Raman spectroscopy; carbon; composites 

  

1. Introduction 

The first report of the Raman spectrum of graphite was in the 1970 paper of Tuinstra and Koenig 

[1], following a presentation at the American Physical Society (APS) Meeting in 1969, which was 

apparently received with considerable scepticism. After all, it was known at the time that Raman 

scattering was a relatively weak phenomenon and that graphitic carbon was a very strong 

absorber of light; carbon black, for example, was a well-established black pigment. Following 

the pioneering work of Tuinstra and Koenig upon the Raman spectra of graphite and CFs in 1970 

[1, 2], there was initially a trickle of papers published reporting the Raman spectra of different 

forms of graphitic carbon [3] and glass carbon [4].  

Subsequent research upon carbon materials has been greatly facilitated through the 

development of improved hardware in the form of Raman microscopes that are essentially 

Raman spectrometers combined with optical microscopes. People had been experimenting with 

using lenses to focus the laser beam in order to obtain local spectroscopic information but this 

was found to be relatively inefficient. In Raman microscopes, the spatial resolution (radius of 

laser spot size) is diffraction limited ~0.61λ/NA (NA is the numeric aperture of objective and λ is 
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the wavelength of excitation laser). It is estimated to be ~0.5 μm but ~1 μm is a more practical 

value. The spatial resolution has been significantly improved to <100 nm or even at single cell 

level, by the recent development of SERS, TERS and shell-isolated nanoparticle-enhanced Raman 

spectroscopy. The resolution along Z direction depends on the transparency of specimen and 

the laser penetration depth, usually in the order of tens of nm. Thanks to the polarised nature 

of lasers, information upon anisotropy of specimens can also be extracted. 

 

Figure 1 Multiscale applications of Raman on various properties. 

Raman spectroscopy has now become an important NDT tool to characterize carbon materials 

and their composites with high resolution, particularly to enable the interaction between a 

carbon filler and matrix to be studied from a fundamental perspective. This sheds light on the 

application of Raman spectroscopy for bulk carbon-material based composites, to understand 

bulk properties through a microscale interpretation (Figure 1). Overall, the development of 

Raman spectroscopy has offered the opportunity to study many different aspects of carbon 

materials and their composites: (1) multiscale from nanometer to millimeter scale, covering 

everything from neat filler to bulk composites, (2) various features such as strain, doping and 

thermal properties (Figure 1). 

2. Interfacial Mechanics and Model Composites 

A crucial application of Raman spectroscopy is for model composites, in order to investigate 

structure-property relations in-situ and interfacial micromechanics at the single filler level [5, 6]. 

This has been achieved primarily through the correlation between local strain filler and its 

Raman band position. One important question that need to be answered with nanofillers such 

as graphene and CNTs was could they be analysed by using conventional continuum mechanics, 

or did new nano-mechanics theories need to be developed? It will be shown that Raman 

spectroscopy has now enabled this question to be answered. 

In the following it will be reviewed how these can be demonstrated and quantified by the 

combination of Raman and model composites with a mapping process can be carried. Ideally 

model composites refer to modelized structure, where single or well-defined number of fillers 

are embedded in matrix in assemble to the structure of a bulk composite, but the terminology 

is also used if fillers are simply supported on substrate. There are several typical forms of model 

composites to be used for fragmentation test, microdroplet test, push-out test and pull-out test 
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[7]. The choice mainly depends on different geometry and size of carbon fillers. Generally, the 

Raman D, G and 2D downshift with strain with reference shift rates of about -30, -30 and -60 cm-

1/% strain in uniaxial tension [8]. However, these are the ideal reference values that can be 

affected by intrinsic properties such as defects, grain boundaries, wrinkles and other nanoscale 

inhomogeneity [9, 10] which does not reflect the true interaction between graphene and matrix. 

Hence the experimentally measured band shift is usually used as practical calibrations instead. 

2.1 Graphene model composites 

Although chronologically the most recent form of carbon to be studied, it is scientifically logical 

to discuss graphene first, as it is the building block of all the graphitic carbon fillers. A key 

milestone was reported by Gong et al. [11] where they sandwiched monolayer graphene by two 

polymer layers on a PMMA substrate and subjected it to tension. Again the value of dω2D/dɛ 

was used to calibrate the strain, but a mapping process was conducted to reveal the strain 

distribution across the graphene flake. It was found that the strain distribution follows a shape 

that could be described using the well-established continuum mechanics ‘shear-lag’ model 
modified for 2D fillers [11]: ɛg=ɛm [1-

cosh(nsxl)
cosh(ns2 ) ] where  𝑛 = √2Gm

Eg
( t𝑇RVE

)                                        (11) 

This study confirmed that graphene, even as a nanomaterial with one-atomic thickness, still 

obeys the continuum mechanics. The strain distribution obtained can be further derived to the 

distribution of interfacial shear stress using force balance approach in the shear-lag analysis [11, 

12]. The interfacial failure at the graphene edge is just one of failure mechanisms found in 

graphene composites. Failure also occurs when the applied strain is greater than the fracture 

strain of the graphene [13], or the yield strain of matrix [14].  

2.2 Carbon nanotube model composites 

Similar work has also been carried out on CNTs. It typically involves CNTs suspended over 

trenches, which are the subjected to uniaxial strain [15]. Gao et al. [16] stretched SWNTs 

suspended over a trenched PDMS substrate. Values of  dωG/dɛ as large as -30 cm-1/% were 

obtained, similar to the theoretical value [8], without the occurrence of slippage on the PDMS 

substrate. This indirectly shows good interfacial stress transfer as well as strong interfacial 

adhesion for SWNT/PDMS composites.  Another form of CNT model composite is electrospun 

fibres incorporating isolated CNTs [17]. SWNTs with different chirality show quite different 

values of dω2D/dɛ [16, 17]. This implies chirality-dependent interfacial stress transfer for 

different CNT species in electrospun fibre that could facilitate the application of CNTs in 

composites, strain sensors and devices. Unfortunately due to the practical difficulty in resolving 

the individual SWNTs optically, their strain distributions when subjected to deformation have 

not been revealed. Considering this, CNT bundles can be used instead, with an extra length 

factor ηl and orientation parameter ηo having to be taken into consideration to interpret the 

micromechanics.  

2.3 Carbon fibre model composites 

Investigations of the micromechanicas of CF model composites using Raman spectroscopy 

precede to those of graphene and CNT. Melanitis et al. [18] used Raman spectroscopy to map 

570/1211 ©2022 Li 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 strain distribution of a high modulus CF embedded in an epoxy matrix. When the applied 

strain is at a low level ~0.6%, the strain increases from both ends towards the centre and 

eventually plateaus, similar to the behaviour of graphene [11, 14]. This observation 

experimentally validated the classical shear-lag model for 1D rod fillers [19-21]. Derivation of 

the axial strain distribution using force balance approach gives the distribution of τi  to be directly 

estimated [18, 22]. 

3. Applications in Carbon-based Bulk Composites 

The application of Raman on model composites enables the micromechanics to be studied at 

the single filler particle scale. However, their performance can be significantly different when 

they are used on the bulk scale, due to issues such as agglomeration, spatial orientation and 

morphology etc. Fortunately, those phenomena and their correlation, can all be studied by the 

use of Raman in-situ (Figure 2). In bulk composites many carbon fillers can be studied statistically 

and then the performance of the whole nanocomposite can be modelled. This fills the gap 

between the nanoscale measurement (usually by AFM or simulation) and bulk scale 

measurement (usually by mechanical testing) [23]. It also enables Raman spectroscopy to be a 

powerful NDT technique to sense crucial parameters such as filler damage during the production 

of composites.  

 

Figure 2 Applications of Raman spectroscopy in carbon-based composites. 
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Abstract: Due to superior electrical and mechanical properties of carbon nanotubes (CNT), 
CNT/epoxy composites have been widely used in various fields such as sensors, automobiles, 
and aerospace. Accurate measurement of the conductivity is important to reduce 
manufacturing costs. In this work, terahertz time domain spectroscopy (THz-TDS) from 0.1 to 
3.0 THz was used to measure the conductivity of the MWCNT/epoxy composites with different 
CNT contents. The absorption behavior of THz waves in CNT/epoxy was investigated according 
to the MWCNT contents. It can be found that the optical properties including the extinction 
coefficient and the absorption coefficient were affected by the contents of the MWCNTs.  

Keywords: Electrical conductivity; Carbon-nanotube; Terahertz time-domain spectroscopy  

1. Introduction 

In recent years, conductive epoxy composites have attracted much attention from researchers 
worldwide because of their excellent strength and good processing conditions. Also, the 
conductive epoxy composites have various applications, including sensor, antennas, 
electromagnetic shielding, automobiles, and aerospace [1]. However, the conductive epoxy 
composites have limitations in these fields due to their low electrical conductivity and high 
percolation thresholds. One approach to overcome these limitations is to add the carbon-
nanotubes (CNT) with the epoxy resin. Many studies have been performed on the electrical 
conductivity of CNT composites [2, 3, 4]. Epoxy composites containing multi-walled carbon 
nanotube (MWCNT) have advantage of high electrical conductivity and low percolation 
threshold by forming conductive pathways of filler particles.  

Non-destructive testing of electrical conductivity is essential because the damage of 
nanoparticle structure affects the electrical properties of CNT [5]. Additionally, predicting the 
percolation threshold of MWCNT content can increase manufacturing efficiency in terms of 
price and conductivity. For manufacturing the conductive composites, the evaluation of 
electrical conductivity in non-contact has been required to improve the reliability of product and 
yield of process.  

In recent studies, the electrical properties of the CNT/polymer composites were investigated 
using the X-ray diffraction (XRD) method [6]. However, the XRD method is not practical in field, 
because the XRD method has several fatal problems such as generating dangerous radiation on 
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the human body and long measurement time. On the other hand, terahertz (THz) radiation can 
complement these problems. The THz radiation method has advantage of non-invasive, fast 
inspection time and non-destructive characterization techniques for the electrical properties of 
composites [7]. 

The purpose of this paper is to investigate the relation between optical properties and electrical 
conductivity of MWCNT/epoxy composites using the pulsed THz system as shown Fig.1. The 
amplitude and phase information of the composites were obtained using the pulsed THz system. 
From these data, the optical properties of MWCNT/epoxy composites were extracted in 0.2–1.0 
THz according to MWCNT content. Based on the results, the electrical conductivities of 
MWCNT/epoxy composites were analyzed with optical properties based on effect of CNT on 
epoxy composite.  

 

Figure 1. Schematics of inspecting CNT/epoxy composites using the pulsed THz waves  

2. Experiment 

2.1 Functionalization of MWCNT 

The multi-walled carbon nanotube (MWCNT) provided by Hanwha Solution Chemical Division is 
the CNT-P type. To promote the dispersion of MWCNT in epoxy, the functionalization of MWCNT 
was performed with an acid solution, which modified CNT-P to CNT-COOH. The CNT-P (0.15 g) 
was added to 40 ml of a mixture (v/v, 3/1) of sulfuric acid (8 M) and nitric acid (8 M). The mixture 
was then magenetically stirred for 6 hours at room temperature [8]. Through a vacuum filtration, 
the mixture was washed with distilled water until pH 7. After that, the CNT-COOH was dried in 
an oven for 24 h at 80 °C. 

2.2 Sample preparation 

The prepared CNT-COOH was added to a solution with a mixture of ethanol and toluene, and 
the solution mixture with CNT was sonificated for 2 hours at room temperature. Afterwards, the 
required amount of epoxy resin (KFR-120, Kukdo Chemical) was added to the solution mixture. 
The dispersion of MWCNT was conducted by magnetically stirring for 60 min at room 
temperature and sonicating for 60 min at 60 °C. After that, to obtain pure MWCNT/epoxy resin, 
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the mixture was placed in an air circulation oven for 24 hours at 100 °C to evaporate the ethanol 
and toluene. The hardener (KFH-160, Kukdo Chemical) was added in a ratio of 10:3 
(epoxy:hardener). The mixture was mechanically stirred for 10 min. The MWCNT/epoxy 
composites was poured into silicon rubber molds and placed in an oven at 80 °C for 24 hours for 
curing. 

2.3 THz inspection system 

The time-domain THz signals of the prepared MWCNT/epoxy composites were measured using 
the pulsed THz system (FiCOTM, Zomega Terahertz Corp.) as shown in Fig 2. The THz system 
consists of a THz emittor, a detector, an optical instrument, and a femtosecond laser module as 
shown in Fig 2(a). The frequency range of THz pulse is 0.10–3.0 THz, and the signal-to-noise ratio 
(SNR) is 50 dB as shown in Fig 2(b). The transmission mode with a zero-incidence angle was used 
to derive the complex refractive index.  

 
Figure 2. (a) Schematic diagram of THz-TDS system and (b) THz signals in time-domain and 

Frequency domain 

3. Theory 

The complex refractive index of the MWCNT/epoxy composites can be calculated by the THz 
signal difference between the reference signal (𝐸 (𝑡)) and the sample singals (𝐸 (𝑡)), which 
are time-dependent data as shown in Fig. 3 [9]. 

 
Figure 3. The waveform of THz signals passing air (reference) and MWCNT/epoxy composites 
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By using fast Fouier transform (FFT), the magnitude ratio (𝐴(𝜔)) and the phase difference (𝜑(𝜔)) 
can be described in the frequency domain as below,  ( )( ) = 𝐴(𝜔) ∙ 𝑒 ( )                                                                                                                                                 (1) 

where 𝜔 is the angular frequency. The bar notation denotes the complex quantities. The 
complex refractive index is a complex number composed of real and imaginary parts, which can 
be described as  𝑛 (𝜔) = 𝑛 − 𝑖𝜅                                                                                                                                        (2) 

where 𝑛  and 𝜅  are the refractive index and extinction coefficient, respectively. The refractive 
index is related to the refraction of signals, while extinction coefficient is related to the 
absorption of signals, respectively. The complex refractive index can be calculated using the 
values extracted in Eq. (1) as below, 𝑛 (𝜔) = 𝜑(𝜔) ∙ ∙ + 1                                                                                                                          (3) 𝜅 (𝜔) = ln ∙ ( )( )∙( ( ) ) ∙ ∙                                                                                                          (4) 

where d and c are the thickness of the sample and speed of THz signals in air, respectively. From the extinction coefficient, The absorption coefficient (α ) is calculated as following,  α (𝜔) =                                                                                                                                              (5) 

From the THz signal and Eq. (3)-(5), the optical properties of MWCNT/epoxy composites can be 
calculated according to MWCNT content.  

4. Result and discussion 

4.1 DC Conductivity  

The electrical conductivity of MWCNT/epoxy composites was affected by amount of carbon 
nanotubes. By manufacturing the copper electrode on a surface of sample as shown in Fig. 4 (a), 
the resistance was measured using the multimeter with respect to high and low MWCNT 
contents. As shown in Fig. 4(b), the DC conductivities can be calculated using measured 
resistance as below Eq. (6) σ =   ,                                                                                                                                                            (6) 

where R, d, and A are the measured resistance, the distance between the electrodes of the 
sample, and the area of the face of sample in contact with the electrode, respectively. 

 

Figure 4. (a) Sample of MWCNT/epoxy composites with copper electrodes (b) schematics of 
sample  
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The electrical properties of sample with different amounts of CNT in the MWCNT/epoxy 
composites are summarized in Table 1.  The electrical resistance was measured at 15.4 X 106 Ω 
in high MWCNT/epoxy composites and 20.1 X 106 Ω in low MWCNT/epoxy composites, 
respectively. The electrical properties such as conductivity and resistivity were calculated using 
the measured electrical resistance. It was observed that the electrical conductivity was 
increased because the contact resistance was decreased.    

Table 1: Electrical properties by the content of MWCNT/epoxy composites. 

MWCNT content Resistance (Ω) Resistivity (Ω·cm) Conductivity (S/cm) 

High 15.4 × 10  5.5 × 10  1.8 × 10  

Low 20.1 × 10  7.1 × 10  1.4 × 10  
 

4.2 Extinction and absorption coefficient 

The two types of specimens of MWCNT/epoxy composites and epoxy resin were investigated 
using the transmission mode of THz pulsed system. The extinction coefficient and the absorption 
coefficient were calculated from the pulsed THz system using Eq. (2)-(5), and these results were 
plotted in Fig. 5, respectively. The epoxy containing CNT and the pure epoxy showed a clear 
difference in the range of 0.4-1.2 THz. The CNT content and optical properties were highly 
correlated, indicating that the THz spectroscopy was very suitable for measuring relative 
changes in the CNT content. The sample with the high MWCNT content showed the higher 
extinction coefficient and absorption coefficient than other samples. It is showed extinction 
coefficient and absorption coefficient tend to increase as the content of CNT increases due to 
absorbance property of CNT. From this tendency, the THz pulsed system can predict conductivity 
through an increase in CNT content in epoxy resin, which will also enable prediction of 
percolation thresholds. 

 
Figure 5. Extinction coefficient and absorption coefficient on the THz waveform at Frequency 

band for weight fractions of MWCNT/epoxy composites sample and the epoxy resin      
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5. Conclusion  

The effect of CNT on the electrical properties of epoxy composites was investigated based on 
the transmission mode of the THz pulsed system. Two types of specimens prepared according 
to the amount of MWCNT in the epoxy resin were measured for electrical properties such as 
conductivity and resistivity. It was confirmed that as the CNT content in the epoxy composites 
increased, the resistance decreased and the conductivity increased because of the conductive 
pathway. From the THz measurement, these effects could also be confirmed by comparing 
extinction and absorption coefficient. The higher the amount of CNT, the higher the extinction 
coefficient and the absorption coefficient. As a result of this study, it is expected that this 
conductivity measurement method can be predicted using the pulsed THz system. 
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Abstract: In this paper, we investigated the pseudo-ductile behavior of carbon fibre reinforced 

polymer composites via compression after impact (CAI) testing with a new method to analyze 

the occurring deformation zone. The pseudo-ductile behavior appears due to the engineered 

semi-IPN structure, which is formed at the interface between the fibres and resin by a printed 

inter-layer. Thus, the semi-IPN (interpenetrating network) structure locally weakened the 

interfacial shear, which slowed down the crack propagation during load. After the initial impact 

to create delamination, CAI tests were carried out. We 3D scanned the specimens’ on both sides 

after the compression. With the created surface models, the occurring differences can be 

analyzed to determine the dominant damage mode. 

Keywords: pseudo-ductile composite, 3D scan, semi-IPN 

1. Introduction 

The use of high-performance carbon fibre reinforced polymer (CFRP) materials is unavoidable in 

applications requiring low weight and high strength. Composites appeared at the dawn of 

history, as these materials can be used to combine different material properties, even with 

several families of materials. The word “compositus” refers to complexity [1], which is the Latin 

original of the term composite, meaning to put it together. The proliferation of modern polymer 

composites has been greatly fueled by the emergence of weight reduction needs, which have 

highlighted the hypothesis that the design of load-bearing fibers in the direction of load can 

significantly decrease the density of the part [2]. The advancement of carbon fibre composites 

is inevitable in today’s modern world. A 2018 study also shows wellthat the demand for use 

shows an extremely high, steadily increasing trend [3].  

Even though their spread is limited by their lack of ductile behavior. Ductility is the resistance of 

the material against crack propagation. It can also be described as the energy-absorbing ability 

of the material. In the case of carbon fiber reinforced thermoset matrix composites, the ductile 

behavior is not typical; in most cases, brittle failure occurs during damage. With the 

development of ductility, the reliability of these systems can be increased. In the case of carbon 

fibre-reinforced epoxy composites, it is essential to introduce the term pseudo-ductility. The 

pseudo-ductility refers to the appearance of a non-linear characteristic, but this is not due to 

plastic deformation but to the appearance of gradual damage [4, 5]. 

 

There are already several methods to increase ductile behavior. The methods can be divided 

into several groups according to which composite component has been altered. On the 
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reinforcement side, mostly hybrid reinforcements were used to achieve pseudo-ductility. The 

energy absorption capacity of the system can be increased by combining the carbon fibres with 

higher deformation capacity fibres [6-8]. This gives the system additional deformation capability 

even when the carbon fibres are torn under load. From the matrix side, the ductile behaviour 

can be achieved with different additives. In most cases, the matrix was associated with rubber 

or thermoplastic additives that locally increase the ductility of the system [9-11].  

Non-destructive testing of composites is a hot topic because proper structural health monitoring 

is necessary for safety-critical applications. The failure of composites is a complex process of the 

progression and multiplication of minor local damages leading to total failure. When the failure 

zones can only be detected when the level of structural damage is critical, a test is not 

considered non-destructive anymore. All NDT methods have limitations, size, applicability in 

field measurement, a required special treatment, or slight damage to the structure.  

In our research, we present a 3D scan-based test method, which is capable of detecting damage 

at an early stage and applying it to an exceptional kind of composite sample, which is interracially 

engineered to have pseudo-ductile properties. Our method uses 3D printing of polycaprolactone 

(PCL) interlaminar layers to create locally weakened fibre-matrix adhesion zones in carbon fibre 

(CF) - epoxy (EP) composites [12-14] . During the loading of these structures, delamination is 

created at the printed pattern locations, and with a slight loss in strength, the structure shows 

a pseudo-ductile failure with improved strain at break values and pseudo-ductile plateaus. 

2. Experimental 

2.1 Materials 

We used IPOX ER 1010 (IPOX Chemicals Kft., Budapest, Hungary) DGEBA-based epoxy resin (EP) 

as the matrix of the composite laminates, with IPOX MH 3111 anhydride-based curing agent. 

The mixing weight ratio was 100:75, according to the producer’s recommendation. We cured 

the resin at 90°C for 3 hours. Fibre reinforcement was PX35FBUD0300 (Zoltek Zrt., 
Nyergesújfalu, Hungary) unidirectional carbon weave (309 g/m2 surface weight), consisting of 

Panex35 50k rovings. For the 3D printed interface, we selected eMorph175N05 (Shenzhen Esun 

Industrial Co. Ltd., Shenzhen, China) PCL filament. We chose PCL because it is soluble in the 

matrix, it is easier to process than other thermoplastic additives due to its lower melting 

temperature, and because it is a biomaterial, so it is not harmful to the environment, unlike 

many high-performance additives. The diameter of the filament was 1.75 mm (melting 

temperature, Tm = 60 °C, print temperature: >80 °C). The manufacturing process and the inter-

layer design (Figure 1., Table 1) are similar to in the structure presented in our previous paper 

[13].    
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Figure 1. Printed inter-layers on the surface of UD carbon fibre [13] 

Table 1: Design parameters of the inter-layer patterns [13] 

Surface filling (SF) 

[%] 

Diagonal Biaxial 

x1 (Line thickness) 

[mm] 
y1 (Distance) [mm] 

x2 (Line thickness) 

[mm] 
y2 (Distance) [mm] 

12.5 0.5 3.5 0.5 8.0 

25.0 1.0 3.0 1.0 6.9 

37.5 1.5 2.5 1.5 5.7 

50.0 2.0 2.0 2.0 4.6 

62.5 2.5 1.5 2.5 3.4 

75.0 3.0 1.0 3.0 2.3 

87.5 3.5 0.5 3.5 1.1 

100.0 4.0 0.0 4.0 0.0 

 

2.2 Initial delamination 

The mechanical properties of the composites are significantly affected by the inherent damage 

in the material. Prior to the CAI measurements, the exposed specimens were subjected to 

impact by a hemispherical dart impactor to achieve a certain level of delamination in the 

specimens. The dimensions of the specimens were 80x80x2 mm, and we exposed them to an 

impact of 20 J. At this value, only delamination occurs, without complete failure of the specimen. 

2.3 Compression after impact  

During the CAI test, we examined the change in the pseudo-ductile properties of the composite 

specimens. After creating the initial defect, the specimens were subjected to a compression test. 
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We used a Mercury Monet 3D two-camera DIC to follow the deformation of the specimens in 

3D, as well as the whole process of the failure (Figure 2 a; b). 

   

Figure 2. a) Arrangement during the CAI test; b) DIC recording of a compressed specimen; c) 

Compression curves at different surface filling 

Based on the compressive stress-strain curves (Figure 2 c), the reference samples and the 

samples with a low PCL ratio reached the highest compressive strength values, and by increasing 

the PCL content, stress values dropped significantly. In the case of deformations related to 

maximal stress values, higher deformation values can be observed for samples with a lower 

surface filling ratio. As the proportion of PCL increases, the curves become more and more 

flattened; here, we can speak of a more gradual failure (more ductile behavior) than in the case 

of reference samples, where a brittle failure appeared. Based on the specific absorbed energy 

(SAE) the application of a small percentage of PCL increased the energy values (Figure 3). 

 

Figure 3. Ductility results at compression after impact test at different surface filling content 

This increase is due to the fact that the compressive strength and deformation values of the 

samples with low PCL content have not yet decreased significantly, but the elongated failure 

behavior has already appeared at low PCL content already. Above 50% of PCL, the absorbed 

energy started to decrease. The decreasing tendency appeared due to the decreasing stress 

values as well, resulting in less area under the curve. 

As PCL proportion increased, the ductility index decreased, i.e., more ductile behavior was 

observed than in the reference samples (which were close to 1 value). For samples with a high 

surface area filling, the values show more ductile behavior. In the case of the reference samples, 

we can speak of brittle fracture, i.e., after the cracking started, the material was no longer able 

to absorb energy. For samples with a high PCL ratio, a more ductile failure occurred, resulting in 

a) b) c) 
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a significant amount of energy being absorbed even after crack initiation. This can be explained 

by the fact that when the crack path intersected with the PCL zones, the propagation slowed 

down, thanks to the altered interfacial shear strength [12]. In the case of specimens with a high 

PCL, the crack reached the locally modified zones more often, thus, the specimen was able to 

deform more, thus achieving a more pseudo-ductile behavior.  

2.4 Evaluation of the deformation zone 

To evaluate the deformation zone, we 3D scanned the compressed specimens’ on both sides. 

We took 4-5 recordings of a specimen in order to get an accurate picture of it. We used GOM 

ATOS Core 5M to 3D scan the specimens. Using the point cloud generated by the GOM 

InspectSuit 2020 program, we fitted the surface on them in MatLab (Figure 4).  

 

 

 

Figure 4. Fitted deformed surfaces after compression with the midplane line which evaluated in 

MatLab; a) Reference; b) 25% PCL; c) 50% PCL; d) 75% PCL; e) 100% PCL 

In order to examine the deformations, the front and back of the specimens after the 

compression test were compared, which are illustrated in Figure 5. The green lines show the 

front surface and the yellow lines the back surface of the compressed specimens. The lines were 

located in the centre of the surface of the specimens, parallel to the direction of the fibres and 

perpendicular to one side. We placed the lines on top of each other, assuming the same 

specimen thickness to better illustrate the differences between the surfaces (Figure 5). 

a) b) 

c) d) 

e) 
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Figure 5. Midplane deformation at CAI where green line is the front plane, yellow line is the 

back plane; a) Reference; b) 25% PCL; c) 50% PCL; d) 75% PCL; e) 100% PCL 

The comparisons show that as the PCL increases, the curves become more and more aligned. 

Delamination failure may occur for samples with a low PCL ratio, which explains the difference 

between the stress-deformation curves, especially for reference samples where there is a 

millimeter difference between the two curves. In the case of samples with a higher PCL 

percentage, we can speak of fibre breakage so that the contact surfaces did not separate to the 

same extent during delamination as during delamination, so the curves fell more on top of each 

other. At high PCL content the structural integrity of the specimens remained. 

3. Conclusions 

We performed compression after impact tests on interface-modified (which inter-layer formed 

semi-IPN structure) composite samples. A more ductile behavior appeared with increasing the 

concentration of the interlayer material. The interfacial adhesion has been changed locally, and 

the shear strength has also increased with the help of the thermoplastic material. A 3D scanning 

a) b) 

c) d) 

e) 
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procedure was used to observe the deformation zone, in which the front and back sides of the 

specimens were analyzed in a MatLab environment. The characteristic failure can be determined 

from the formed deformation fields. The structural integrity in the case of reference samples 

disappeared after the load was unapplied, which also appeared on the line diagrams. In the case 

of the modified samples, the layers could work together until the load ceased and no layer 

separation occurred. Due to the long-term cooperation of the layers, a more ductile behavior 

appeared during the damage process. 
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Abstract: In this research paper, we present a sensitive algorithm for automatic quantification 

of the lateral extent of impact-related damages in carbon fibre reinforced plastic (CFRP) 

measured by imaging non-destructive (NDT) test methods. We compare our method with known 

state-of-the-art methods for contour detection using X-ray radiography and IR thermography 

images. In order to identify the real damaged area, micrographs of polished cross-sections were 

used as reference. The algorithm for contour detection proposed by us provides a very good 

alternative with high accuracy and sensitivity, especially for X-ray radiography or IR 

thermography images with low signal to noise ratio. 

Keywords: Contour detection, Automated defect quantification, X-ray radiography, 

IR thermography, Impact damage  

1. Introduction 

The detection and quantification of low-velocity impact damage in CFRP is highly relevant for 

the development and service use of CFRP applications as it occurs frequently and causes a 

complicated, sometimes hard to detect damage pattern.1 NDT test methods such as ultrasonic 

inspection (US), IR thermography (IRT) - and in laboratory environment X-ray radiography and 

X-ray computed tomography (CT) - are state of the art methods for the characterization of such 

damages.2 Contour detection algorithms, such as Canny Edge, Active contour model (snake 

model), threshold based, histogram based etc. are used to separate the region of interest (ROI) 

before binarization and quantification.3 Because of the inherently low contrast in IRT4 or X-ray5 

images of impact damages in CFRP and the combination of different damage modes, such as 

fibre breaking, fibre-matrix detachments and delamination of the individual layers4,6, the 

automated evaluation and quantification is especially challenging. 

In this research, we propose a new algorithm for automated quantification of such images, 

based on the analysis of the information content in the image rather than on previously detected 

contour lines to provide a basis for the automated evaluation of data derived by NDT test 

methods with constantly evolving capabilities such as higher resolution and faster tracking, 

resulting in a large amount of data. 

It is based on approaches adapted from the analysis of acoustic emission (AE) signals, namely 

the Akaike information criterion (AIC)7,8, the short-term average/long-term average (STA/LTA) 

ratio technique9 and the spectral power density (PSD) analysis method10. It was tested on a 

dataset acquired with X-ray radiography and IRT from the same CFRP samples which were low-
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velocity impacted with different impact energies (10J, 7J, 5J) in a drop tower setup as described 

in11. Additionally, we calibrated our results with data obtained by high-resolution CT and 

microscopy of polished cross sections. 

 

2. Methods 

2.1 Impact testing 

The dimension of the specimens were 600 × 600mm2, with a thickness of 1.70 ± 0.01mm, cut 

out from plates with a layup of (45/-45/45/-45/90/0/90)s, fabricated from unidirectional 

prepreg (Solvay Cycom 977-2-35-12kHTS-134-1500, consisting of carbon fibre Teijin Tenax 

HTS40 and epoxy resin Cycom 977-2). The sheets were cured in an autoclave (pressure <0.1 

mbar) at 180◦C and 7bar for 3h. The plates were subjected to impact loading using a drop tower 

setup according to DIN EN 6038 and AITM1-0010. A circular impactor with a diameter of 16 mm 

and a total mass of 4.74kg was used. The impact force was recorded using a 100kN load cell. 

Further details are described in11. 

2.2 Infrared thermography 

IRT is considered an effective method for evaluating impact damage and is therefore often used 

to detect the damage area after impact. IRT´s advantages are contactless, direct imaging at high 

speed, good resolution and sensitivity.12 

Offline pulse-phase thermography (PPT) was performed in reflection geometry as described in11. 

The surface temperature was measured with an IR camera (Image IR9410 BI S, InfraTec GmbH, 

Dresden, Germany) having a thermal sensitivity of < 0.20mK. A telephoto lens with f = 50mm 

was used at a distance to the sample of 1320mm. The image sensor of the camera has 1280 × 

1024 px and the geometric resolution was set to 0.211 mm/px, referring to the outer edges of 

the sample. The acquisition rate SR was set to 180 Hz and the acquisition duration to 30s with a 

pretrigger of 0.1s (18 frames). 

2.3 X-ray radiography/CT 

X-ray radiography combined with a contrast agent is a fast and easy tracking method for inner 

delamination. To determine whether X-ray projections are showing the real damage area in 

addition, a high-resolution volume scan with the same device was made and compared with 

optical microscopy on micrographs of polished cross sections. 

The projections and the high-resolution CT volume scan were taken with a micro-focussed X-ray 

CT (Zeiss Versa 520). To enhance contrast, the samples were previously immersed for 24 hours 

in a contrast agent solution consisting of 250g zinc iodide in 80ml distilled water and 80ml 

isopropyl alcohol with 1ml wetting agent (Tetenal Mirasol 2000) at room temperature for 24 

hours. Projections were averaged from 10 single frames acquired with an accelerating voltage 

of 40kV, a beam power of 3W, exposure time of 3s and a geometric resolution of 0.019 mm/px. 

To account for the laterally non-uniform emission profile of the X-ray source and sensitivity of 

the detector, a reference image was subtracted. For the determination of the damage area, the 

absorption image was used. The volume scan was done with an accelerating voltage of 50kV, a 
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beam power of 4W, an exposure time of 0.15s with averaging 20 single frames per projection 

and a resolution of 0.025 mm/px. 

 

2.4 Data processing 

The defect detection algorithm developed in this research is based on considering any line in the 

image as spatial 1D-dataset and used the adapted event detection algorithms of AE to identify 

the defect contour or rather the defect area. Briefly about three different AE-algorithms are 

used: 

(a) AIC: The concept formulated by Hirotugu Akaike - Akaike Information Criterion (AIC)7, 

originally introduced for the purpose of statistical identification, was established by Maeda8 for 

signal onset detection in seismic data analysis8 and since then is one of the widely used methods 

in acoustic signal processing. The idea is to compare the entropy of the given dataset which 

includes stochastic noise and signal itself. Each point in time (in our case each spatial point) 

divides the dataset into two windows whose variances are calculated. Usually, the global 

minimum of AIC, which is calculated for each time (or spatial) point using equation (1), is 

assumed as the start of the signal. 𝐴𝐼𝐶(𝑡𝑖) = 𝑡𝑖 ∙ log(𝜎1,𝑖2 ) + (𝑡𝑁 − 𝑡𝑖 − 1) ∙ log(𝜎𝑖,𝑁2 )    𝑖 ∈ [1, 𝑁]                                                     (1) 

where 𝜎𝑁2 = 1𝑁 ∑ (𝑥𝑖 − �̅�)2𝑁𝑗=1 .  

For a better adjustment on our goals, we also consider local minima and their heights which may 

appear before global ones. Local height (if it exists) comparison to global allows threshold 

introduction and thus better control of the procedure. 

(b) STA/LTA: By this approach, the dataset is divided into two consecutive short and long 

windows at each point in time (or in our case space). For each window, using the characteristic 

function - 𝑓, corresponding mean values STA and LTA are calculated. The ratio between mean 

values as given by equation (2) is used as a criterion for determining the onset of the signal. The 

onset of the signal is considered at the moment when the amplitude of the calculated ratio 

exceeds a previously set threshold value. 

(𝑆𝑇𝐴𝐿𝑇𝐴)𝑖 =  1𝑁𝑠 ∑ 𝑓(𝑥𝑗)𝑖𝑗=𝑖−𝑁𝑠1𝑁𝐿 ∑ 𝑓(𝑥𝑗)𝑖+𝑁𝐿𝑗=𝑖                                                                                                                           (2) 

(c) PSD: We modified and employed the event detection method of the PSD technique 

introduced by Vaezi & Van der Baan10. The main idea is to compare estimated power spectral 

densities 𝑃𝑆𝐷𝑛𝑡 (𝑓) for each segment of the data set with mean power spectral densities 𝑃𝑆𝐷̅̅ ̅̅ ̅̅ (𝑓) 

calculated by the Welch method13 using a Hann window. In this research the classic (global 

minimum) AIC method on the calculated average version of the PSD (Λ(𝑡)) according to equation 

(3) is used to detect the outer contour of the damage area. Λ(𝑡) = ∑ 𝑢𝑡(𝑓)𝑓𝑁𝑓     where 𝑢𝑡(𝑓) = ∆𝑃𝑆𝐷𝑛𝑡 (𝑓)𝜎(𝑓)  , ∆𝑃𝑆𝐷𝑛𝑡 (𝑓) = 𝑃𝑆𝐷𝑛𝑡 (𝑓) − 𝑃𝑆𝐷̅̅ ̅̅ ̅̅ (𝑓)                        (3) 

Returning to the defect contour search, summation of 2D dataset elements (image) over the 

horizontal and vertical axis supply two new 1D datasets. On both of them (in forward and 
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backward direction), the described technique was applied to determine the region of interest 

(ROI) where the defect is approximately located. According to the characteristics of the 

specimen, it can be expected that the defect has centro-symmetry with respect to the position 

of impact. Based on these characteristics, it can be assumed that the center of the ROI is more 

likely located within the defect. Moreover, “all lines" (1D datasets) crossing the center point are 
used and the same approach is applied to find the points of the damage contours. Once the 

contour of the defect has been identified, standard algorithms are used to fill the area inside 

prior to binarization (cv2.fillConvexPoly from OpenCV Python module) and quantitative 

determination of the damage area. Another important aspect is the presence of noise or/and 

very small defects in the image that can affect the algorithm. At the beginning, to reduce the 

influence of noise, a two-dimensional median filter (e.g. scipy.ndimage.median_filter) can be 

applied to the data. Additionally, a density-based spatial clustering of applications with noise 

(DBSCAN) algorithm14 was adapted to filter the contour points found before they are used to 

determine the damage area. 

 

3. Results and Discussion 

At first, the algorithm was tested on X-ray absorption and PPT images of 8 CFRP plates after low-

velocity impact testing with different impact energy (5J, 7J, 10J)11. To ensure the automation of 

the process, the control parameters optimized for each algorithm and the DBSCAN clustering 

filter were determined in advance and then applied for the evaluation of all 8 images. When 

comparing the results qualitatively, the AIC method showed the best results for X-ray 

radiography images (Figure. 1). Because of this, it was selected for further comparison with 

standard methods.  

 

Figure 1 : Comparison of automated contour search with three different AE-algorithms applied 

to a X-ray absorption image (right). The best result was found with the AIC method (left). 

For comparison, four widely used algorithms have been considered (Canny Edge, Active contour 

model (snake model), Threshold based and Histogram based contour detection algorithms), all 

implemented in the Python modules cv2 and skimage. These standard algorithms usually consist 

of several steps which include, among others, noise reduction using different filters. It should be 

noted that for specific tasks/cases it is not always possible to set the control parameters in such 

a way that all images can be processed automatically with best results. Therefore, in order to 

obtain comparable results, we adapted these parameters to each image individually for all 

methods so that automated processing was not possible. Only the histogram-based method 
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provided good results automatically (Figure 2 left). Qualitative and quantitative comparison 

shows comparable results between the histogram based method and ours (Figure. 2 right / 

Table 1). 

 

Figure 2 : Comparison of contour search standard algorithms (left) and the best results with our 

method (right) applied to an X-ray absorption image. 

Table 1: Comparison of the detected defect area [pixel] with standard methods considered in this 

research for all investigated specimens 

Impact energy 

defect area [pixel] 

Our method Histogram Canny 
Active 

Threshold 

Active contour 

(snake model) 

10 J 987336 971407 902769 505901 729869 

10 J 1288824 1197471 784828 777117 1169354 

7 J 823221 755920 534223 374781 701305 

10 J 1269945 1375604 1335989 1239727 986590 

7 J 756747 702732 636110 728488 462809 

5 J 530678 487615 739387 170665 403869 

5 J 503124 474341 629743 2336919 683469 

7 J 913959 1067947 1034743 570272 1013625 

     

In contrast, when examining IRT images, the PSD-based contour search algorithm showed better 

results than the others (Figure 3 above). The standard methods (Histogram based, Canny Edge, 

Adaptive Threshold) delivered more or less good results. Despite the fact that in many cases the 

damage contours found in the comparison above can be qualified as good by visual inspection, 

the question remains open: How well do these automatically detected contours reflect the real 

damaged area? To answer this question and to set the basis for a calibration of the NDT test 

methods investigated, here selected specimens were examined further. Firstly, high-resolution 

X-ray CT scans were acquired from which the 3D volume of the specimen was reconstructed. 

Secondly, polished cross sections of selected specimens were prepared with 1mm increment 

across the lateral extension of the defect and examined with optical microscopy. As an example, 
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the cross section image from optical microscopy is compared with the corresponding cross 

section derived from the reconstructed X-ray CT scan in Figure 4. The exact location of the cross 

section is shown in the left-hand side of Figure 4. The lateral extension of the impact damage in 

different depths can be seen in both images similarly. 

But the comparison of both images reveals that the 

contrast agent has not penetrated into the 

delamination cracks entirely. Due to capillary forces, 

a small volume at the outer edge was left out. 

Thorough examination of the X-ray absorption 

images (Figure 4, left) displays the area penetrated by 

the contrast agent well, but some shadows can also 

be seen at the outer border. Further, more 

quantitative investigations have to be carried out to 

determine whether such shadows are caused by 

contrast agent or by the impact damage itself. A 

quantitative comparison of the total length of the 

damage at the position of the cross section as marked 

in Figure 4 (left) leads to very similar results. The cross 

section depicted in Figure 4 can be assumed to be 

representative. 

The length obtained from the optical microscopy 

micrograph and from the CT section are 10.01mm 

and 10.13mm, respectively. From the automated 

determination of the defect size from the 2D image 

derived by X-ray absorption image a length of approx. 

10.16mm can be found. 

 

Figure 4: Qualitative comparison and quantitative measurement of damage size from three test 

methods : X-ray radiography absorption image (left), cross section derived from reconstructed X-

ray CT scan (right- above) & light microscopy image of polished cross section (right-below) and 

contour search using our method. 

 

 

 

Figure 3 : Representative phase image 

of PPT of the impact specimen and 

associated contour search results 

using standard methods (below) and 

ours (above). 
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4. Conclusion 

The algorithm for automated contour detection we proposed is a good alternative to the well-

established standard algorithms for image processing. Its main advantages are the high 

sensitivity and accuracy, especially for images with low signal-to-noise-ratio, derived by X-ray 

radiography, X-ray CT scan or infrared thermography. In addition, the possibility to adapt the 

threshold for damage contour detection to a certain method or group of specimen proved useful 

for the investigation of low-velocity impact damage in CFRP. 

For a precise calibration for automated quantification, some additional research should be 

carried out to resolve the issues arising from the usage of a contrast agent for X-ray imaging. 

There is also great potential for an optimized implementation in Python to speed up the 

computations. 
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Abstract: This study presents the 3D characterization of the nodal region of an Arundinaria 

amabilis bamboo using X-ray micro-computed tomography imaging (µCT). The complex pattern 

of vascular bundles across the node was identified, and the sample was characterized regarding 

the relative volumes of parenchyma and sclerenchyma tissues. The results show that the node 

witnesses the development of radial and tangential vascular bundles, forming a net-like pattern. 

Some specific nodal structures ("splitting bundles") were also identified: regularly distributed 

around the culm, they split below the diaphragm between bundles crossing radially into the 

diaphragm and others deviating to the outer side of the culm. Finally, the volumetric fraction of 

lignified sclerenchyma tissue reaches a minimum at the location of the node. In addition, the µCT 

technique was used to build a discretized model of an internodal part of the bamboo sample, 

thus allowing to recreate the real 3D structure of the composite material and showcasing the 

potential of µCT imaging for finite element analysis. 

Keywords: Bamboo node; X-ray microtomography; 3D reconstruction; Vascular bundles; 

Finite-element model  

1. Introduction 

Bamboo is a sustainable, fast-growing and resistant material used in the construction industry 

in recent years, as an environmentally friendly alternative to more traditional and polluting 

construction materials. A bamboo culm is composed of an alternation of hollow internodes and 

solid nodes [1] and consists of vascular bundles embedded in parenchyma ground tissue. 

Bamboo is considered a natural composite, and its morphological structure directly influences 

its mechanical properties. The vascular bundles are responsible for the transport of water and 

nutrients within the culm and are themselves composed of xylem and phloem vessels 

surrounded by protective fiber sheaths made of sclerenchyma tissue. The sclerenchyma fibers 

are dense and provide strength and stiffness to the bamboo culm [2] while the parenchyma 

ground tissue behaves like a foam and distributes the local stresses to the whole structure as a 

matrix [3,4].  

The structure of internodes is today well understood; the vascular bundles are longitudinally 

arranged in internodes and their distribution follows a radial density gradient. The 

morphological structure of bamboo nodes – controlling the mechanical properties - is however 

more complex and has been less studied. Research on bamboo nodes began in the 1960s [6], 

relying mainly on optical microscopy. Using enlarged images of longitudinal and transverse 
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sections, [7] studied the anatomical characteristics of vascular bundles in bamboo nodes, while 

[8] reconstructed by hand the complex 3D structure of a node, showing that bamboo nodes 

witness an intensive fusion and separation of conducting cells as well as vascular bundles 

deviating from their longitudinal path and passing horizontally through the diaphragm. 

2D visualization methods remain limited since they require complex and sometimes damaging 

preparations of the samples. In recent years, several studies have turned to the high-resolution 

and non-invasive technique of X-ray microtomography (µCT) to better understand the internal 

structure of bamboo nodes through 3D reconstruction [10-14]. However, among those, only [14] 

investigated the structure of a simple node (without any type of branching) through 3D 

reconstruction which provided a general view of the fibers’ connectivity but didn’t discuss the 

effect the fibers have on the node's performance. Indeed, there is to this day no consensus on 

the mechanical properties of bamboo nodes and the research on this topic remains quite sparse 

and often contradictory, nodes being seen either as weak points in the culm or helping to 

strengthen it [9, 15-16]. 

The main goal of this work is to isolate the path of individual fibers in a bamboo node to better 

understand the behavior of the vascular bundles in the node and how it affects the mechanical 

properties of bamboo nodes. With this view in mind, this study is also investigating the potential 

of µCT imaging for building a finite-element model of the node. Such model based on the real 3-

dimensional geometry of the node would indeed allow to perform numerical simulations that 

could be of critical interest for the understanding of the node behavior. An FE model of a node 

is built following a simple procedure based on an automatic threshold. 

2. Materials and methods 

2.1 Material 

Samples of Arundinaria amabilis bamboo were purchased from www.bambushandel-

condam.de. A section of the culm of 21 mm in height, with an external diameter of 26 mm and 

internal diameter of 17mm, was selected for µCT scanning. The node was positioned at the 

center of the scanned sample. 

2.2 X-ray computed microtomography 

The µCT imaging technique is based on the attenuation of the X-ray radiation by the scanned 

material. It thus allows to detect materials that attenuate the radiations differently. In the case 

of bamboo, dense fibers tend to attenuate a lot the X-rays, while the softer and more porous 

parenchyma attenuates less. As for the conducting vessels, they do not attenuate at all X-rays. 

µCT imaging therefore allows to detect the three main components of a bamboo culm: 

parenchyma, fibers and conducting vessels. The sample was scanned using an Ultratom X-ray 

imaging system from RX solutions. The following scan parameters were used:  X-ray source 

voltage of 45 kV, current of 311 µA, and averaging over 6 pictures. The images were acquired at 

a rate of 2.5 pictures/second and a total of 1632 projections were used. A resulting voxel size of 

0.0143 µm was obtained. 

2.3 Image processing 

Images were processed and analyzed using the AVIZO 3D software (2021.1 version). The slices 

were combined and reconstructed from the projections with a non-iterative filtered 

backprojection algorithm and exported as a stack of TIFF images. A total of 1509 slices was 

obtained. The original TIFF stack was denoised using the non-local means denoising filter of 
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AVIZO 3D. The automatic threshold function of AVIZO 3D was then used to segment the different 

tissues from one another: fibers, parenchyma and conducting vessels (Figure 2). The volumetric 

content of the different components was then computed for the whole sample as well as for 

each transverse slice. 

 

Figure 2. Image processing of the µCT stack. (a) Detail of an original transverse µCT section. 

Color scale: densest and most attenuating materials (fibers) in white to least attenuating 

materials (voids) in black. (b) After denoising with a non-local means filter. (c) Binary mask of 

the fibers after segmentation. (d) Binary mask of the conducting vessels after segmentation. 

2.4 Finite-element model 

Once the segmentation of the different components of the culm was performed, an attempt 

was made at meshing the structure. The goal was to obtain a finite-element model that could 

be exported to ABAQUS software for further numerical simulations. To ease the meshing, the 

structure was simplified by considering only the parenchyma and the fibers: the conducting 

vessels, which represent no more than a few percent of the culm in terms of volume, were 

included in the parenchyma segmentation. Two approaches were followed to develop the finite-

element model. The first one was based on the generation of a surface mesh using the AVIZO 

3D "Generate surface" function. The generated surface was then exported as an .STL file into 

the open-source software Meshmixer, where the mesh was repaired and simplified. Finally, the 

open-source software Gmsh was used to compute the final solid mesh from the surface mesh. 

An alternative approach was also implemented using the X-Wind meshing module of AVIZO 3D, 

which allows to directly compute a solid mesh based on a given segmentation. 

3. Results and discussions 

3.1 Morphological analysis of the node 

 

Figure 3. Longitudinal view of the node and identification of different types of vascular bundles. 

The general morphology of an Arundinaria amabilis bamboo node can be seen in Figure 3. On 

the transverse sections (Fig. 4 and 5) the different components of the culm can be well 
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distinguished: the parenchyma and the vascular bundles consisting of the sclerenchyma fibers 

and the conducting vessels. The morphological characteristics of fibers and vascular bundles in 

the node can be identified on the longitudinal and transverse section views of Figures 3 to 5. 

 

Figure 4. Transverse views at different locations of the culm. (a) at the bottom. (b) below the 

diaphragm. (c) at the sheath scar and diaphragm position. (d) above the diaphragm. 

 

Figure 5. (a to d) Close-up of the transverse slices of Fig. 4. Longitudinal fibers (yellow arrows), 

splitting bundles (blue arrows), tangential bundles (red arrows), radial fibers (white arrows), 

diaphragm bundle (green arrow). 

At the bottom of the node (Fig. 5a) all the fibers have a longitudinal orientation. Closer to the 

node, the thickness of the culm increases, and the vascular bundles tend to lose completely their 

lateral fiber sheaths, while the two polar sheaths of the bundles increase in size and become 

rounder, as had already been noticed by [7] and [9]. Some peculiar layout also begins to appear, 

called "splitting bundles" in this manuscript. The "splitting bundles" are originally located on the 

inner layer of the culm and regularly distributed on its circumference (Fig. 5a, blue arrows). They 

first begin to dilate (Fig. 5a, blue arrows), before splitting below the diaphragm into several 

bundles (Fig. 5b, blue arrows): some will deviate radially of a few millimeters towards the outer 

side of the culm before regaining a longitudinal orientation, while another bundle will develop 

towards the center of the culm and cross into the diaphragm (Fig. 3). That specific type of 

"splitting bundles" had not been analyzed by [14] but can however be detected on the µCT node 

images shown in that paper. Those bundles seem to be a critical element for the transverse 

transport of water and nutrients in the culm.  

The bundles that cross into the diaphragm mostly have a horizontal orientation (Fig. 3 and 5, 

green arrows). Unlike the longitudinal vascular bundles of the culm which have large fiber 

sheaths and small conducting vessels, the diaphragm bundles are mainly composed of 

conducting elements only surrounded by a thin layer of sclerenchyma tissues. Above the node, 

many small tangential vascular bundles that turn and twist forming a ring around the culm can 

be detected; an observation that agrees with previous observations by [1][11][12]. Thin fibers 

developing radially can also be observed above the diaphragm of the node (Fig. 3 and 5, white 

arrows) that originate by branching from the main longitudinal fibers. Above the node, the 

combination of radial, tangential and longitudinal bundles creates a three-dimensional 
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interwoven net of fibers [9][14]. When moving away from the node, the longitudinal fibers 

regain their original elongated shape and lateral sheaths appear again.  

An automatic segmentation of the sample was also performed, enabling the visualization of the 

global pattern of vascular bundles (fibers and conducting vessels) in the node (Fig. 6). The ring 

of tangential and radial fibers above the node can be well identified on Fig.6a., and the pattern 

of "splitting bundles" joining the diaphragm from the inner side of the culm can be noticed on 

Fig.6b. Concerning the conducting vessels, Figs.6c. and 6d. show that they remain mostly 

longitudinal, except near the diaphragm where tangential vessels appear in the inner side of the 

culm, as well as vessels crossing horizontally the diaphragm. In general, a high connectivity 

between the vascular bundles can be observed especially in the diaphragm and in the inner layer 

of the culm, which is consistent with the findings of [14] and [7], who first noticed that an 

"intensive fusion and re-separation" of vascular bundles occurs in the node. Through the fusion 

of vascular bundles in the diaphragm, most conducting vessels can cross from one side of the 

culm to the other, as is shown in Figure 6d. 

 

Using this segmentation, the volumetric fraction of fibers, vessels and parenchyma could directly 

be computed at different positions of the culm (Fig. 7). The mean volumetric fractions over the 

whole node were also computed: the sample is composed of 53.6% parenchyma, 45.5% fibers 

and 0.99% conducting vessels. Those fractions differ quite significantly from what had been 

found by [14], who reported a smaller content of fibers and larger amount of conducting vessels.  

This discrepancy could however be explained by the different species of bamboo used as well as 

the uncertainty of measurement due to the segmentation. The profile of fiber content across 

the node seems however to corroborate the trend observed by [14]. Starting from below the 

node, the fiber content decreases as the culm thickens and reaches a minimum of 36% at the 

location of the diaphragm. Above the node, where the ring of tangential bundles is present and 

the culm remains thick, the fiber content stagnates at 45%, before regaining its internodal value 

of about 51%. This shows that for Arundinaria amabilis bamboos, nodes have a lower fiber 

Figure 6. (a) Segmentation of the fibers, top 

side view. (b) Segmentation of the fibers, 

bottom side view. (c) Segmentation of the 

conducting vessels, top side view. (d) 

Segmentation of the conducting vessels, top 

Figure 7. (top) Mean tissue 

fractions over the whole sample. 

(bottom) Distribution across the 

node. 
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content than internodes, despite the apparition of horizontal bundles and the coarser fibers in 

the node. 

The X-ray microtomography that was performed in the frame of this work allowed the detailed 

analysis of the morphology of an Arundinaria amabilis bamboo node. Specific characteristics of 

the node were identified and clearly visualized for the first time, such as the splitting bundles, 

the diaphragm structure, and the interwoven net of tangential, radial and longitudinal bundles 

above the diaphragm. From a biological perspective, this analysis confirms the important role of 

the node for the transport of water and nutrients [1]: the splitting bundles as well as the high 

connectivity of the vascular bundles in the diaphragm allow water and nutrients to be 

transported along the whole culm, longitudinally as well as transversely. Concerning the 

mechanical properties of the node however, it is hard to reach conclusions based solely on this 

morphological analysis. On the one hand, the deviations undergone by the longitudinal fibers 

and especially the splitting bundles, combined with the low fiber content of the node, could be 

an indicator for the weakness of the node and its low tensile strength [15, 16]. On the other 

hand, the interweaving fibers above the diaphragm could strengthen the node and make it more 

resistant to crack propagation [9]. In this context, using µCT to build a finite-element model of 

the node to perform numerical simulations could be particularly interesting. 

3.2 Finite element discretization 

The building of a finite-element model of the node based on the segmentation of the µCT image 

stack was attempted. To simplify the complex geometry of the node, only the fibers and the 

parenchyma were segmented and considered for the creation of the mesh. It was chosen to 

neglect the conducting vessels since they only make up a few percent of the total volume of the 

node. As mentioned in the introduction, [4] and [13] already succeeded in meshing respectively 

a small internode sample of 2x2 mm and a branching node of about 2 mm in diameter and 8 mm 

in height.  

Figure 8. Finite-element model of a part of the culm using the X-Wind module of AVIZO 3D. (a) 

Meshed sample. Parenchyma in green and fibers in blue. (b) Close-up of the fibers' mesh. 

However, the structure of the node investigated in this work is very different from the structure 

analyzed by Palombini et al. and its size is much bigger (an order of magnitude). Therefore, the 

manual segmentation method used by Palombini et al., which, although it is very time 

consuming, allows a clean segmentation and a relatively easy meshing, could not be used in this 

case. An attempt was therefore made at finding a way to build a mesh of the node using only an 

automatic threshold segmentation of the fibers. 
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Several difficulties were encountered. Initially, to obtain a clean segmentation of the fibers, the 

µCT images need to be well contrasted and the level of contrast should be uniform over the 

whole sample. Also, a high resolution is required, which can be a limitation when the scanned 

sample is big. For example, in this case, the fibers located on the outer side of the culm could 

not be segmented separately because of a lack of resolution. Finally, due to the complexity of 

the structure around and in the node, with thin fibers that merge and separate randomly, the 

resulting surfaces are complicated and make the computation of the mesh very heavy and prone 

to errors. 

Since the meshing of the node proved difficult, an attempt was made at modeling a simpler and 

smaller part of the culm located above the node, were most of the fibers are oriented 

longitudinally. The sample considered consists of a quarter of the culm (diameter of 27 mm) of 

height 1.43 mm. The segmentation was made with an automatic threshold. As mentioned in 

Section 2.4, two approaches were followed to obtain a good meshing of the structure. The first 

approach consists of triangulating the surface of the structure using the "Generate surface" 

function of AVIZO 3D and exporting the resulting surface mesh to Meshmixer for repairing and 

remeshing operations. Using this repaired and remeshed surface, the final 3D finite-element 

model can be built using Gmsh. However, this method is not optimal, due to the complication 

of using different interfaces and the difficulty of repairing the errors generated when creating 

the surface mesh with AVIZO 3D. The second approach used the X-Wind meshing module of 

AVIZO 3D, which automatically builds the 3D mesh based on the provided segmentation without 

having to first create a triangulated surface. This approach resulted in a mesh composed of 

about 1’400’000 tetrahedrons for both the parenchyma and sclerenchyma (Fig. 8), which 

remains a reasonable number from a computational point of view while allowing to retain 

enough details regarding the geometry of the structure. This second approach proved to be 

efficient and more straightforward than the first one. 

Using an automatic threshold segmentation of a µCT scan, a finite-element model for a relatively 

big internode sample of the culm has been built here. However, the more complex structure of 

the fibers in the node could not be modeled using this simple procedure since the computation 

of the mesh quickly became too heavy. Such a model would indeed require a higher scanning 

resolution as well as a relatively clean segmentation of the fibers, thus avoiding the need to 

mesh overly complex surfaces. 

Conclusions 

This study aimed at better understanding the morphological structure of a bamboo node using 

X-ray microtomography, focusing on investigating the influence of the vascular bundles' layout 

in the node on the node's mechanical properties. In this context, the potential of µCT for building 

a finite-element model of the node was also explored. Specific characteristics of the node were 

identified and clearly visualized for the first time, such as the "splitting bundles", the diaphragm 

structure and the interwoven net of tangential, radial, and longitudinal bundles above the 

diaphragm. 

From a biological point of view, the existence of splitting bundles and the high connectivity of 

the vascular elements in the diaphragm seem to indicate that one of the primary roles of 

bamboo nodes is to allow the transverse transportation of water and nutrients in the culm. 

Regarding the node's mechanical performance however, the deviations undergone by the 

longitudinal fibers as well as the low fiber content in the node might indicate that nodes are 
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weak points in a bamboo culm, in line with the findings of [15][16]. The net of interweaved 

bundles identified above the node could in this case be viewed as an attempt to reinforce a weak 

but essential component of the bamboo culm, since it has been show that the net-like pattern 

of the node increases its fracture toughness [16]. 

This study also showed that if the µCT technique has a great potential for meshing large portions 

of the culm, it reaches its limitations when attempting to mesh more complex structures such 

as the center of the node, based on a simple threshold segmentation. Once a way to model the 

node is found, a combination of finite-element analysis and mechanical tests could help 

conclude on the mechanical strength and properties of bamboo nodes. 
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Abstract: Synchrotron Radiation Computed Tomography has been used to make time-series 

observations of crack transition in a particle toughened unidirectional carbon fibre reinforced 

polymer composite system during an in situ wedge opening Mode I delamination test. 

Furthermore, a finite element model combining both cohesive elements and the eXtended Finite 

Element Method has been used to explore factors contributing to crack transition. The 

synchrotron data reveals features such as tow gaps and resin pockets, which could be significant 

in crack transition  A lateral crack transition to the ply was observed suggesting the need for 

three-dimensional analysis of the crack transition problem. The finite element modelling 

suggests variation in interlayer thickness is critical in crack transition where a thicker more 

uniform interlayer favoured crack propagation in the interlayer, whereas variability in the 

interlayer results in transition of the crack to the fibre interface and ply region of the composite 

around the thinnest regions. 

Keywords: Synchrotron Radiation Computed Tomography; Carbon Fibre Reinforced Polymer 

Composites; eXtended Finite Element Method; Delamination; Crack transition   

1. Introduction 

Predicting and controlling the delamination behaviour of carbon fibre reinforced polymer (CFRP) 

composites remains a challenge due to the interplay of various local damage response 

mechanisms. Toughened matrix interlayers are widely reported to increase laminate toughness 

and reduce residual damage under impact [1-5]. There are several reported delamination 

pathways during tensile opening (Mode I) of an interlayer toughened CFRP, such as in the 

toughened interlayer, the interlayer-fibre interface and the intralayer [3, 6, 7]. Experimental 

interrogation of factors impacting coupon scale delamination resistance, such as relative 

interface strengths, crack shielding mechanisms, and variability in interlayer architecture, is 

potentially complex. For this reason, a combined experimental and modelling study is employed 

to analyse factors impacting crack transitions and the potential knock-on effect on material 

toughness. In this work, a Double Cantilever Beam (DCB) specimen, representative of standard 

test coupons, has been used to investigate mesoscale damage mechanisms, complementing 

previous experimental observations obtained via micro-focus X-ray computed tomography 

(laboratory CT) and Synchrotron Radiation Computed Tomography (SRCT) of sub-sized samples 

[8]. Applying a combined cohesive element and eXtended finite element methods (XFEM) allows 

for such failure to be analysed in terms of interactions between geometrical and material 

variables. These variables include three-dimensional interlayer morphology, and relative 
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cohesive properties of the material phases and interfaces. This work assesses delamination 

paths in constant thickness and varying thickness interlayer models (related to CT measured 

morphology) across a range of cohesive strength properties. 

2. Materials and Methods 

A proprietary particle toughened CFRP was supplied by the Cytec Solvay Group, cured via a 

standard aerospace autoclave cure cycle. DCB samples were prepared, conforming to ASTM D 

5528 – 01 and consisted of a 26-ply unidirectional layup with a 25 mm wide, 40 µm thick, 

polytetrafluoroethylene (PTFE) insert placed at the mid-plane in order to control the initiation 

of fracture. Specimens were a standard size of 254 mm in length and 25 x 5 mm cross-section. 

Secondary phase particles were initially dispersed in the interlayer at a Vf  (volume fraction) of 

13%. 

For in situ visualisations of crack growth, specimens were delaminated using a wedge opening 

rig based on the rig used for in situ experiments by Borstnar et al. [9]. The device drove a wedge 

into the midplane of the specimen, pushing the cantilever arms apart and growing the crack. 

The loading was carefully controlled using a screw mechanism facilitating stable crack growth. 

The specimens were imaged after a load step was applied to propagate the crack and then a 

second time after the second load step. 

2.1 Synchrotron Radiation Computed Tomography 

Phase-sensitive synchrotron X-ray computed tomography was carried out at the European 

Synchrotron Radiation Facility (ESRF) using beamline ID 19, Grenoble, France. The sample to be 

scanned was placed and secured to the rotate stage in the in situ loading rig described above. 

The sample was scanned at a voxel resolution of 0.65 µm, giving a field of view (FOV) per scan 

of 1.664 x 1.404 mm using a 2560 x 2160 pixel camera. 

A beam energy of 19 keV was used for tomographic imaging. The exposure time of the beam 

was 30 ms, and five thousand projections were taken for a 180o rotation, allowing for region of 

interest (ROI) "padding" to reduce artefacts caused by scanning a small area of the sample [10]. 

In addition, the detector was placed after a propagation distance of 55 mm with 

respect to the sample to allow a distinction between similarly attenuating material features 

using phase-enhanced contrast in the edge-detection regime [11]. The data was reconstructed 

using in-house software pyHST (High-Speed Tomography in a PythonTM version) [12].  

3. Finite Element Model Description 

The Hexcel IM7/8552 material system's properties were used for the DCB test finite element 

model. This is an intermediate modulus fibre and particle toughened epoxy resin system 

comparable to the material used in the experimental part of the study. This material was used 

because its mechanical properties are widely available and were used in the third worldwide 

failure exercise [13]. Model material properties are shown in Table 1. A coupon scale specimen 

has been modelled and captures the first five millimetres of crack propagation to assess the 

transition of the crack from the toughened interlayer to the ply of the composite, as shown in 

Figure 1a. 

Figure 1b refers to the discretisation of the ROI. Cohesive elements have been used to model 

the crack propagation through the centre of the interlayer using the maximum stress criterion. 
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The solid elements adjacent to the cohesive elements of the interlayer have been enriched using 

the eXtended Finite Elements Method (XFEM) to allow for coalescence of the various layers of 

potential delamination paths. A simple power-law criterion (exponent n = 1) was used to 

determine crack propagation, similar to that used by Yang et al. [14]. The cohesive element 

layers on either side of the interlayer represent the interface between the interlayer and the 

first layer of fibres, similar to the method used for microscale simulations by Borstnar et al. [6]. 

The second set of cohesive layers represents the fibre-matrix interface layer, three fibre 

diameters into the adjacent ply region, and lies between the bulk ply region and the XFEM 

enriched thin ply region. The stiffness of the cohesive layers is in line with values used previously 

in the literature [15]. A simple quadratic stress initiation criterion is used to determine 

delamination onset and a simple power-law to model crack propagation. The enriched ply region 

allows for transverse intralaminar cracking through the ply and hence coalescence through the 

fibre layer and uses the transverse tensile strength of the composite in the quadratic failure 

criterion to model damage onset.  

The interlayer architecture varies between models. Five models are presented in this work 

consisting of three constant thickness interlayer geometries and two varying thickness models 

reported in Table 1. The varying geometry case (Model 4), which varies from 'thick', 0.08 mm to 

'thin', 0.01 mm, in a sinusoidal manner, is shown in Figure 1c and has a period of 2 mm across 

the 10 mm width of the symmetric model. This parameterisation represents an extreme case 

arising from measurements of the thickest and thinnest regions taken from a sample of the same 

materials system used in the experimental part of the study. Model 1 represents the constant 

thickness model for the thinnest measured interlayer thickness; model 2 the median interlayer 

thickness (as the data is not normally distributed); in model 3 the variation represents 95% of 

the data measured, so excluding extreme values; model 4 was described above; and model 5 

represents the constant thickness case for the thickest interlayer section measured. Variations 

in interlayer thickness have previously been termed tow-aligned resin pockets (TARPs) and have 

been analysed and quantified for aerospace grade unidirectional composite systems by Fritz et 

al. [16]. By using automated objective algorithms to process three-dimensional computed 

tomography images periodic TARPs with thicknesses typically 2–3X greater than the average 

interlayer thickness were observed. The sinusoidal parameterisation is a simplification of the 

varying interlayer observed in CT datasets (not presented in this work), and allows for direct 

verification of the impact the interlayer variation has on crack transition, while being able to 

maintain a good quality mesh in that region .  

This modelling aims to evaluate the relative importance of: interlayer thickness, initiation stress, 

and strain energy release rates in determining crack path transition.  
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Table 1 Material and geometric properties for Hexcel IM7/8552 toughened epoxy resin system. 

Unless stated otherwise all mechanical properties are taken from WWFE III [13], and geometric 

properties based on a standard sized DCB test coupons. 

Cohesive Element Interfacial Properties Bulk Material Properties 

Properties 

Fibre 

Interfacial 

Region 

Interlayer 

Interfacial 

Region 

Properties Interlayer Ply 𝐾1 = 𝐾2 = 𝐾3  

(N/mm3) 
5,000,000* 2,300,000* 

𝐸11   
(MPa) 

4,080 165,000 Γ𝐼𝐶𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
  

(N/mm) 
0.2  0.3 

𝐸22  

(MPa)  
4,080 9,000 

Γ𝐼𝐼𝐶𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = Γ𝐼𝐼𝐼𝐶𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
  

(N/mm)   
0.8  0.8 

𝐸33  

(MPa) 
4,080 9,000 

𝜎𝑁𝑜𝑟𝑚𝑎𝑙𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
  

(MPa) 
56.7 – 69.3 63 

𝐺12  

(MPa) 
1,478 5,600 

𝜎𝑇𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
  

(MPa) 
73 63 

𝐺13  

(MPa) 
1,478 5,600 

𝜎𝑆ℎ𝑒𝑎𝑟 𝐼𝑛−𝑝𝑙𝑎𝑛𝑒𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
  

(MPa) 
90 57 

𝐺23  

(MPa) 
1,478 2,800 

𝜎𝑆ℎ𝑒𝑎𝑟 𝑇𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
  

(MPa) 
90 57 𝜐12 = 𝜐13  0.38 0.34 

𝜎𝑆ℎ𝑒𝑎𝑟 𝑇ℎ𝑟𝑜𝑢𝑔ℎ−𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
  

(MPa) 
57 57 𝜐23  0.38 0.5 

Geometric Properties 

Length (L) 150 mm Width (B)  20 mm 
Thickness 

(2h)  
3 mm 

Initial Delamination 

Length (a0) 
50 mm 

Region of 

Interest 

(LROI) 

5 mm 
Ply 

Thickness 

0.18 

mm 

Interlayer Geometric Properties 

Model Number Minimum Thickness Maximum Thickness Mean Thickness 

1 Constant Constant 0.0100 mm 

2 Constant Constant 0.0260 mm 

3 0.0150 mm 0.0500 mm 0.0325 mm 

4 0.010 mm 0.0800 mm 0.0450 mm 

5 Constant Constant 0.0800 mm 

*Values calculated using the method proposed by Turon et al. [15]. 
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Figure 1 Model geometry, boundary conditions and discretisation. 1a. Overview of the whole 

model showing loading and symmetry condition. 1b. A detailed view of the ROI shows the 

central XFEM enriched interlayer region, zero-thickness cohesive element layers on either side 

representing the interlayer-fibre interface. The first layers of fibres are also enriched using the 

XFEM. Another zero-thickness layer of cohesive interface elements three fibres deep into the ply 

between the bulk ply and enriched region model intralaminar delamination. 1c. Cross-section of 

ROI with crack and fibres going into the page. The thickness of the interlayer varies in a 

sinusoidal manner from 'thick' to 'thin'. 

4. Results 

4.1 Synchrotron Radiation Computed Tomography 

Both the crack and fibres in Figure 2 are going into the page. Figure 2a shows the scanned region 

near the crack tip after the initial crack propagation. The layers of the composite can be seen 

with the ply region containing the fibres and the resin-rich, particle toughened interlayer 

between them. After the first load step, the crack remains entirely within the interlayer for the 

field of view shown. In the second load step shown in Figure 2b, the crack has bifurcated laterally 

into the ply. However, there is still a continuity of the crack within the interlayer. After applying 

the final load step in Figure 2c, the crack that had laterally propagated into the ply can be seen 

to have coalesced with the crack in the interlayer. The cross-sections of individual fibres can be 

seen in the crack opening within the ply, which could indicate oblique fibre bridging. It is also 

noteworthy that the crack has bifurcated on the right-hand side of the image and is propagating 

on both sides of the particle toughened interlayer. 
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Figure 2 SRCT load step series of scan stack slices. 2a. Scan around the crack tip after the first 

load step. The crack is in the particle toughened interlayer. 2 b. After the second load step, the 

crack can be seen to be making a transition laterally from the interlayer to the ply. 2c. In the 

final load step where the laterally extended crack seen in load step 2 has coalesced with the 

crack on the interlayer-fibre interface, and the crack can be seen to be propagating on either 

side of the interlayer. The crack and fibres are going into the page. 

4.2 Finite Element Modelling  

The proportion of the fully developed crack (as defined by the cohesive traction reaching 0 ) in 

each cohesive layer of the model is shown in Figure 3. The proportion of the crack in each layer 

was calculated by adding the number of fully degraded elements and calculating the proportion 

from each set. Each model has been compared at the same load point opening displacement. 

There is a positive correlation between mean interlayer thickness and the proportion of the 

crack which remains in the interlayer. The thinnest constant thickness model sees the highest 

area fraction of crack transition, whereas the thickest constant thickness model sees no crack 

transition away from the interlayer. Model 4 is the varying geometry model shown in Figure 1c. 

The crack transition occurs in the vicinity near the thinner regions. Further, the analysis also 

showed that the transition regions under stochastic conditions were biased to the thin regions' 

coordinates compared to the constant thickness. This suggests that the presence of variations 

in the interlayer, which can be attributed to various means such as tow gaps and toughening 
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particle depleted regions, will directly impact the delamination path. Therefore, the interlayer 

should be as uniform as possible to reduce the probability of crack transition. 

 

Figure 3 The proportion of a fully developed crack in the cohesive layers of the model as a 

function of mean interlayer thickness. 

5. Conclusions 

This work demonstrates the significance of monitoring crack path transition in three dimensions. 

It can be seen that not only do crack transitions occur in the plane of the crack, as commonly 

reported in the literature, but also out of the plane of the crack. This transition suggests that the 

architecture of the toughened interlayer region could be significant in determining whether a 

crack transitions to the ply region of the laminate. The finite element modelling suggests that 

the thickness and uniformity of the interlayer play a significant role in crack path transition as 

thinner regions create greater competition between potential delamination paths. Furthermore, 

features that could distort the interlayer thickness, such as tow gaps and sparsity of toughening 

particles, can cause local transition regions, which could have a further impact on the toughness 

of the materials system due to the damage response being due to fibre toughening mechanisms 

as opposed to interlayer and particle toughening mechanisms. 

Further work is required to link the micro-scale crack path transition observations to the 

toughness response of a standard size test sample. Furthermore, although it has been 

demonstrated that thicker and more uniform interlayer geometries provide a more desirable 

crack propagation path in the context of this work, the consequences of this on real material 

toughness have not been explored. 
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Abstract: One of the common assumptions when predicting the strength of composite materials 

is that fibres are ideally parallel to each other. Although progress has been made to use real 

microstructures in models [1], they introduce unverified assumptions. When variables that do 

not depend on real parameters are introduced, it becomes unrealistic to explain the correlation 

between the microstructure and the results. In the present work, we use a real microstructure 

digital twin model to evaluate the effect of fibre ends on local stress concentration factors. Using 

3D finite element models to compare ideally unidirectional composites and the digital twin, we 

found differences in the local stress concentration factor of up to 25%. The real microstructure 

has a higher local stress concentration factor than the ideal one, but it will change through the 

loading of the models. 

Keywords: Discontinuous composites; Local stress concentrator; Aligned composites 

1. Introduction 

The demand for carbon fibre-reinforced polymer composites has increased over the last 

decade from 51,000 to 141,500 tons [2]. With the increase in demand for composites also 

comes an increase in the waste generated, which amounts to 40% of the original raw material 

[3]. The high percentage of wasted material and a composite market valuation of 48.7 billion 

USD [4] in 2020, incentivises us to find ways of recycling and exploiting composite materials. 

The desired properties of fibre-reinforced composites are primarily on the direction of the 

fibres. The narrower we can make the fibre orientation distribution, the better mechanical 

properties can be achieved. To create a material with preferential orientation, processes such 

as HiPerDiF [5] can use discontinuous recycled fibres, although the microstructure is not the 

same as a unidirectional composite. It’s different because it has a higher variation in fibre 

orientation and more common discontinuities in the form of fibre ends [5]. 

There has been a steady progression in understanding the failure process of unidirectional 

composites: from using 1D models to explain the contribution of the matrix transferring the 

shear loads (shear-lag) [6] to 3D models that use quasi-random 2D extruded microstructures to 

evaluate unidirectional composites failure development and strength [7]. It is agreed that once 

a fibre has broken, neighbouring fibres are loaded higher than distant fibres, and the 

magnitude of the overloading affects the way failure develops. Batdorf and Ghaffarian [8] 

argued that variable inter-fibre distancing affected the stress redistribution around a 

discontinuity. This leads to variable stress concentration factors that depend on the 

microstructure of the composite. Later works [9] have shown the variation of distance and 

stress concentration factors for idealised 3D microstructures. 
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For unidirectional composites, it has been accepted that the cross-section microstructure is 

stable throughout the length of analysis. The same is not true for discontinuous aligned 

composites, as Error! Reference source not found.fibres not only change neighbours 

throughout their length, but discontinuities are also more frequent, particularly fibre ends. 

 

Figure 1 Cross-sectional slices of the same region 65 µm apart, horizontal fibre appears, fibres 

move, change neighbours.  showing the variability in the 3D microstructure. 

We present in this paper the results of 3D finite element models, using the real microstructure 

as a base to generate a digital twin. With the results of the model, we provide an 

interpretation of the difference between “average” stress concentration factors and “local” 
stress concentration factors. We will also compare how the local stress concentration varies in 

the digital twin versus a unidirectional idealised counterpart for the same microstructure. 

2. Description of the model 

First, we took a synchrotron x-ray computed tomography scan of our discontinuous aligned 

composite at the Paul Scherrer Institute. The samples were manufactured from HYBON 2026 

glass fibres and Sicomin SR8500 epoxy matrix using the HiPerDiF manufacturing method. More 

details about the sample and method can be found in [5]. With the fibre break development 

registered for every loading step in the synchrotron x-ray computed tomography scans, Figure 

2.a, we selected one region of interest that presented a fibre break adjacent to a fibre end, 

Figure 2.b-c. The cubic region of interest has a volume of 7415 μm3 and a fibre volume fraction 

of 38%. 

Second, we extract the microstructure using the cylinder template method proposed by Weber 

et al [10] and Rigor et al [11] that is currently implemented in Avizo®. This allows us to extract 

the fibre positions in the volume. Since modelling the full volume exceeds the computational 

capabilities at our disposal, we approached it as a combined master volume model and region 

of interest sub-model. 

The master volume model mechanical properties consist of those that come from the 

constituents’ characterisation. Using the rules of mixtures to calculate equivalent 

unidirectional plies and classical laminate theory to compensate for the in-plane orientation. 
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We calculated the average orientation and equivalent ply thickness discretising the in-plane 

orientation distribution into 10 bins of equivalent probability. 

 

Figure 2 Region of interest selection a) Hold at displacement scanned volumes (adapted from 

[5]), b) region of interest before fibre break, and c) region of interest after fibre break. 

We applied controlled displacement to the master volume to match the load measured in the 

experiments. Since our region of interest does not have a repetitive structure or boundary, we 

used the master volume model to generate boundary conditions like the ones expected for our 

region of interest sub-model, Figure 3.a. In the surroundings of the discontinuity in the region 

of interest, elements of 1/20th the size of remote elements were used to capture with 

sufficient detail the local stress concentration factor. The overall dimensions of the master 

volume model are 1.2x0.4x1.1 mm and the dimensions of the region of interest sub-model are 

0.16x0.16x0.16 mm. The number of elements on each model was 1.376.513 and 994.578 

respectively, using only quadratic tetrahedral (C3D10) elements. In total, 102 fibres were 

modelled in the digital twin. 

 

Figure 3 Finite element models details a) Master volume and sub-model b) Idealised and digital 

twin sub-models 
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Although the diameter varies from fibre to fibre, we assumed that every fibre had the same 

radius (6.5 μm), except for the broken fibre and the fibre end. These fibres had a diameter of 

respectively 7.2 and 8.2 μm. One of the simplifications in the model is the use of a minimum 

surface-to-surface distance. This is to avoid the instabilities that come with modelling contact 

between fibres. This distance between the broken fibre and the fibre end is 0.9 μm in the 

digital twin model. 

To generate the ideal unidirectional microstructure, the critical cross section where the fibre 

end and the broken fibre are localised is used to identify the fibre axis locations (centres of 

fibre section). Then the individual fibres are generated by extrusion using the identified fibre 

centres. Special care was taken to maintain the inter-fibre distance for the broken fibre and 

the fibre end of interest. The difference in both models is shown in Figure 3.b. In the idealised 

model we only have 70 fibres, compared to 102 in the digital twin, since not every fibre is 

present in our critical cross-section. The fibre volume fraction changes from 38% in the digital 

twin to 30% in the idealised unidirectional model. 

The stress concentration factor was defined as the relative difference between the average 

stress in a certain cross-section and the average remote stress. However, the localised stress 

nearest to the discontinuity can be significantly higher than that of the average of the cross-

section. To differentiate both the localised stress and the average cross-section stress, we 

propose to use the local stress concentration factor (LSCF). To evaluate the LSCF first we 

calculate the average stress and maximum stress in a  cylinder of length “s” that has the same 

diameter as the fibre and follows the central axis of the fibre, Figure 4. We define the LSCF as 

the difference between the average cross-section stress in the fibre σs, avg and the maximum 

stress in the same region σs, max: 𝐿𝑆𝐶𝐹 = σs,max−σs,avgσs,avg 𝑥100    (1) 

 

Figure 4 Volumetric averaging and Max in the fibre path to calculate the local stress 

concentration factor 

3. Results and discussion 

We used the mechanical properties reported in [12] for the glass fibres (stiffness of 92 GPa and 

Poisson’s ratio of 0.3). The matrix is modelled with plastic-elastic matrix behaviour as reported 
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in [13] (stiffness of 3.4 GPa and Poisson’s ratio of 0.4). On the experimental results, we cannot 

pinpoint the force at which the fibre break happens in our region of interest. We can, however, 

have a window from the last scan where there was no break to the next scan where the break 

is present. This is respectively 53 and 65 N. We will analyse the results at a load of 53 N in our 

plots, and refer to it as fibre break force. 

Glass fibres fail as brittle materials, we will use the maximum principal stress as the measure 

for the stress concentration and stress average throughout our analysis. It is to be noted that 

the maximum principal stress aligns almost perfectly with the fibre axis in our current case. We 

should take care to analyse this in more detail for future research. 

In both models, we find a local maximum principal stress that reaches a peak before the 

growth of a plastic band in the matrix. After the onset of the plastic band, the peak spreads out 

over a large distance, see Figure 5. These transitions happen just below 50% of the fibre break 

force. In the digital twin model, more abnormalities are present on the fibre edges, Figure 5.a. 

We associate this with edge effects that are inherent to the sub-modelling approach we used. 

Nevertheless we consider these abnormalities far enough from the region of interest, as we 

can still see a stabilisation before reaching the discontinuity. 

 

Figure 5 Broken fibre max. principal stress state a) Digital twin b) Idealised unidirectional. 

Looking at the beginning and end of the broken fibre in Figure 5, the abnormalities around the 

edges are of a smaller scale on the idealised unidirectional model than on the digital twin. 

Again, we associate this edge effects with the difference in homogeneity of the 

microstructures near the boundaries. Looking at the average maximum principal stress before 

and after the fibre end location (80m), there is a step-like increase in the average maximum 

principal stress for both models. In the idealised model, we can attribute this to the change in 

fibre volume fraction along the fibre, the fibre end is located at 80 μm. Since there are less 

fibres to carry the same load, we expect the neighbouring fibres taking on more load. The 

same cannot be said about the digital twin model, as the fibre volume fraction across the 

loading direction changes from slice to slice with an overall positive trend, see Figure 6.a. 
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Figure 6 a) Fibre volume fraction through change through the loading axis b) Local stress 

concentration factor evolution while loading. 

When we compare the local stress concentration factor, between the idealised and digital twin 

models, a local stress concentration factor difference of 25% is observed before the onset of 

the plastic zone. As the load progresses, the local stress concentration factor diminishes faster 

for the digital twin than for the idealised model. The stress concentration factor differences 

shown in Figure 6.b highlight the overall importance of the microstructure on such results. 

Indeed, the local stress concentration factor is up to 32% higher than the average stress for the 

equivalent cross-section in the case of the digital twin, and up to 24% higher for the idealised 

case. 

It is also noted that in both microstructures, the stress concentration factor decreases with 

applied load due to plastic band developments. However, as plastic strain band development is 

a complex 3D mechanism, its effect on the stress concentration factor strongly depends on the 

microstructure. As shown in Figure 6b, it appears that stress redistribution by plasticity, 

denoted by the reduction of the stress concentration factor, is more effective in the “real” 

microstructure than in the idealized unidirectional configuration. 

4. Conclusions 

There is a significant difference in the local stress concentration factor for idealised and 

realistic models. This difference is clearly the role of the microstructure in composites. The use 

of local stress concentration factors helps us to understand where the highly stressed fibres 

might fail when longer models are not possible. This enables an analysis when the stress state 

of the fibre cannot be assumed to reach a steady state.  

As other authors have noted, having a higher local stress concentration factor that is on top of 

the average cross-section stress concentration factor will affect composite strength 

predictions. And with up to 25% difference, it should be accounted for in future strength 

models. With these models where the stress state across a fibre cross-section changes up to 

32%, remarks the importance of finding a volumetric strength distribution for fibres.  

With realistic digital twin models, microstructural assumptions are reduced, and the 

effectiveness of the local stress concentration factor is validated when compared with 
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idealised unidirectional models. Future work should address what the implications are for 

strength models and digital twins of unidirectional composites. 
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Abstract:  This work is part of an in-depth study investigating ply sequence, material 
architecture, and size effects on damage progression in notched carbon fiber reinforced polymer 
(CFRP) specimens under tensile and compressive loads.   Tensile loading is applied to notched 
specimens having different ply sequences manufactured using unidirectional Hexply M21 
prepreg (M21/34%/UD194/IMA-12k) and woven Hexply AS4C/M21 2-by-2 twill fabric prepreg. 
Microcomputed tomography allows investigating the effect of the weave microstructure on 
damage propagation and is compared to damage progression in laminates manufactured using 
unidirectional plies. 

 

Keywords:  Micro-computed tomography;  Damage propagation; Unidirectional; Woven; Over 
Height Compact Tension 

 

1. Introduction 

Micro-Computed Tomography (µCT) is a non-destructive inspection technique that allows 
detailed three-dimensional inspection of composite samples, revealing the internal 
microstructure of the material. The application of this method to composite-related research is 
increasing, mainly due to the improvement of imaging capabilities and computing power 
required for the analysis of scanned volumes.  Garcea et al. [1]  reviewed the technical aspects 
related to µCT imaging of composites. Rashidi et al. [2] performed a parametric study of results 
obtained using µCT when applied to carbon fabric composites. The method has numerous 
applications related to composite materials, from static to dynamic and fatigue loading (Gu et 
al. [3], Cinar et al. [4],  Qiao et al. [5]), as well as in-situ testing at room and elevated 
temperatures (Cornet et al. [6], Forna-Kreutzer et al. [7]).  The method can be applied to detect 
manufacturing defects in composites - Mehdikhani et al. [8]  applied µCT to characterize voids 
in multidirectional carbon fiber/epoxy composite laminates with different stacking sequences.  
In this work,  µCT is used to investigate damage propagation in Overheight Compact Tension 
specimens following tensile loading to reveal the dominant fracture mechanisms that govern 
the mechanical behavior observed in the experiments. 
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2. Experimental 

Overheight Compact Tension (OCT) specimens are often used for the investigation of 
intralaminar damaged growth within composite specimens due to the relatively controlled 
manner of damage growth in this specimen geometry (Kongshavn et al. [9]). In this study, OCT 
specimens were manufactured using a unidirectional M21/34%/UD194/IMA-12k and a twill 
weave AS4C/M21 carbon/epoxy prepregs supplied by Hexcel. OCT Specimens, with a geometry 
described in Figure 1, were cut using a water jet cutting system from plates cured in an autoclave 
using a 180 °C cure cycle profile recommended by Hexcel. Table 1 lists the various ply sequences 
investigated in this study and the naming designations for each configuration. To examine the 
effect of material architecture on damage propagation, ply sequence from the unidirectional, 
and woven material architecture was chosen. Each ply sequence based on a woven material 
architecture was represented by an equivalent ply sequence based on a unidirectional material 
architecture.   

 

 

Figure 1 – Nominal geometry of an OCT specimen 
 

Table 1. Summary of OCT specimen configurations 
Lay-up configuration Material architecture 

             Woven Unidirectional 
(UD) 

‘Hard’ [90/0]4s 

[45/-45]4s 

[45/0/-45/90]2s 

[90/0]6s 

[45/-45]6s 

[45/-45/0/90]3s 

‘Soft’ 

Quasi-isotropic (QI)  

 

Tensile experiments were carried out using an Instron electromechanical testing machine. The 
load was applied to the specimens through two pins inserted into holes located from both sides 
of an initial artificial crack within the specimen. During the experiment, the load and 
displacements are monitored. Specimens were tested to complete failure and selected points 
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along the load profile to allow microcomputed tomography inspection. A detailed description of 
the experimental setup, experimental results, and microcomputed tomography findings 
obtained from this study, are brought in a separate paper.  Only limited results are presented 
here. 

 

3. Micro Computed Tomography 

 

To investigate the damage propagation within the specimens, µCT scans were carried out using 
Zeiss Xradia 620 Versa X-ray µCT system, with an interior shown in Figure 2. The system includes 
a closed 160 KV X-rays source (1) generating X-rays at power levels ranging from 3 to 20 watts, 
transmitted toward the positive global Z direction. An automatic filter wheel (2) allows selecting 
a wide range of filters. The X-rays pass through the specimen (3) mounted on a specimen holder 
(4), rotating around an axis parallel to the global Y-axis.  The system allows various means of X-
ray detection: a CCD camera (5) allows using a selection of optical objectives: a 0.4x objective is 
shown in (6), as well as a turret consisting of 4x, 10x, and 20x objectives (7). In addition, a 4-
megapixel flat panel detector (8) is available, shown here in a retracted position. When the flat 
panel is used for data acquisition, the optical detector assembly (5,6,7) is moved toward the 
positive Z-axis direction, and the flat panel is moved toward the X-ray beam (negative X 
direction). A zinc-iodide dye penetrant solution was used in selected scans to enhance the 
contrast of cracks with respect to the undamaged volume of material. 

  

Figure 2 – Interior of the Zeiss Xradia 620 Versa µCT system 
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3.1 Material Architecture Effects 

A typical µCT scan of 0° ply in a QI specimen soaked in a dye penetrant solution for 48 hours is 
shown in Figure 3. The scan was performed using 100 KkVand 14 watts power setting aandLE2 
filter. The images were captured using  a flat panel detector with an exposure time of 0.12 
seconds per projection. A full scan consisted of 2,401 projections, yielding a voxel size of 13 µm.  
The crack, propagating toward the 𝑥  direction, is visible, as well as a large number of matrix 
cracks that grow parallel to the fiber direction (𝑥 ).  

 

 
 

Figure 3 - µCT scan result showing a cross-section of a 0° ply in a QI layup OCT specimen 
manufactured using a unidirectional material, soaked in a dye penetrant solution before the 

scan. The scan was performed using a flat panel detector, yielding a voxel size of 13 µm 
 

A µCT image of a QI specimen manufactured using the woven material is shown in Figure 4.  
Here, too, the scan was performed using 100 kV and a power setting of 14 watts, and a LE2 filter. 
The images were captured using a flat panel detector with an exposure time of 0.12 seconds per 
projection. This scan reveals the dramatic difference in damage observed in UD and woven-
based OCTs tested. While the damage in the woven-based OCT was limited to a narrow band 
around the main crack, damage in unidirectional based OCT specimens spread across a broad 
region of the coupon with vast matrix cracking present far from the primary fiber fracture path. 

623/1211 ©2022 Shor 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 1st Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

 

This behavior affects the energy absorbed during crack growth, but its detailed description is 
beyond the scope of this paper, and is discussed in more detail in a separate paper. 

 

 

Figure 4 – A µCT scan results showing a cross-section of a 0°/90° ply in a QI layup OCT 
specimen manufactured using a woven material, soaked in a dye penetrant solution before the 

scan. The scan was performed using a flat panel detector, yielding a voxel size of 13 µm 
 

Figure 5 shows a comparison of µCT cross-sections of the unidirectional (top image) and woven 
(bottom image) based OCT QI specimens, loaded to complete failure. Here, the crack propagates 
toward the right side (𝑥 ) direction, and the out-of-plane direction is oriented toward the 𝑥  
axis. Opposed to the results brought in Figure 3 and Figure 4, these scans were performed 
without a dye penetrant, allowing more details to be captured within the laminate plies, with 
the drawback of lower contrast between the matrix cracks and the undamaged material. Images 
were captured using the flat panel detector, 2,401 projections and 0.15 second exposure time 
per projection, and X-ray source settings of 100 kV, 14 watts. It can be seen in Figure 5 that the 
damage in the OCT specimen fabricated using a woven material is more localized in the through-
thickness direction compared to damage developed in the OCT specimen manufactured using 
the unidirectional material architecture.  Delamination was present in almost all of the 
interfaces in the unidirectional-based OCT. In the woven-based OCT, delamination was locally 
present mainly at the interfaces close to the laminate's surface and only along a small number 
of fiber bundles. 
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Figure 5 - A comparison between µCT cross-sections of QI OCT specimens manufactured using 
unidirectional (top) and woven material (bottom), with a voxel size of 13 µm. The specimens 

were loaded to complete failure, with the crack propagating toward the 𝑥  direction. The 
specimen's out-of-plane direction is oriented toward the 𝑥  axis 

 

3.2 High Aspect Ratio Tomography 

 

The Zeiss Xradia 620 Versa system allows two different scanning techniques for scanning high 
aspect ratio specimens, typical of composite laminates. The first approach allows optimizing the 
scan time for high aspect ratio specimens. The projections are captured using varying exposure 
times,  where longer exposure times are applied to images taken along the longer dimension of 
the specimen, and shorter exposure times are applied to images taken along the shorter 
direction of the specimen. This way, the exposure time is set such that sufficient information is 
obtained at each specimen angle without sacrificing a longer exposure time for images taken 
along the short direction of the specimen. The application of this method can dramatically 
reduce the scan time without sacrificing the tomography image quality. 

In addition, the system features an option to apply varying angular resolution during the scan. 
Using this method, the specimen rotation angles between every projection are varied and 
become smaller at angles where the specimen is oriented in the longest direction with respect 
to the X-ray beam. The effect of this high aspect ratio tomography (HART) algorithm is 
demonstrated in Figure 6. The left image is a through-thickness cross-section of the OCT 
specimen, with the through-thickness direction oriented along the 𝑥  direction. The left image 
is taken from a scan performed without applying the HART algorithm. Noise is visible in the air 
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volume surrounding the sample, and the contrast is relatively low within the specimen's cross-
section. The image on the right is taken from a can in which the HART algorithm is applied. Here, 
the noise level in the air surrounding the specimen is reduced, and the plies within the laminate 
cross-section are better visualized. In addition, less noise is present within the laminate itself. 

 

 

 

Figure 6 – A cross-section in a µCT scan performed without (left) and with (right) High Aspect-
Ratio Tomography (HART) algorithm. The out-of-plane direction of the specimen is aligned 

along the 𝑥  direction. 
 

4. Conclusions 

Overheight Compact Tension specimens are manufactured using woven and unidirectional 
material architectures and loaded to complete failure. µCT investigation demonstrates the 
difference in damage developed within these two material architectures. While damage 
developed in woven laminates was localized to a narrow band around the main crack with minor 
delamination damage, damage in a unidirectional laminate spread across the specimen while 
exhibiting many matrix cracks and extensive delamination. This behavior can potentially affect 
the energy consumed during the fracture process and is discussed in a separate detailed paper. 

An algorithm intended for scanning high aspect ratio specimens allows for better results during 
the scan, reducing the noise in the air region around the sample and the signal-to-noise ratio 
within the laminate. 
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Abstract: Filament wound composites (FWC), typically used for high-strength applications, are 

prone to high void content, large void sizes as well as complex void geometries as a function of 

the manufacturing and design conditions. Voids in composites have a detrimental effect on their  

thermo-mechanical performance, governed by void characteristics. This makes accurate 

characterisation of voids in FWC vital for analysing their performance. Recently, micro-computed 

tomography has been widely used for this purpose. Several techniques have been proposed for 

segmentation of voids in the resulting tomograms. In this paper, a conventional grayscale 

thresholding technique is compared with an advanced machine learning-based segmentation 

technique, with respect to quantification of void characteristics in FWCs. The causes for error in 

grayscale thresholding are discussed and possible use cases of both techniques are highlighted 

based on the accuracy of the obtained characteristics and the application of the derived data. 

Keywords: Filament wound composites; Voids; Grayscale thresholding; Machine learning 

1. Introduction 

Filament winding is primarily used for manufacturing of axisymmetric, high strength composite 

parts such as pressure vessels as it allows usage of long unidirectional fibres. However, due to 

low-tension winding, filament wound composites (FWC) suffer from high void content and 

complexity depending on process parameters which lead to deterioration of part strength[1,2]. 

The influence of sizes and shapes of voids become more detrimental to the composite 

performance with increased void content. They can serve as crack initiation sites based on their 

characteristics [3–5] . Therefore, accurate void characterisation is crucial for the optimisation of 

FWC microstructure.  

Numerous techniques have been developed for characterization of voids, among which X-ray 

micro-computed tomography is the most advanced and accurate one that provides 3D data on 

voids characteristics. To obtain quantitative information regarding voids from tomography 

results, the voids need to be segmented. Several techniques and software tools have been 

utilised to segment voids in 3D volumes [5]. The most common and simplistic method is 

grayscale thresholding, either global or local, in which a threshold value is chosen based on the 

gray value of the void in the image. The segmentation techniques are highly sensitive to image 

resolution, contrast, noise and artifacts. To enable grayscale thresholding for noisy images, 

appropriate  denoising filters need to be applied [6,7].  
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In recent years, machine learning (ML) based techniques have emerged as a powerful tool for 

image analysis. For composites, ML techniques such as Weka segmentation, fuzzy reasoning and 

deep learning have been successfully used for segmentation of features of interest [8,9]. 

However, these have been primarily applied on 2D optical micrographs of composites with low 

void content and complexity. Although more accurate, they have been found to be time-

consuming compared to the conventional methods.  

The accuracy of the measured void characteristics is directly dependent on the accuracy of the 

segmentation quality. To enable the selection of an appropriate segmentation method, the 

difference between conventional methods and more advanced ML-based segmentation 

methods needs to be understood quantitatively. 

In the present paper, the conventional grayscale thresholding and an ML-based segmentation 

technique for void segmentation in 3D images of FWCs are compared in terms of segmentation 

quality and the differences are quantified. The image processing requirements of both 

techniques are briefly discussed, and a comparison of void characteristics (void count, void 

fraction and void distribution and size) obtained from both techniques is discussed for a 2D slice 

and a 3D volume. 

 

2. Methodology 

The sample of dimension 1.8 (length) x 0.8 (thickness) x 1.4 (width) mm was cut from a CF/epoxy 

unidirectional FWC cylinder. The cylinder was manufactured by Plastic Omnium under the 

RELFICOM project. The scans were performed using a TeScan UniTom HR µCT system at a voxel 

size of 0.8 microns, at voltage and power of 60kV and 1.5W respectively. Overall, 1800 

projections were taken in one scan to obtain the volumetric dataset in about 120 minutes.  

For grayscale thresholding, we used the built-in algorithms in FIJI ImageJ [10] software. The 

Gaussian blur noise filter was applied to enable grouping of pixel gray values. The thresholding 

methodology was chosen iteratively from the built-in global and local thresholding algorithms. 

In the present analysis, the Otsu technique (global) and adaptive local thresholding technique 

(local) provided satisfactory results.  

For machine learning-based segmentation, we used RootPainter [11]. RootPainter enables rapid 

training of deep neural networks for image segmentation via corrective-annotation with a 

graphical user interface. RootPainter has been used successfully for the segmentation of 

biological images [12–15].  

The 2D measurements were made using ImageJ software. For comparison of 3D features, a void  

analysis was performed on VoxTex software [16], which enables fitting an ellipsoid of equivalent 

volume in place of voids in segmented datasets.  

 

3. Algorithm implementation 

When implementing both the grayscale thresholding with ImageJ and the ML-based 

segmentation with RootPainter, certain steps were followed for all datasets. Figure 1 illustrates  

the process-flow for segmentation using the two methodologies. 
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Figure 1: Segmentation process-flow. 

 

Figure 2: (a) ROI for void analysis; 2D slice with void labels and 3D volume segmented with (b) 

Grayscale thresholding and (c) ML-based segmentation 
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4. Results and discussions  

For ease of validation, segmentation algorithms were applied to a Region of Interest (ROI) of 

dimensions 0.4x0.4x0.75 mm, as shown in Figure 2a.The ROI represents typical microstructure 

of FWC with large inter-layer and inter-tow voids and small intra-tow voids. 

The segmentation results are shown in Figure 2b and 2c. Visually, the ML-based segmentation 

appeared more accurate in both the 2D slice and 3D volume. For quantitative analysis of void 

characteristics, a one-to-one analysis was made for the 2D slice (see labels in Figure 2b and 2c) 

and a volumetric range based analysis was done for 3D volume. It should be noted that the 

grayscale thresholding volume shows some ‘specks’ (encircled in Figure 2a) due to over-

segmentation i.e. misidentification of non-void region as void. Their effect was minimised by 

only considering voids with volume over 5µm³ for analysis. 

4.1 Void count and void fraction 

The void fraction and void count are the basic global parameters obtained during void analysis. 

Figure 3a shows the difference between void count obtained for the two techniques for both 2D 

and 3D data: 

 

Figure 3: (a) Void count in 2D and 3D segmentations, and (b) splitting of void in grayscale 

thresholding image. 

The grayscale thresholding finds one more void than the ML-based segmented image for 2D 

analysis. The void shown in Figure 3b is wrongly identified as two voids in the grayscale 

thresholding due to edge distortion caused by the noise reduction filter or post-processing 

operations. For complex void shapes, the edge distortion can lead to splitting of void into two 

or more parts. The ML-based segmentation could more accurately depict the void shape as 

training and inference was performed on the raw unfiltered image, and the algorithm does not 

work only based on the gray level. In the 3D volume, this effect was compounded with the void 

count in grayscale thresholding being 4 times larger than the void count from the ML-based 

segmentation.  

The void volume fraction comparison is shown in Figure 4. The values are found to be 

comparable for both techniques, although slightly larger for the ML approach. This implies that 

the edge distortion and splitting of voids does not significantly affect the determination of the 

overall void content. 
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Figure 4: Void fraction for (a) 2D slice, (b) 3D volume 

4.2  Void distribution 

For analysis in 2D, the centroids are plotted in Figure 5a for the voids labels shown in Figure 2b 

and 2c.  

If the void is identified by both techniques without splitting, the void centroid position is similar 

according to both techniques. However, the split void appears as two voids in the thresholding 

results, which could lead to false conclusions (encircled in Figure 5a).  

 

Figure 5: Comparison of void location (a) Centroid of each void in 2D slice (b) Void count along 

scan horizontal axis in 3D volume. 

In the 3D volume, the number of voids along the horizontal axis of the scan (Figure 5b) reveals 

that although the number of voids is different for the two techniques, the trend of void 

distribution along this axis remains similar as split voids lie fairly close to each other. 

 

4.3 Void size  

For size analysis in the 2D slice, the area of each void is evaluated. Although the overall void area 

fraction is comparable between the two techniques, Figure 6a shows high variation between 

individual void sizes.  
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Figure 6: Void size comparison (a) Area of voids in 2D slice and % change in void area from 

grayscale- thresholding to ML-based segmentation (b) Void volume comparison in 3D 

The smaller voids show higher variation as can be seen, due to the large relative difference in 

area measured by grayscale thresholding and ML-based segmentation. It should be noted that 

a one-to-one comparison for the split void is not possible.  For void size comparison in the 3D 

volume, the logarithm of the void volume is plotted in Figure 6b. The average void volume is 

found to be almost 4 times lower for grayscale thresholding, which corresponds to the 4-fold 

increase in void count. This indicates the an excessive splitting of the voids as well as the 

presence of some over-segmented regions (volume > 5µm³) by grayscale thresholding. The low 

median value for grayscale thresholding also supports this observation. The effect of edge 

distortion noted for the void area in 2D slice also gets compounded over the volume, 

contributing to the decreased void volume in grayscale thresholding. These values obtained for 

grayscale thresholding may lead to false conclusions regarding average void characteristics, and 

can significantly affect local property analysis. Interestingly, the maximum detected void size is 

almost similar for both methods.  

 

5. Conclusions 

A filament wound composite sample with a high void fraction with varying shape complexity 

was segmented using a traditional grayscale thresholding and an advanced ML-based 

segmentation technique. The results were compared quantitatively for void characteristics at 

2D and 3D cases. The following conclusions can be made based on the analysis: 

1. Grayscale thresholding requires iterative pre-processing and post-processing steps, 

which may lead to edge distortion in voids causing mischaracterisation of void 

parameters. ML-based segmentation can be done directly on raw images. The iterative 

nature of grayscale thresholding also increases the possibility of human error during 

segmentation. 

2. The overall void area and volume fractions as well as location (for the voids which do 

not split) are comparable for both techniques. 

3. Due to edge distortion, complex voids may split  affecting the location, shape, size and 

spatial distribution of voids in grayscale thresholding. These effects were more 
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prominent for small voids or complex-shape voids. Simple-shape voids were not found 

to be significantly affected. 

4. The grayscale thresholding method was found to be sufficient for analysis of overall void 

content, simple-shape voids in small datasets. ML-based segmentation outperforms 

grayscale thresholding for complex void shapes, accurate individual void 

characterisation and large datasets. 
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Abstract: Finding new ways to evaluate the microstructural characteristics and their effect on 

macroscopic properties such as permeability and mechanical performance is of increasing 

interest for fibre reinforced polymer composites. The three-dimensional variability of 

microstructural features is not fully understood and its effect on macroscale properties is not well 

established, and so far mostly analysed at a phenomenological level. In order to achieve a more 

complete definition of the unidirectional composites domain, an understanding of matrix-based 

features and their interrelation with fibre architecture descriptors is needed. We introduced in 

recent work a method based on X-ray Computed Tomography for the quantification of fibre-

architecture descriptors at an increasing level of complexity. To expand the methodology, this 

work accounts for matrix-based phenomena such as tape boundary variability and distribution 

of voids.  

Keywords: Microstructure; Unidirectional Composites; X-ray Computed Tomography; Matrix 

boundary; Voids. 

1. Introduction 

Finding new ways to evaluate the microstructural characteristics and their effect on macroscopic 

properties such as permeability and mechanical performance [1,2] is of increasing interest for 

fibre reinforced polymer composites. 3D imaging techniques have been receiving increasing 

interest in evaluating fibre architectures, void distribution and damage formation [3–5]. 

However, the variability of microstructural features at a three-dimensional level is not fully 

understood. Its effect on macroscale properties is not well established, and mostly analysed at 

a phenomenological level [6].  

We introduced in recent work a method based on X-ray Computed Tomography for the three-

dimensional description of the fibrous microstructure of unidirectional tapes at a single fibre 

level [7]. Three metrics are introduced in the work to describe the increasing level of complexity 

in the microstructural organization, from a single fibre path level with differential tortuosity, 

over group behaviour with collective motion, to fibre network connectivity with the length of 

neighbourhood. These descriptors and their interdependence highlight local effects like edge-

core segregation in microstructural characteristics.  

However, to achieve a complete definition of the unidirectional tape domain, capturing matrix-

based features such as tape boundary and void distribution is crucial to characterize its 

properties [8,9]. In particular, recent studies relate the effects of surface resin-rich layers in 
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unidirectional tapes to their processability [10,11]. The interrelation between matrix and fibre 

descriptors will also help generate further insight into microstructure formation, properties and 

quality assessment.  

In this work, we expand the methodology we have recently developed [7] by inter-relating fibre 

and matrix descriptors: fibre differential tortuosity, to matrix-based characteristics such as tape 

boundary variability, and void distribution and morphology. The approach is showcased on a 

unidirectional composite tape.  

2. Methodology 

To define a data processing method to characterise matrix-based features such as tape surface 

variability, void distribution and void morphology at a 3D level, the local tape boundary and 

internal void locations were extracted via image analysis methods. The workflow is showcased 

with the study of a unidirectional fibre-reinforced tape analysed via X-ray micro-computed 

tomography. The composite tape studied is an experimental thermoplastic tape reinforced with 

unidirectional standard modulus carbon fibres manufactured by Toray Advanced Composites. 

2.1 X-ray computed tomography 

A X-ray micro computed tomography scan was conducted with a Zeiss Xradia 520 Versa machine, 

at a voxel size of 0.7788 μm, with a resulting tape cross-section width of 1200 μm. A 

representative cross-section is shown in Figure 1a. The volume was acquired with a voltage of 

70 kV, power of 5 W, and exposure time of 7 s. Of the acquired volume, a length of 800 μm in 

the fibre direction was considered for the analysis.  

2.2 Segmentation of the microstructural features 

The scan volume was processed via Fiji plugins to extract the features of interest [12]. The focus 

was to highlight matrix-based features such as tape contour and voids distribution, and fibre 

positions through the volume. Prior to feature extraction, volume tilt was corrected via re-slicing 

and manual alignment with the main fibre direction. A data reduction scheme was then applied 

where one slice every five in the tape length direction was used, resulting in a ‘stretched’ voxel 

having dimensions of 0.78 μm by 0.78 μm in the plane perpendicular to the principal fibre 

direction and 3.9 μm in the primary fibre alignment (longitudinal) direction.  

The workflow for the extraction of matrix features is described in Figure 1. Fibres were 

segmented via Trainable Weka segmentation [13] with a result as in Figure 1b. Tape surface and 

air were segmented in a second step via the same method, resulting in the map of Figure 1c. 

Thresholding followed by morphological filtering (opening and closing with a spherical 

structuring element of 2 pxl in diameter) were then applied to reduce the noise in the 

segmented volume. Area filtering was conducted on the connected components of the tape to 

remove segmentation artefacts outside the tape region, resulting in a binary output, shown in 

Figure 1c. The contour of the remaining connected components was then evaluated (Figure 1d) 

and merged to identify the local boundary of the tape at each cross-section, as in Figure 1e. The 

local boundary was then used as a mask to isolate the internal voids from the surrounding air, 

as shown in Figure 1f. 
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Figure 1. Workflow for tape analysis a) tape cross-section b) segmented fibres, highlighted in 
white c) tape matrix and fibres (white) and air (black) as obtained after segmentation, 

thresholding, morphological operations and area filtering d) boundary detection for each 
connected component, consisting in this case of three regions, labelled respectively in blue, 

cyan and yellow e) resulting tape boundary of the cross-section, highlighted in green f) internal 
voids highlighted in white, within the tape boundary in cyan. 

2.3 Determination of the microstructural descriptors 
 

2.3.1 Fibres 

Fibre paths reconstruction and analysis were conducted as a variation of the methodology 

described in previous work [7]. Individual fibre path reconstruction was performed by 

TrackMate [14]. A smoothing length of five times the fibre diameter was used to post-process 

the fibre tracks before the calculation of the parameters. Differential tortuosity was used as a 

microstructural descriptor of the unidirectional fibre architecture, as defined in our previous 

work [7]. The parameter is calculated for each fibre: 𝜏𝜏𝑑𝑑 =  
𝐿𝐿−𝐿𝐿𝑜𝑜𝐿𝐿𝑜𝑜                         (1) 

where L is the total detected length of the fibre, and Lo is the perpendicular distance between 

the two outer sections analysed.   
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The parameter quantifies the cumulative local misalignment of fibre paths and can provide a 

first indication of the local disorder in the fibre arrangement. The tortuosity values were then 

interpolated at the voxel locations to obtain a 2D homogenised distribution. 

2.3.2 Tape boundary 

The tape surface variability was determined as local elevation compared to the mean coordinate 

of the upper and lower boundaries. The range of elevation was then determined for each pixel 

along the tape width as the difference between the maximum and minimum values. A 

smoothing length equal to two fibre diameters (15 μm) was used to reduce the noise of the 

range profile. The surface elevation range was related to the mean logarithm of differential 

tortuosity at the same voxel locations. 

2.3.3 Voids 

Voids with the size of a unit voxel were filtered out as noise, while the remaining voids were 

further analysed in terms of their size, aspect ratio and spatial distribution. The 2D histogram of 

the distribution of voids over the cross-section was used to map the local void accumulation, 

defined as the product of the histogram bin-count for each cross-sectional location and the voxel 

size along the primary fibre alignment direction. The void accumulation was then related to the 

logarithm of differential tortuosity. 

3. Results and discussion  

In this section, the results of the analysis of fibre differential tortuosity, and of tape boundary 

variability and voids are provided and discussed. 

3.1 Differential tortuosity 

The map of the logarithm of differential tortuosity is reported in Figure 2. The values reported 

are a homogenization of the values determined in the length of observation considered of 800 

μm. The parameter varies along the cross-section. Corridors generated by high tortuosity fibres 

are highlighted in Figure 2 with dashed yellow lines and are observed along the bottom tape 

surface, running from the bottom to the top side of the cross-section. Darker regions of lower 

tortuosity, where fibres are more aligned, are present in-between higher tortuosity regions.  

 

Figure 2. Map of the logarithm of differential tortuosity. High tortuosity corridors are 
highlighted with a yellow dashed line. 

3.2 Tape boundary 

Local topology changes in terms of elevation were determined for top and bottom surfaces, as 

shown in Figure 3a-b. The surface variability shows an overall tendency to align in the fibre 

direction, with local surface misalignments from the longitudinal direction. The comparison 
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between the range of the surface elevation and the logarithm of differential tortuosity at the 

tape edge is reported in Figure 3c for both top and bottom tape surfaces. The results suggest a 

positive correlation between the standard deviation of elevation and the logarithm of 

differential tortuosity.  

 

Figure 3. Surface elevation maps for a) top and b) bottom tape boundary; c) comparison of the 
surface elevation range calculated along the tape width and the correspondent values of the 

logarithm of differential tortuosity.  

Surface variability effects are relevant to the understanding of the processability of 

unidirectional tapes [8]. Relating 3D surface variability and the underlying fibre architecture 

enables the extraction of surface fibre architecture information from the surface topology, 

potentially allowing the extraction of surface features during in-line monitoring. Approaches 

based on local fibre misalignment have been applied in the literature to estimate fibre alignment 

in composites from 2D micrographs [15], however 3D analysis of surface topology in relationship 

to underlying measured fibre tortuosity at the surface has not been reported for the study of 

unidirectional tapes to the authors’ knowledge. The differential tortuosity map in Figure 2 shows 

corridors of higher tortuosity, which are both located along the bottom surface and running 

from the bottom-left to the top-right of the cross-section. Similar locations of surface elevation 

misalignment from the longitudinal direction can be located in Figure 3b. By comparing the 

surface elevation range to the tortuosity of the fibre architecture close to the boundary, it was 

possible to observe a positive correlation between the two, as shown in Figure 3c. The extent of 

the correlation between tape surface variability and fibre microstructure is expected to depend 

on the presence of resin-rich regions at the tape surface, which is minimal in this tape, as 

observed in Figure 1a.  

3.3 Voids 

The morphology and spatial distribution of voids was quantified via connected region analysis 

on the internal voids identified as in Section 2.2.1. Figure 4a shows a 3D representation of the 

distribution of the voids. The distribution of the voids aspect ratio between the longitudinal 
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dimension and the major cross-sectional dimension has been reported in Figure 4b, showing a 

tendency to void elongation in the longitudinal direction (values greater than 1). The void size 

distribution is shown in Figure 4c and spans over six orders of magnitude. The voids appear to 

be interfacial at a qualitative observation, being located at the fibre-matrix interface.  

Since the voids tend to align along the fibre direction, their 2D accumulation for each location in 

the cross-section was considered, as reported in Figure 5a. The voids do not appear to be 

homogeneously distributed, but they seem to cluster in discrete regions. While low 

accumulation lengths were neglected, the cross-sectional void distribution for accumulation 

lengths greater than 100 μm was related to the logarithm of differential tortuosity. The mean 

logarithm of differential tortuosity was considered as a threshold for comparison. The regions 

where the logarithm of differential tortuosity is greater than its mean value are highlighted in 

yellow in Figure 5b. The histogram of Figure 5c reports the probability of void accumulation 

above and below the mean value of differential tortuosity and shows a greater probability of 

high void accumulation for high tortuosity values. 

 

Figure 4. a) 3D representation of the internal void distribution in the scan volume. Statistics for 
the detected voids b) histogram of the aspect ratio of voids c) histogram of the distribution of 

the size of voids. 

The sample considered shows interfacial voids between fibres and resin [16] elongated in the 

fibre length direction, as shown in Figure 4b, which is commonly observed in literature for UD 

composites [5,17]. Their presence might be attributed to incomplete impregnation. The 

comparison of the cross-sectional variability of voids and tortuosity of Figure 5c suggests that 

regions with high tortuosity have a higher probability of increased void formation. This might be 

related to hindering of the resin flow during impregnation. Conversely, regions with lower 

tortuosity, where fibre paths deviate less from the nominal alignment, show lower probability 

of voids presence.  

4. Conclusion 

A unidirectional composite tape was analysed accounting for both fibre-based descriptors, and 

matrix-based characteristics. The higher presence of defects in the development-grade material 

used compared to commercial grade tapes provides an opportunity to investigate links between 

tape boundary variability and void distribution to fibre-based descriptors such as differential 

tortuosity. The approach outlined in this work was able to describe the 3D microstructure at 
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both fibre and matrix level in unidirectional composite tapes. Future work should further 

investigate these emerging relationships in their broader application to unidirectional tapes and 

composites.  

 

Figure 5. a) 2D histogram of the voids distribution in the cross-section b) map which highlights 
in yellow the regions where the logarithm of differential tortuosity is greater than its mean 
value c) histogram of the void accumulation for high value of the logarithm of differential 

tortuosity (above the mean value) and for low values (below the mean value). 
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Abstract: Extrusion-based processes offer the possibility of producing carbon fibre reinforced 

composite (CFRC) components for lightweight construction of virtually any size and shape. 

However, many challenges still need to be addressed before their widespread adoption. Chief 

amongst them is the presence of defects and the material’s anisotropic and heterogeneous 

internal structure. In this study, X-ray micro-computed tomography (micro-CT) has been utilised 

to analyse, characterise and compare two suites of five 3D printed short CF/PEEK samples and 

the two commercial feedstock materials used to produce them. Main material constituents 

(fibres, matrix, voids) have been identified and segmented, their distribution mapped and 

visualised in 3D and respective volume fractions quantified. Voids have been individually labelled 

and their key geometrical characteristics extracted and analysed. Similarly, preferential fibre 

orientation has been measured. Furthermore, the effect of key 3D printing parameters on 

samples’ microstructure has been assessed. 

Keywords: Fused Filament Fabrication (FFF); Short carbon fibre reinforced composite (CFRC); 

Micro-computed tomography (micro-CT); Microstructure characterisation  

1. Introduction 

Additive manufacturing (AM) is increasingly used in many industries for spare parts, small series 

production, and tooling (1). For non-metallic materials, under the generic AM term, several 

different processes exist; among them, extrusion-based fused filament fabrication (FFF) has 

become increasingly popular as the 3D printing technology that can produce components for 

lightweight construction of virtually any shape and size (2). In addition, FFF offers the possibility 

of printing high-performance polymer materials such as polyetheretherketone (PEEK), which has 

already proven of great interest, for instance, in the medical engineering (3) and space (4) fields. 

Furthermore, the addition of carbon fibres, continuous or short, can improve the mechanical 

properties of 3D printed PEEK components (5).  

However, the overall quality and measured mechanical properties of FFF printed composites, 

especially when reinforced with carbon fibres, are still below expectations (6). The presence of 

voids linked to both feedstock material quality and printing process parameters can severely 

compromise the expected performance of the final product (7). In addition, the process-induced 

preferential orientation of fibres and their uneven distribution throughout the matrix cause 

anisotropy in the printed component, which along with potential fibre damage, affects its 

mechanical properties (8, 9). Understanding the characteristic geometry and shape of these 

defects as well as their spatial distribution within the three-dimensional material 
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microstructure, can provide valuable insight into the origin of their formation and enable 

optimisation of the fabrication process. In recent years, X-ray micro-computed tomography 

(micro-CT) has proven an ideal non-destructive imaging technique to provide very accurate 

structural 3D information, allowing for voids and other manufacturing defects to be 

characterised in detailed and quantified (10–12) and their influence and impact on materials’ 

mechanical properties be better understood (7, 13). 

In this work, we used X-ray micro-CT to acquire high-resolution volume data on ten printed short 

CF/PEEK samples and two commercial feedstock filaments. Subsequently, we extract detailed 

geometrical characteristics of voids and fibres, such as size, shape, orientation, 3D distribution 

and volume fraction for all specimens. Finally, the effect of key 3D printing parameters on the 

sample’s voids/fibres content and distribution is assessed. 

2. Experimental 

2.1 Materials 

The feedstock fused filament material utilised in this work is PEEK polymer containing randomly 

distributed short carbon fibres (SCF). It comprises of Victrex (30 wt% of SCF, 450CA30 grade, 

trade name: TECAFIL PEEK CF30 black, sample name: Feed Vx) and Lehmann & Voss & Co. KG 

(10 wt% of SCF, trade name: LUVOCOM® 3F PEEK CF 9676 BK, sample name: Feed L&V). Samples 

were printed following the procedure described in (11). Printer settings used and samples names 

are summarised in Table 1. 

2.2 Sample preparation and image acquisition 

All images utilised for this work have been acquired on a HeliScan™ micro-CT instrument 

equipped with a flat-panel detector with 3040 x 3040 pixels and a micro-focus X-ray source of 

60 kV hosted at the ANU CT laboratory that utilises helical scanning (14), space-filling trajectory 

(15) and iterative reconstruction (16) technologies. Original dimensions and shape of both the 

feedstock material (cylinder, ˜1.75 mm diameter) and 3D printed sample (prism, ˜2 x 2 mm 

cross-section) were ideal for micro-CT imaging, and the only preparation required was to cut 

them into pieces of similar size (see Table 1). Individual image acquisition time was ~10 hours, 

while scanning resolution (i.e. voxel size) is given in Table 1. 

Table 1 : Feedstock filaments and 3D printed samples names, printer settings, dimensions and 

image scanning resolution; where a mm, b °C,  c µm. 
 Feed 

Vx 
Feed 
L&V 

H200 
Vx 

H200 
L&V 

M1 
Vx 

M1 
L&V 

Ref 
Vx 

Ref 
L&V 

T450 
Vx 

T390 
L&V 

W600 
Vx 

W600 
L&V 

Layer 
Heighta NA NA 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Layer 
Widtha NA NA 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.6 0.6 

Extr. 
Temp.b NA NA 510 510 510 510 510 510 450 390 510 510 

Extr. 
Mult. NA NA 0.95 0.95 1.0 1.0 0.95 0.95 0.95 0.95 0.95 0.95 

Diameter/ 
Cross 
Sect.a 

1.68 1.81 1.73 x 
1.73 

1.79 x 
1.46 

1.77 x 
1.77 

1.80 x 
1.80 

1.73 x 
1.73 

1.79 x 
1.79 

1.78 x 
1.78 

1.80 x 
1.85 

1.78 x 
1.7 

1.80 x 
1.88 

Lengtha 4.50 4.51 4.33 4.47 4.44 4.50 4.33 4.47 4.44 4.50 4.44 4.50 
Voxel 
sizec 1.2008 1.2017 1.5750 1.6269 1.6140 1.6362 1.5731 1.6265 1.6147 1.6380 1.6137 1.6368 

645/1211 ©2022 Sommacal 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 Image processing and analysis 

Image processing and quantitative analysis were carried out using the ANU software tool 

Mango. Images were first spatially re-aligned with respect to the Cartesian axis (X, Y, Z) such that 

Z corresponds to the filament pulling direction (feedstock samples) and to the direction parallel 

to both the mould plate and printing direction (printed samples); X and Y are both perpendicular 

to the pulling direction for the feedstock filaments, while for the printed samples, X is parallel 

to mould plate, perpendicular to printing direction and Y is perpendicular to both mould plate 

and printing direction. Image segmentation was then performed using the method developed 

by Sheppard et al. (14). The fibre segmentation analysis was guided by prior compositional 

information available on the feedstock material. Since carbon fibre weight % content and 

density values of both matrix and fibres are known, using equations 3.8 and 3.11 from (17) and 

considering samples’ segmented void content, the average fibre content expressed as volume 

% can also be calculated. At the end of the segmentation process, material’s constituents were 

partitioned into separate volume segments. All segmented voids were then individually labelled 

and their dimensional properties extracted for geometric characterisation and analysis. Voids 

smaller than 200 voxels were excluded from the analysis as too small to provide meaningful 

geometric characteristics. Ellipsoids were fitted to each void, then axis lengths and orientation 

were extracted, and MATLAB® was used to calculate the mean, standard deviation and 

sometimes minimum, maximum, and median values of void size and selected geometric 

properties. Several derived characteristics were calculated, among them elongation and 

roundness as defined in (10). The orientation of the voids is determined by the absolute 

components of the axis unit vector for each Cartesian axis. The segmented fibre phase of all 

specimens was analysed using the ImageJ plugin OrientationJ on subsamples of four-hundred 

voxels thickness and entire diameter/cross-section from the middle of the samples. The 

distribution of fibre orientations both within, and out of, the print plane was measured and the 

average fibre angle deviation from the principal fibre direction in each plane was found. 

3. Results and discussion 

The image segmentation results are summarised in Table 2. Void, resin and fibres distribution 

were mapped in 3D, and respective content profiles were created by extracting and plotting slice 

by slice content in the X-Y combined and Z (feedstock filaments), X, Y and Z directions (3D printed 

samples) (examples are provided in Figure 1 and Figure 2). Furthermore, for all the 3D printed 

samples, interconnected voids within the material microstructure were identified and 

segmented, their amount quantified (Table 2), and their distribution mapped and visualised in 

3D (one example is provided in Figure 2). From the Label images, void size profiles were created 

(Figure 2), and void size distributions extracted and plotted (Figure 3). Furthermore, key void 

characteristics were extracted and summarised (Table 3). From the segmented fibre phase, fibre 

misalignment was measured, plotted and visualised in 3D (Figure 4 and Figure 5). 

Table 2: Image segmentation results in volume % 

 Feed 
Vx 

Feed 
L&V 

H200 
Vx 

H200 
L&V 

M1 
Vx 

M1 
L&V 

Ref 
Vx 

Ref 
L&V 

T450 
Vx 

T390 
L&V 

W600 
Vx 

W600 
L&V 

Voids 19.4 19.7 21.1 24.4a 17.3 18.5 19.0 18.7 21.8 28.5 15.0 20.1 

Voidsb NAc NAc 65.6 56.6 61.4 9.9d 81.4 52.1 83.4 51.5 42.5 NAc 

Resin 61.7 74.4 59.9 64.6 63.3 75.2 61.7 75.2 59.5 66.2 64.8 73.8 

Fibres 18.9 5.9 19.0 5.2 19.4 6.2 19.4 6.0 18.7 5.2 20.2 6.1 

Fibrese 19.1 6.0 18.7 5.2 19.6 6.1 19.2 6.1 18.6 5.3 20.2 6.0 
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HD NA <0.1 NA <0.1 NA <0.1 NA 0.1 NA <0.1 NA <0.1 
 a additional single large void of 5.7% volume segmented separately as it does not belong to the sample main void 

phase; b % of the total voids interconnected to form a single large cluster; c large clusters of interconnected voids 

not identified; d a second large cluster 7.0% of the total void volume identified; e calculated fibre content value. 

3.1 Void analysis: feedstock filaments 

Void segmentation results show that the total void content is very similar for the two filaments, 

while the total void number differs greatly. This implies that the microstructure of the two 

filaments must be characterised by distinctly diverse void populations. This is reflected in the 

void average and median size values of the two samples, which are about seven and four times, 

respectively, higher for Feed L&V. Differences among the samples’ microstructures are also 

clearly captured by the plots of Figure 3, which show that despite both samples containing a 

large number of small voids, the actual void size distribution differs, in particular for the larger 

voids population that accounts for most of the measured porosity. Some geometric 

characteristics highlight key differences in void shapes, with mean void elongation and axis L 

values about four to five times higher for Feed L&V. On the other hand, our data also identifies 

interesting similarities between the two samples. For both filaments, X-Y profiles show that 

average void content and size increase towards the centre of the samples, mean roundness 

values are similar, while mean void orientation values (axis Lz) indicate that in both, voids are 

primarily oriented along Z, although this is more evident for Feed L&V than Feed Victrex.  

 
Figure 1. (a) left: 3D visualisation of segmented image of Feed Vx filament: voids (blue),  fibres 
(orange), resin transparent; right: Feed Vx void and fibre content, void size profiles for combined 
X-Y directions; (b) same for Feed L&V; white dotted arrows show direction of X, Y, Z axis. 

3.2 Void analysis: 3D printed samples 

Void segmentation data have been obtained, void content and size profiles created for the ten 

printed samples over more than six million voids; void geometric characteristics have been 

extracted for about one million eight hundred thousand voids. However, only the main findings 

will be reported here due to length constraints. Void segmentation results show that all samples, 

independent of the printing settings, still have a high void content, higher or lower than the 

parent filament. The percentage of voids interconnected shows that despite samples in the two 

series having very comparable void contents, voids within samples of the Vx Series are in general 

much more interconnected than for the L&V Series. Void main geometric characteristics show 

that samples within each series are characterised by quite different void populations, with void 

size mean and average values, in particular, varying noticeably among samples. Mean elongation 

and axis L values are also quite different for samples within and between series and void size 

distribution plots can capture microstructural differences among samples, like for instance in 

the case of M1 Vx and M1 L&V. At the same time, void main geometric characteristics highlight 
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some similarities and common trends between samples of different series printed using same 

(or almost same) settings, suggesting that the different printing parameters affect the material 

microstructure differently. In both series, for instance, T450 Vx and T390 L&V are the samples 

with the highest values of void mean and median size, axis L and axis Lz, while mean elongation 

value is the highest in the series for T450 Vx, second highest for T390 L&V. In all samples the axis 

Lz value is the highest with a value on average around 0.9, indicating that the primary void 

orientation is always strongly aligned with the printed direction. 

 
Figure 2. (a) 3D visualisation of segmented image of entire H200 Vx sample showing in yellow / 
green interconnected voids, blue the rest of the voids, with resin and fibres set transparent; (b) 
slice by slice position (red axis) X, Y, Z void and fibre content, void size profiles for M1 L&V. 

 
Figure 3. Void size distribution plots for (a) Feed Vx and Feed L&V, (b) M1 Vx and M1 L&V, (c) 
Feed Vx and M1 Vx, (d) Feed L&V and M1 L&V, where dotted lines display the normalised total 
amount of voids with a given radius, continuous lines the normalised amount of porosity. 

The effect of the layer-by-layer depositional printing process is very clearly highlighted by the 

void content and size distribution plots (in Figure 2), particularly in the Y direction. For all the 

printed samples, these plots show that voids are strongly preferentially aligned in planes parallel 

to the mould plate, giving the samples an alternating low/high-void content layered structure. 
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In all samples, average void content is low within the bottom planes, which correspond to the 

portion of the sample near the build plate surface, then it progressively increases, reaching its 

highest value near to, or at, the top surface. This trend is, however, more defined within the Vx 

Series, suggesting the Vx samples generally have a far more heterogeneous void distribution and 

anisotropic structure than the L&V series. These plots provide an accurate qualitative and 

quantitative description of the 3D void distribution and could be used to further explore and 

identify relationships between the printing settings and the resulting samples’ architecture.   

Table 3 : Summary of void main geometric characteristics for the Victrex and L&V Series 

Vx Seriesa FeedVx H200Vx M1Vx RefVx T450Vx W600Vx 
Size (voxels) 5883 ± 7017  3333 ± 13822  2475 ± 6789  4066 ± 16213  4044 ± 9470  1945 ± 4440  

Size 
(µm3) 

10186 ± 12148 
(346, 190547) 

b5873 

13022 ± 54005 
(781, 9010140) 

b4153 

10404 ± 28544 
(841, 1680705) 

b2808 

15826 ± 63110 
(779, 7995912) 

b3745 

17023 ± 39866 
(842, 1430463) 

b4614 

8175 ± 18658 
(840, 1560069) 

b2807 
Number* 220611 674124 825037 455010 649853 852449 
Number 186732 203946 219149 150700 173659 240337 
% > 200c 99.6 97.0 94.6 97.5 96.9 93.7 

Axis L (µm) 22.2 ± 10.6  29.0 ± 18.2 27.1 ± 17.9 27.6 ± 18.1 33.8 ± 22.2 25.9 ± 17.3 
Axis I (µm) 12.0 ± 4.95 13.4 ± 8.24 12.0 ± 7.66 12.6 ± 8.32 13.8 ± 8.89 12.0 ± 7.21 
Axis S (µm) 7.99 ± 3.53 8.04 ± 5.11 7.23 ± 4.49 7.94 ± 5.26 8.44 ± 5.52 7.24 ± 4.07 
Elongation 2.31 ± 0.929 2.86 ± 1.25 2.95 ± 1.30 2.81 ± 1.19 3.21 ± 1.40 2.77 ± 1.24 
Roundness 1.59 ± 0.489 1.73 ± 0.519 1.70 ± 0.498 1.62 ± 0.454 1.70 ± 0.502 1.70 ± 0.492 

Axis Lz 0.897 ± 0.163 0.872 ± 0.192 0.899 ± 0.168 0.898 ± 0.172 0.932 ± 0.130 0.866 ± 0.201 

L&V Seriesa FeedL&V H200L&V M1L&V RefL&V T390L&V W600L&V 
Size (voxels) 41788 ± 69361 5298 ± 14550  3285 ± 6055  4869 ± 10137  6963 ± 12544   3369 ± 5124  

Size 
(µm3) 

72516 ± 120363 
(347, 1320367) 

b23640 

22814 ± 62653 
(861, 4894450) 

b7264 

14389 ± 26522 
(876, 781682) 

b5116 

20950 ± 43622 
(861, 1138277) 

b6154 

30604 ± 55134 
(879, 1036155) 

b9551 

14774 ± 22473 
(877, 716354) 

b6631 
Number* 32883 535751 620254 422785 525160 714506 
Number 26571 122897 182914 114510 139257 199573 
% > 200c 90.0% 98.9% 97.7 98.4 99.1 98.1 

Axis L (µm) 104. ± 72.1 30.3 ± 18.8 27.1 ± 16.5 32.1 ± 20.4 35.3 ± 22.8 25.4 ± 14.4 
Axis I (µm) 14.2 ± 7.93 15.9 ± 9.64 13.5 ± 7.73 14.4 ± 8.91 16.2 ± 9.78 13.9 ± 7.03 
Axis S (µm) 8.64 ± 4.85 9.28 ± 6.05 7.94 ± 4.52 8.40 ± 5.39 9.73 ± 6.10 8.75 ± 4.49 
Elongation 9.10 ± 4.49 2.60 ± 1.24  2.70 ± 1.36 3.05 ± 1.55 3.02 ± 1.76 2.40 ± 1.21 
Roundness 1.76 ± 0.649 1.81 ± 0.597 1.78 ± 0.606 1.80 ± 0.600 1.78 ± 0.658 1.68 ± 0.565 

Axis Lz 0.986 ± 0.0669 0.777 ± 0.259 0.881 ± 0.189 0.910 ± 0.164 0.920 ± 0.154 0.840 ± 0.223 
a data for voids larger than 200 voxels denoted as: Mean ± Standard deviation (min, max); b median size values; 
c relative volume % relative of voids > 200 voxels; * includes voids < 200 voids 

3.3 Fibre analysis: feedstock filaments and 3D printed samples 

Segmented fibre contents are very close to the calculated ones, which provides a reasonable 

degree of confidence in the overall fibre phase identification accuracy. As seen with void 

analysis, X, Y, and Z fibre profiles accurately describe the 3D fibre distribution within each 

filament and printed sample microstructure. For the printed samples, fibre content plots in the 

Y direction again clearly identify the material layered structure, a direct consequence of the 

depositional nature of the printing process. These plots also show that, similarly to the void, the 

fibre content too is usually lower near the mould plate and gradually increases towards the top 

surface, a trend that is observed in nearly all samples with the noticeable exceptions of T450 Vx 

and T390 L&V where it is highest around mid-thickness and then decreases again towards the 

top. By plotting X, Y and Z fibre and void content profiles next to each other, there is a very close 

void-fibre relationship showing that within the layered microstructure, layers with higher void 

content also have higher fibre content and vice versa. This close relationship has been verified 

in all printed samples of both series, independently from the individual samples’ fibre/void 

content. On the other hand, the same relationship is not found in the feedstock filaments where 

X-Y combined and Z content profiles suggest that void and fibre distribution within the material 
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microstructure are not closely linked. As a result, it can be assumed that the void-fibre 

association in the printed sample is another direct consequence of the printing process. Fibre 

orientation also reveals that fibres are aligned parallel to the pulling direction within the 

filaments, particularly in Feed L&V where the fibre angle misalignment is smaller than Feed Vx 

(Figure 4 a, b). After printing, fibres become strongly aligned parallel to the printing direction 

(Figure 4 c, d). However, while fibre misalignment decreases with printing for Vx specimens, it 

increases for L&V specimens (Figure 5). This is possibly due to the lower fibre fraction or the 

drastic change in microstructure between L&V filament and printed samples, caused by the 

radical size and shape change of the larger void population, which is a direct consequence of the 

printing process. Furthermore, Figure 5 shows there is more misalignment to the primary fibre 

angle in the printing plane compared to out-of-plane for both materials, though this is especially 

evident for L&V, which can be related to the layer-by-layer depositional nature of the printing 

process. Therefore, in addition to the evident anisotropy with the Z printing direction, there is 

also anisotropy transverse to it in X and Y, which implies anisotropic mechanical properties. 

 
Figure 4. 3D visualisations of fibre misalignment respect to filament pulling direction for Feed Vx 

(a) and Feed L&V (b), to sample printing direction for W600 Vx (c) and W600 L&V (d).  

 
Figure 5. Fibre misalignment plots from principal direction for Vx (a) and L&V (b) Series. 

4. Conclusions 

Image analysis showed that both feedstock filaments contain a large number of voids (∼19.5%) 

that were not removed by the printing process, and varying key printing parameters only 

marginally affected the overall samples’ void content (15% to 28.5%). Moreover, the 

depositional nature of the printing process has a dramatic effect on the samples’ microstructure. 

All printed samples displayed a distinctive layered structure, where layers with high/low void 

/fibre content regularly alternate (Figure 2). Furthermore, both voids and fibres are 

preferentially aligned, with fibres within ∼10° (Vx) and ∼20° (L&V) of the printing direction and 

void’s Lz component ∼0.9 for most specimens. Therefore, printed samples have a strongly 

anisotropic structure and detailed microstructure characterisations as provided here can form 

the basis for modelling/understanding directional differences in their mechanical performance. 
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Abstract: The heterogeneous deformation and damage behaviour of woven composites benefits 

from advanced characterisation techniques, including micro-computed tomography (micro-CT). 

This paper uses high-resolution micro-CT images of a woven carbon fibre/polyetheretherketone 

(C/PEEK) laminate to compare with digital image correlation (DIC) during experimental loading 

and to provide the architecture for an accurate mesoscale numerical model. The mesh for the 

finite element model is created from the segmented phases (fibre tows, matrix, and voids) of the 

micro-CT volume. The combined experimental and numerical approach provides detailed insights 

into how defects and architectural variations, such as voids and layer alignment, influence the 

3D deformation and damage development. 

Keywords: Digital image correlation (DIC); Digital material twins; Finite element analysis 

(FEA); Micro-computed tomography (micro-CT); Woven thermoplastic composites 

1. Introduction 

Understanding the mesoscale deformation and damage development of woven fibre-reinforced 

composites is crucial for their increased adoption. Specifically, woven thermoplastic composites 

are becoming increasingly popular in the automotive and aerospace sectors [1,2], but more work 

is needed to characterise their local and heterogeneous behaviour. Advanced experimental 

characterisation, in the form of micro-CT, can provide insight into experimental surface 

deformation observations and inputs into architecturally-accurate numerical models. 

Digital image correlation (DIC) has become a standard technique for in-situ observation and 

measurement of mesoscale deformation of woven composites, including strain [3–5], 

topography [6–8], and damage development [9–11]. However, as a surface-based technique, 

DIC provides limited information on the relationship between the observed surface deformation 

and the underlying internal structure of the woven composite. Micro-CT provides a solution to 

accurately reveal the 3D internal architecture of woven composites and is being increasingly 

used to examine defects, architectural variance and damage development (cracking and 

delamination) [12,13]. However, in-situ micro-CT testing can be time-consuming, and specimen 

size is limited, suggesting benefits may exist by combining a single ex-situ micro-CT scan with 

other characterisation methods such as DIC. 

Micro-CT can also benefit numerical simulations by enabling the creation of digital material 

twins with accurate architecture [14,15]. There has been significant recent research on creating 

models from CT of woven composites, primarily focusing on the segmentation of material 

phases [16–18]. These models capture actual architectural variations and defects, such as voids 
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and complex changes in yarn cross-section, which idealised computer-generated models are not 

constructed for. While many aforementioned works treat the simulation in isolation or with 

limited comparison to experimental results, there are benefits to using both the mesoscale 

experimental and the numerical results to better elucidate the underlying behaviour. 

In this work, micro-CT is used along with DIC to provide insight into the observed surface 

behaviour of a woven thermoplastic composite. In parallel, micro-CT is used to construct 

authentic 3D architecture for creating accurate mesoscale numerical models, a digital material 

twin, which can then be analysed along with the experimental results. 

2. Experimental 

2.1 Material and methods 

Material: A high-performance four-layer plain woven carbon fibre/polyetheretherketone 

(C/PEEK) laminate is used in this study. It is consolidated from a Pipreg® fabric (Porcher 

Industries) with powder impregnation and a double belt press. The laminate has a thickness of 

1 mm, a fibre volume fraction of 50% and tow width of about 2 mm. The microstructure of the 

material varies as the random shifting between layers during manufacture can result in aligned, 

nested or balanced architecture for pairs of adjacent layers in each consolidated sheet. 

Specimen: Three specimens were cut using a waterjet; their design is shown in Fig. 1a. The 

curved specimen design concentrates deformation into an observable region and eliminates the 

need for gluing end tabs to the specimen to prevent failure in the grips. The full specifications 

for the specimen are given in Fig. 1a where the hatched region is gripped during loading. 

Testing: Tensile tests were conducted until failure at a rate of 2 mm/min on a hydraulic 25 kN 

INSTRON® (model 8874). A stereo DIC system (ARAMIS® version 6.3) that observed one side of 

the specimen enabled the characterisation of surface deformation. A random black and white 

pattern was applied on the specimen with spray paint prior to testing to ensure displacement 

tracking. A small measuring volume of 45 mm x 40 mm with a 25 mm depth allowed high 

accuracy displacement and strain measurement for mesoscale deformation. Camera sensors of 

2448 x 2048 pixels resulted in approximately 51 pixels/mm resolution. Fig. 1b shows subsets of 

15 x 15 pixels (290 µm) with a step size of 5 pixels (95 µm), allowing correlation and tracking of 

point displacements. The random noise inherent in the imaging process and the resultant error 

in displacements and strains were determined from an initial series of images before loading, as 

previously described [6,19]. Displacement accuracy was found to be on average ± 0.29 µm for 

in-plane, and ± 1.35 µm for out-of-plane and strain accuracy was similarly quantified as ± 0.17% 

for εx and εy and ± 0.14% for εxy. Data was then exported to MATLAB® for strain and topography 

visualisation, using a previously defined technique [6,7] and comparison with micro-CT. 

Micro-CT: Post-test X-ray micro-computed tomography (micro-CT) allowed characterisation of 

the 3D weave layer alignment and void defects. The specimens were imaged using a HeliScan™ 

micro-CT instrument hosted at the ANU CTLab with 60kV, 100 µA X-ray source [20]. An 8 mm x 

16 mm wide central section was imaged for each specimen. This size encompassed several unit 

cells, see Fig. 1c, while achieving a scanning resolution of 4.2 µm/voxel, below the 7 µm fibre 

diameter. Radioscopic projections were taken with a 3040 x 3040 detector and subsequently 

reconstructed into the 3D 16-bit greyscale volume using a proprietary ANU reconstruction 

algorithm [21]. Fibre orientation analysis and visualisation were accomplished using 
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OrientationJ, an ImageJ plugin [22]. Further processing and segmentation of the CT image for 

numerical analysis are described in section 3.1. 

 

 

Figure 1. Specimen and testing, (a) specimen design in mm: L1 = 200, L2 = 40, W1 = 20, W2 = 

25.4, R1 = 464.31, (b) DIC subsets showing pixel size in relation to speckle, and (c) micro-CT 

tomogram images with the matrix, fibre and void phases. 

2.2 Results and discussion 

The observed surface deformation, topography and strain are closely linked to the underlying 

weave architecture observed with micro-CT. Greater alignment of the two layers directly below 

the painted DIC surface in Fig. 2i induces larger topographical change and local strain gradients 

during loading. This is in contrast to the balanced (shifted by 1 tow width) and nested (shifted 

by around half a tow) architectures of Fig. 2ii and Fig. 2iii, respectively. The mechanism behind 

the topographical change is the straightening of fibres orientated with the direction of loading, 

which forces transverse weave tows above them out of the surface. If the second layer is aligned 

with the first, this topographical movement is synchronised, while if it is overlapping or entirely 

shifted, also called balanced or mirrored, this movement is resisted by the second layer. A 

related study further explores these phenomena and includes results for off-axis testing with 

these aligned, nested, and balanced architectures [23]. 

In addition to helping explain the surface deformation heterogeneity, micro-CT results can also 

significantly characterise the internal microstructure. Fibre orientation measurements can show 

local variation and overall consistency. In-plane orientations vary by less than 10 degrees from 

the primary warp and weft directions with under 5-degree deviation typical. Out-of-plane 

orientation varying with the weave crimp is characterised at a maximum typical angle of 9.5°. 

Similarly, void location, volume, and orientation can also be determined. The void volume 

fraction is 3.8% for i., 0.1% for ii., and 3.3% for iii. Fig. 3c shows voids tend to be located in the 

inter-tow matrix rich regions, especially at tow intersections. Both globular and elongated voids 

are observed with the more spherical geometries typical at tow intersections and the elongated 

voids running parallel to the tows in i. and iii. While these voids have little observed impact on 

tensile properties of the stiff carbon fibres, probably due to their inter-tow location and 

surrounding thermoplastic matrix ductility, they may have a more significant influence on other 

properties such as inter-laminar shear and delamination.  
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Figure 2. Experimental results, (a) Zchange topography (mm), (b) Major principal strain, and (c) 

micro-CT with fibre orientation analysis and voids visible for specimens (i-iii). Note (c) shows 

unpainted side of volume to better show voids. Additional off-axis results are published in [23]. 

3. Numerical 

3.1 Method 

Conversion of micro-CT greyscale tomogram images into a mesh for finite element analysis is 

non-trivial. It is especially challenging for C/PEEK as there is little greyscale differentiation 

between the phases as shown in Fig. 3a. Therefore, this preliminary study primarily focused on 

converting the micro-CT data into accurate and usable meshes for simulation. 

Segmentation: Initial image segmentation of fibre bundles, voids and matrix was conducted 

using Mango software [20,24]. Before segmentation, the low-intensity contrast between carbon 

fibre and PEEK matrix was enhanced by applying a proprietary de-noise filter on the original 

tomogram image based on the Non-Local Means algorithm, resulting in distinct peaks for the 

two phases of the greyscale histogram. Image segmentation of fibres and matrix was 

subsequently carried out in Mango using the technique described in [24]. The segmentation 

method combines greyscale intensity, gradient, and surface morphology and uses a bottom-up 
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watershed filling scheme. The higher contrast of the voids to the matrix and fibres makes their 

segmentation comparatively more straightforward. Warp and weft tows are subsequently 

separated into two distinct phases exploiting their different texture and geometric orientation.  

While this initial segmentation is suitable for visualising and quantifying phase volume, it is not 

yet adequate for simulation. Rough geometric transitions between fibre tows and the 

surrounding matrix and phase inclusions, such as matrix and thin elongated voids in fibre tows, 

result in small and complex geometric features. Attempting to mesh this geometry lacks 

practicality due to the large number of elements due to the high mesh refinement to match the 

geometrical contour. The solution is to remove small inclusions and smooth the phase 

boundaries through a combination of eroding and dilating operations. The resulting 

segmentation is now suitable for meshing. Specimen i., with and without the void phase, is used 

to demonstrate the procedure for the remainder of the process, see Fig. 3b and c. 

 

Figure 3. Numerical method, (a) Original tomogram for a region 3 x 6 tows, (b) smoothed 

segmented region with voids, (c) smoothed segmented region without voids, (d) FEA mesh, (e) 

3D visualisation of phases for the specimen, and (f) detail of FEA mesh. 

Meshing: For the woven composite architecture, a high-quality mesh needs to suitably capture 

the contours of the weave without producing either excessive element number or highly 

distorted elements. For this reason, a tetrahedral mesh was found to be optimal and robustly 

conformed to the geometry. Iso2Mesh [26], an open-source package, which runs in MATLAB®, 

was used to mesh the specimens. The segmentation produced images with discrete grey-level 
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values recognised by Iso2Mesh. A distance bound of 2 voxels allowed a small amount of leeway 

(8.4 µm) at phase boundaries, relaxing the need for mesh refinement. A maximum 100 voxel 

node distance for element size was used. The final mesh of tetrahedral elements for specimen 

i. had 1782931 elements without voids and 2213287 elements with voids included in the 

segmentation (see Fig. 3d and f). The resulting models of C3D4 elements took less than 30 

minutes to run using Abaqus 6.14 on an 8 core 17-9700 CPU at 4.5 GHz. The mesh sensitivity 

was determined by reducing the distance bound to 1.5 voxels, thereby increasing the element 

count by about 50%. The resulting change in Z displacement was within 6%, with the most 

significant differences being near small geometric features such as voids, and therefore the 

mesh size was found to be satisfactory for this mesoscale study of behaviour. 

Material properties: Basic properties for woven C/PEEK were used. Fibre and matrix properties 

were taken from previous testing and datasheets [6] and the determined tow properties were: 

E1 = 138 GPa, E2 = E3 = 10.2 GPa, G12 = 5.7 GPa. Orthogonal material orientations are used, but 

local fibre orientations could be mapped to individual elements in future work, greatly improving 

the accuracy of the simulation. Similarly, various failure criteria could be added to the matrix 

and fibre tows to investigate damage progression. 

Boundary conditions: As with the material properties, simplified boundary conditions were also 

used. One side of the specimen was fixed, and the other had a tensile displacement applied 

while fixed in transverse directions. A deformation of 1% strain in 20 increments was applied to 

the specimens, and the displacement, strain and stress evolution were recorded. 

3.2 Results and discussion 

The numerical model reveals how weave layer alignment and voids influence the deformation 

response. Matching experimental results, topographical high points in Fig. 4 coincide with 

transverse tows. Moreover, the shifted lower ply layers induce continuous ridges and valleys 

rather than the checkerboard pattern that an idealised architecture without nesting would 

produce [6]. Fig. 4b, with voids included, shows similar behaviour but more significant 

topographical change. This change would suggest that the 3.8% void volume, in this case, 

noticeably reduces the restriction on out-of-plane topographical movement even at 1% global 

strain. The models also show that topographical behaviour is not separated into ply layers but 

transfers through the whole thickness, which cannot be ascertained from surface observation 

alone. The ability to see through-thickness behaviour in the simulation and compare the surface 

to experiments highlights the benefits that micro-CT can bring for an integrated characterisation 

of behaviour. 

 

Figure 4. FEA results for displacement in Z through-thickness for (a) specimen with voids 

removed and (b) the same specimen with voids included. 
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4. Conclusions 

Micro-CT has revealed a close link between the 3D microstructure and mesoscale surface 

deformation. Differences in strain and topography can be explained by variations in the layer 

alignment of the weave. Moreover, segmented and processed micro-CT images provide the 

basis for creating simulations with realistic tow architecture and locations of void defects. These 

simulations can then provide additional insight into the 3D strain state as well as further reveal 

the mechanisms behind the experimentally observed behaviour. From this preliminary study, 

there is significant potential to improve these digital material twins for simulation, and many 

insights can be gained by using a combined experimental (DIC) and simulation-based approach. 
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Abstract: Although many analytical and some numerical models have been developed to predict 

the interface stress/strain state, experimental evidence to verify them is scarce. In the current 

study, we combine synchrotron computed tomography with Digital Volume Correlation (DVC) to 

acquire, for the first time, 3D strain maps around a glass fiber embedded in epoxy and loaded in-

situ in tension. DVC requires a volumetric speckle pattern inside the material, which in this study 

is achieved by a barium titanate nano-powder. The resulting axial DVC strain map shows a 

localization at the fiber break, due to the local opening of the break, and higher strain values in 

the matrix in the vicinity of the fiber break, which diminishes further away from the break. The 

resulting shear strain has a symmetric distribution at the sides of the fiber with regard to the 

fiber break. This analysis allows for the definition of real values of strain recovery length. 

Keywords: Digital volume correlation; Synchrotron computed tomography; Debonding; 

Single-fiber test 

1. Introduction 

Fiber-reinforced composites are known for their superior mechanical properties combined with 

low density and a high degree of design freedom. Load transfer between fiber and matrix is 

crucial for the mechanical behavior of these composites. This load transfer takes place through 

the fiber-matrix interface, and thus, the interfacial stress/strain state has been a point of interest 

since the very early days of composites. This becomes vital for longitudinal behavior of 

composites, especially when the fiber breaks, and the stress/strain state is locally disturbed at 

the break site. Numerous models have been proposed for representation of the interface stress 

state, starting from the analytical Cox’s shear-lag [1] and Kelly-Tyson’s shear-sliding [2] 

approaches to more recent numerical models accounting for different phenomena present at 

the interface during debonding (e.g. [3]). However, little experimental investigation on the 

stress/strain state at the interface has been performed, which makes validation of the proposed 

models difficult. This is primarily due to the fiber being embedded in the (opaque) bulk matrix, 

the very small scale of the region of interest, and the need for accurate stress/strain 

quantification techniques. 

2D investigations of debonding have been conducted on Single-Fiber Fragmentation Tests 

(SFFTs) using in-situ optical microscopy with polarized light [4, 5]. This allows detection of the 

birefringence phenomenon (photoelastic pattern) occurring at the fiber break site. Although it 

is experimentally rather easy to perform, this approach does not provide a very accurate 

measurement of the extent of the debond and is limited to 2D information. Another technique 

for stress analysis characterization during SFFT is Raman spectroscopy [6, 7]. Based on the stress 
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dependency of certain vibrational modes of the fibers, Raman can measure the fiber stress along 

its axis, a stress profile which displays the stress magnitude at the fiber break, debonding, and 

recovery regions. Nevertheless, Raman spectroscopy needs special measurement tools, does 

not work on glass fibres, and provides no information on the matrix stress state in the vicinity of 

the fiber. 

More recently, X-ray micro-Computed Tomography (micro-CT) enables 3D imaging of the 

microstructure of composite materials and possibly of its evolution during mechanical loading. 

A few studies have employed micro-CT for in-situ debonding analysis in composites. Mode I 

debonding of a single glass fiber from epoxy was evaluated with in-situ micro-CT in [8]. Although 

the results were very interesting, the studied glass fiber had a significantly larger diameter than 

the typical glass fibers, and the debond length was measured visually in the CT images, which is 

feasible only when the debonding is in opening mode. In a more recent study [9], interface 

debonding and in-resin crack initiation and propagation in a carbon fiber-epoxy composite were 

looked at with nanoscale in-situ synchrotron micro-CT. Similarly, the opening mode of the 

loading allowed visual analysis of the crack in the CT results. To the authors’ best knowledge, no 
3D studies of fiber-matrix debonding in longitudinal loading have been carried out. 

In the current study, we apply tensile loading to a single glass fiber-epoxy specimen and monitor 

the fiber break and the consequent phenomena via in-situ synchrotron micro-CT. To quantify 

the deformation around the fiber break, Digital Volume Correlation (DVC) is used. DVC works 

based on tracking the greyscale pattern in consecutive 3D images of deformation, for which a 

volumetric speckle pattern inside the material is needed [10]. We use a nano-powder to create 

the speckle pattern. This allows microscale strain measurement around the glass fiber after it 

breaks.  

2. Materials and Methods 

2.1 Specimen Preparation 

A silicone mold was made to produce double-notched single-fiber specimens with a nominal 

notch cross-section of 1 × 1 mm2. Individual fibers were extracted from a fiber bundle (HYBON 

2026 glass fiber), and placed in the silicone mold, guided by the slots on both side of the mold. 

They were loaded in the mold by hanging on them a weight of 15.4 g to keep them straight 

during manufacturing. The fibers were then fixed to the substrate using two glue droplets (Bison 

2-component epoxy adhesive) on both sides. 

To create the required speckle pattern for the DVC, the commercially available tetragonal 

barium titanate particles with nominal mean size of 400 nm (US Research Nanomaterials Inc., 

Houston, TX, USA) was used. The powder was mixed in a SR8500/KTA313 dual-component epoxy 

(Sicomin, Châteauneufles-Martigues, France) before curing and dispersed using sonication. The 

volume fraction was set to 3 vol%. To remove the entrapped air from the resin mixture, it was 

degassed for 10 min in a vacuum oven, injected into the mold using a syringe, and again 

degassed in two sets of 5 min. The cure cycle, in line with the manufacturer’s recommendation, 

was as follows. The oven was preheated to heat up the specimen at the dwell temperature of 

70 °C for 60 min with 0% ventilation. Then, the temperature was increased in steps of 10 °C until 

120°C was reached, with holding at each step for 10 min. Finally, after 90 mins at 120°C, the 

temperature is lowered to room temperature. 
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2.2 Mechanical loading and in-situ synchrotron micro-CT 

Tensile tests were performed with a CT500 loading rig (Deben Ltd., UK) with a Perspex (PMMA) 

protective tube (Figure 1), which is designed for mechanical loading with in-situ micro-CT. 

Loading was applied with a displacement rate of 0.2 mm/min and was interrupted at certain 

displacements for in-situ scanning. To alleviate potential effects of specimen relaxation during 

the stops, scanning was started after a slight (~10%) reduction in load, at each step. The 

experiments were carried out on the TOMCAT beamline at the Swiss Light Source (SLS), Paul 

Scherrer Institute (PSI), Villigen, Switzerland.  

The scans were acquired with 1500 projections spread over 180° and an exposure time of 80 ms 

per projection, leading to a total scan time of 2 min. A polychromatic (white) beam with an 

energy of 15 keV was used.  The specimen-to-detector distance was set to 30 mm, and the voxel 

size of was 650 nm. A pco.edge detector was used. The scans were reconstructed using the in-

house SLS absorption-based (Gridrec) algorithm [11]. 

 

Figure 1. Loading setup for in-situ imaging of composite specimens for DVC analysis and 2D 

slices of the glass fiber before and after a break. 

2.3 Digital volume correlation 

DVC is an image-processing technique for quantification of deformation in 3D images taken in 

situ from a deforming material. DVC uses the changes occurring in the greyscale pattern of the 

images due to deformation. Thus, a random speckle pattern is required, which can be taken as 

the natural texture of the material or, in the absence of a distinct texture, created artificially 

(like in the current study). 

The Avizo 2019 software is used for application of DVC in this study, which can be performed in 

two ways: subset based (local) or Finite-Element (FE) based (global). Subset-based DVC is 

conducted using a coarse cubic mesh and provides a rough estimation of strain at a low 

computational cost, but it is less accurate and does not result in a continuous displacement field. 

On the contrary, finite-element-based DVC, using a fine tetrahedral mesh, ensures continuity of 

the displacement results, which are much more accurate, but of course, computationally more 

expensive to reach [10]. Two 3D images, from before and after the fiber break, are imported in 

Avizo. They are registered (overlaid on top of each other) and cropped to a suitable size for the 
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region of interest. Subset-based DVC is performed with a subset size of 48 px (31.2 µm). The 

resulting displacement field is used as an initial guess for a finite-element DVC with a 20-px (13 

µm) mesh. The mesh size relative to the fiber dimensions can be noted in Figure 2. 

 

Figure 2. The subsets and finite-element mesh for local and global DVC, respectively, for the 

selected region of interest around the single fiber 

3. Results and discussion 

3.1 Miro-scale displacement and strain fields 

3D longitudinal and shear strain fields were acquired using DVC. For ease of visualization, 2D 

slices of these fields along the fiber are shown in Figure 3. These results yield some strain 

localization around the fiber break. The longitudinal strain field shows a very large strain 

localization (red) on the break site, which corresponds to the opening of the break and is not 

really due to a material deformation. However, the relatively high strain (yellow) in the matrix 

around the fiber break corresponds to the local deformation of the matrix in that region to 

comply with the fiber break opening. The shear strain map displays more interesting results. 

Localizations of shear strain occurs around the fiber break. These localizations tend to follow a 

symmetric (butterfly) pattern with regard to the fiber break plane (Figure 3). They also 

correspond to the local deformation of the matrix at the interface near the fiber break. 

 

Figure 3. DVC resulting (axial εzz and shear εxz) strain maps (FE-based) shown on a 2D slice 

along the fiber. 
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3.2 Strain profiles along the fiber 

To analyze the results more quantitatively, strain profiles are extracted along two lines on the 

left and right side of the fiber. The strain profiles, confirming the symmetric shear strain around 

the break, provide an estimation of the ineffective length, yielding values of ~ 150 µm. This 

measurement may be sensitive to the mesh size, which needs to be evaluated further. 

 

Figure 4. Shear strain profiles along two lines on the left and right side of the fiber (rotated 

90°). 

4. Conclusions 

A methodology for microscale characterization of strain at the fiber-matrix interface nearby a 

fiber break is developed. It combines in-situ synchrotron tomography of a single-fiber specimen 

under axial tension with digital volume correlation. The resulting strain fields show localization 

at the fiber break site, which can be used for characterization of the microscale properties. This 

asks for a finite-element model to back-calculate the properties from the resulting strains. The 

ineffective length can be identified using the strain profiles along the fiber. For this, a mesh 

sensitivity analysis needs to be performed to evaluate the effect of the global DVC mesh size on 

the resulting ineffective length. Moreover, fiber-matrix debonding characterization may be 

feasible with further refinement of the mesh. 
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Abstract: Electrical impedance tomography (EIT) is being developed as promising non-intrusive 

technology for damage detection in conductive fibre reinforced polymers (FRP) composites. This 

work assessed EIT and one-step difference Gaussian-Newton algorithm to detect different 

damages in CFRP laminates, including through-thickness holes and impact damage of different 

severities. Two layup laminates were studied: quasi-isotropic [0/45/90/-45]s and unbalanced 

[0/0/45/90/-45]s. Each laminate configuration was subjected to three levels of impact energy. 

Through-thickness holes with diameters as small as 2 mm were detected. The LVI on unbalanced 

specimens created elongated shaped damages, which were observed through EIT and ultrasonic 

C-scan. Differently, the ultrasonic C-scan inspections revealed circular shaped damages on the 

centre of the quasi-isotropic specimens, while EIT could not reveal a well-defined damage shape. 

Yet, the presence of damage was observed in the centre of the specimens by EIT. Although EIT 

overestimated the damaged area, it was highly sensitive to the imposed damages.  

Keywords: Carbon Fibre Reinforced Polymer Composite; Electrical Impedance Tomography; 

Impact Damage Detection; Barely Visible Impact Damage; Through-thickness hole   

1. Introduction 

The performance of FRP composites is particularly affected by the presence of barely visible 

impact damage, produced by low velocity impacts (LVI) (1). Several approaches for impact 

damage detection and localization on composites are addressed in the literature. Although 

various types of sensors have been already embedded in composite structures for damage 

detection, like optical fibre-based and piezoelectric ones, their presence may affect the 

mechanical performance of such structures (2). Alternatively, as electrical impedance 

tomography (EIT) technique uses surface electrodes instead of invasive sensors, their use does 

not affect the performance of composites (3). Electrodes are mounted on the boundary of an 

electrically conductive composite, such as carbon fibre reinforced polymer (CFRP) composites 

or composites with conductive particles modified matrices (4–7). Current is injected though a 

pair of electrodes, and resultant voltages in the following pairs are measured (3). This allows to 

construct tomographic images of the distribution of spatial electrical conductivity. Despite the 

reduced spatial resolution, EIT can detect subtle conductivity variations when damages like 

cracks or delaminations disrupt the conductive network (8). Yet,  the EIT technology remains at 

low TRL regarding monitoring of anisotropic materials such as composites, in contrast to 

conductive anisotropic materials like metals. 
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Algorithms for reconstruction of static electrical impedance tomography images may lead to 

measurement errors, due to the higher sensitivity of EIT to changes in the boundary proximity 

than within the sample. A slight error on electrode positioning may generate similar voltage 

measurements to those of a severe inhomogeneity in the middle of a specimen. Alternatively, 

algorithms for dynamic imaging reconstruction avoid this limitation of static EIT. In dynamic EIT 

reconstruction, the conductivity image at time instant t2 is determined by the difference of 

voltage v2, at t2, and of the prior measured voltage v1 at time instant t1 (9). Thus, the EIT voltage 

difference, y, can be calculated resorting to Eq. (1) (10). [𝑦]𝑖 = [𝑣2]𝑖 − [𝑣1]𝑖                  (1) 

The medium conductivity is modelled using a finite element model, comprising nN elements, 

which are represented by the vector of conductivity σ ∈ ℝ𝑛𝑁. The difference EIT can also be 

obtained through the conductivity change vector, x, given by the difference of conductivity 

distribution σ2, at t2, and the conductivity distribution σ1, at t1, as stated in Eq. 2 (10). 𝑥 = 𝜎2 − 𝜎1                                (2) 

To obtain the boundary voltage data from the measured reference conductivity, and solve the 

forward problem in the difference EIT methodology, the linear Eq. 3 is applied (10). 𝑦 = 𝐽𝑥 + 𝑛                                (3) 

being J the Jacobian matrix and n the measurement noise. 

This work used a one-step difference Gaussian-Newton (GN) algorithm to solve the inverse 

problem of EIT and to construct the EIT images. The conductivity can be promptly calculated as 

a linear matrix, facilitating real-time EIT image reconstruction. The one-step GN algorithm 

searches for the minimized solution 𝑥, given by the minimized sum of quadratic norms, as 

presented in Eq. 4 (10). ‖𝑦 − 𝐽𝑥‖∑𝑛−12 + ‖𝑥 − 𝑥0‖∑𝑥−12                               (4) 

where x0 is the anticipated conductivity changes in the element, being null for difference EIT, ∑n 

is the covariance matrix of n and ∑x is the projected image covariance. 

A one-step linearized inverse solution is given in Eq. 5 (10). 𝑥 = (𝐽𝑇𝑊𝐽 + 𝜆2𝑅)−1𝐽𝑇𝑊𝑦                              (5) 

being W and R heuristically calculated, as presented in Eq. 6 and 7, respectively, R the 

regularization matrix, and λ the hyperparameter, calculated through Eq. 8. 𝑊 = 𝜎𝑛2∑𝑛−1                                              (6) 𝑅 = 𝜎𝑥2∑𝑥−1                                              (7) 𝜆 = 𝜎𝑛𝜎𝑥                                                            (8) 

where σn is the average amplitude of n and σx is the initial conductivity change. 

This work explored EIT technique with one-step difference GN algorithm to detect different 

damages in CFRP laminates, namely through-thickness holes, and impact damage of different 

667/1211 ©2022 Rocha 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 

severities. Two layup configurations were produced and evaluated: a quasi-isotropic 

configuration, believed to present a more isotropic-like behaviour and an unbalanced 

configuration, believed to present a more anisotropic-like behaviour. Each laminate 

configuration was subjected to three levels of impact energy drilled with fully through-thickness 

holes. Ultrasonic C-scan inspections were undertaken for comparison and validation of EIT. 

2. Materials and Experimental Techniques 

2.1. CFRP Laminates 

CFRP laminates were made of epoxy, composed of Biresin® CR83 resin and CH83-6 hardener 

(Sika AG, Switzerland) mixed in a proportion of 100/30 wt%, respectively, and unidirectional 

carbon fibre fabric, 350UT (Toray Industries, Inc., Japan), with an areal weight of 340 g/m2. The 

laminates were produced with two different layup configurations: a quasi-isotropic laminate 

with 8 layers, [0/45/90/ 45]s, and an unbalanced laminate with 10 layers, [0/0/45/90/ 45]s. 

The CFRP plates, measuring about 500 mm x 700 mm, were manufactured by vacuum assisted 

resin infusion (VARI). The laminates were initially left to cure at room temperature, under 

vacuum, for approximately 40 hours and then, post cured at 70 °C for around 8 hours at ambient 

pressure. The cured composite plates were cut into specimens of approximately 150 x 100 mm, 

according to ASTM D7136 standard, for impact testing. 

2.3. Production of damage in the CFRP plates 

Through-thickness holes were drilled on the CFRP specimens. The locations of the two through-

thickness holes are represented by the red dots A and B in Figure 1. Hole A was firstly created 

having an initial 2 mm diameter, being later expanded to 4.5 and 6 mm. With hole A having a 6 

mm diameter, hole B was then drilled following the same diameter increments as hole A. EIT 

imaging was recorded between each drilling step for diameter increase.  

 

Figure 1. Red dots A and B indicate the location of the through-thickness holes 

A drop-weight impact testing setup was used to produce impact damages. Distinct degrees of 

damage severity (unnoticed damage, barely visible damage, and severe damage) were enforced 

in the laminates. Different impact energies had to be employed on the distinct laminates to 

generate damages of equivalent severity, since the different layup configurations result in 

distinctive impact resistance. The quasi-isotropic and the unbalanced specimens were exposed 

668/1211 ©2022 Rocha 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 

to impact energies of 20.0, 30.0 and 49.5 J and 15.0, 30.0 and 49.5 J, respectively. Each condition 

was replicated in three specimens. Drop-weight impact testing was conducted on the Fractovis 

Plus equipment from CEAST, with a 20 mm diameter hemispheric head impactor, with a mass of 

5.045 kg. The vertical position of the impactor was adjusted between 305 and 1000 mm, 

producing the different levels of impact energy. Tests were conducted according to ASTM D7136 

standard. 

2.4. Damage Inspection 

Each specimen, of 150 mm x 100 mm, had sixteen electrodes applied on its boundary for EIT 

analysis. The location of the electrodes is schematically represented by the blue circles in Figure 

1 and it can be seen in Figure 2 (b) and (c). The EIT equipment, developed at Stratosphere 

company, comprised a power supply (XPH 35-4D Dual DC – Sorensen), a digital multimeter (2100 

– Keithley) and a type-k thermocouple (see Figure 2 (a)). It was used the adjacent current 

injection method, where current is injected in one pair of adjacent electrodes and resultant 

voltages on all following adjacent electrodes pairs are measured. The inverse EIT problem was 

solved with one-step difference GN algorithm for image reconstruction. A λ of 1 was utilized for 

image reconstruction. Each specimen was analysed prior to damage creation to serve as 

reference baseline for EIT image reconstruction. 

 

Figure 2. (a) EIT equipment; (b) specimens with 16 boundary electrodes being analysed and (c) detailed of a 

boundary electrode 

Non-destructive ultrasonic C-scan inspections were performed on impacted specimens to 

provide a comparison and validate the EIT images. The ultrasonic C-scan inspections were 

carried out in an Omni Scan Sx – Olympus, using a 0.5 MHz M2008 probe. A two-axis encoder, 

with 1.0 mm and 3mm resolution in the axis along the specimens length and width, respectively, 

was used.  

3. Results and discussion 

Figure 3 and Figure 4 show the EIT reconstruction images of the quasi-isotropic and unbalanced 

specimen, respectively, with drilled holes A and B with progressive larger diameters. A decrease 

of electrical conductivity (darker blue) is observable in the bottom area of Figure 3 and Figure 4 

(a), (b) and (c), showing larger and darker blue areas as the holes diameters are increased. 

Similarly, the production and diameter increase of hole B induced larger and darker blue areas 

in the top of Figure 3 and Figure 4 (d), (e) and (f). The created damages induced an electrical 

interference in the region close to the boundary electrodes. Nevertheless, the employed EIT 

method was sensitive to the presence of the smallest 2 mm diameter through-thickness hole. 

(a) (b) (c) 
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Figure 3. EIT images of a drilled quasi-isotropic specimen with through-thickness holes A and B having different 

diameters: (a) A: 2 mm, B: non-existent; (b) A: 4.5 mm, B: non-existent; (c) A: 6 mm, B: non-existent; (d) A: 6 mm, B: 

2 mm; (e) A: 6 mm, B: 4.5 mm; (f) A: 6 mm, B: 6 mm. The green dots indicate the locations of the electrodes 

 

Figure 4. EIT images of a drilled unbalanced specimen with through-thickness holes A and B having different 

diameters: (a) A: 2 mm, B: non-existent; (b) A: 4.5 mm, B: non-existent; (c) A: 6 mm, B: non-existent; (d) A: 6 mm, B: 

2 mm; (e) A: 6 mm, B: 4.5 mm; (f) A: 6 mm, B: 6 mm. The green dots indicate the locations of the electrodes 

(a) 

A, ⌀ 2mm  

(b) 

A, ⌀ 4.5mm 

(c) 

A, ⌀ 6mm 

(d) 

A, ⌀ 6mm 

B, ⌀ 2mm 

(e) 

A, ⌀ 6mm 

B, ⌀ 4.5mm 

(f) 

A, ⌀ 6mm 

B, ⌀ 6mm 

(a) 

A, ⌀ 2mm 

(b) 

A, ⌀ 4.5mm 

(c) 

A, ⌀ A=6mm 

(d) 

A, ⌀ 6mm 

B, ⌀ 2mm 

(e) 

A, ⌀ 6mm 

B, ⌀ 4.5mm 

(f) 

A, ⌀ 6mm 

B, ⌀ 6mm 
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The impact events produced different damage shapes on the two laminates of different 

configuration. Contrary to the expectations, the quasi-isotropic specimens revealed an increase 

of electrical conductivity in the central region of the specimens, with undefined shape of damage 

(top of Figure 5). Contrarily, the unbalanced laminates (top of Figure 6) showed elongated 

“peanut” shaped damages (11), where a decrease of electrical conductivity can be seen. The 

ultrasonic inspections (bottom of Figure 5 and 6) verified the damage shapes created in the 

impacted laminates, where the EIT of unbalanced laminates overestimates the delamination 

areas in about 1.4 to 2 times.  

It was expected that EIT would locate damage with improved accuracy in the quasi-isotropic 

laminate. Yet, the opposite was verified, which might be explained by the higher number of 

layers at 0°, yielding an improved path for electrical conduction in the unbalanced specimens.  

 

Figure 5. (top) EIT images and (bottom) ultrasonic C-scan inspection images of quasi-isotropic specimens damaged 

by Impacts of different energies: (left) 20.0J, (middle) 30.0 J, and (right) 49.5 J 

QI – 20.0 J QI – 49.5 J QI – 30.0 J 
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Figure 6. (top) EIT images and (bottom) ultrasonic C-scan inspection images of unbalanced specimens damaged by 

Impacts of different energies: (left) 15.0J, (middle) 30.0 J, and (right) 49.5 J 

4. Conclusions 

EIT with a one-step GN algorithm was evaluated for damage detection in CFRP composites. 

Different damage types were produced in the CFRP laminates: through-thickness holes and 

impact damage produced by impact testing with three levels of impact energy. CFRP plates with 

two distinct layup configurations (a quasi-isotropic and an unbalanced configuration) were 

manufactured by VARI process. 

EIT was sensitive to through-thickness holes as little as 2 mm and showed progressively larger 

areas of decreased electrical conductivity, as the holes diameter increased.  

The impacts on unbalanced specimens resulted on elongated shaped damages, “peanut” shape-

like damage, which were observable by both EIT and ultrasonic C-scan inspections. The 

ultrasonic C-scan inspections revealed circular shaped damages in the impacted quasi-isotropic 

specimens, while the EIT images could not reveal a defined damage shape. Yet changes of 

electrical conductivity are visible in the specimens centre. Generally, the EIT technique 

overestimate the damaged area. 
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Abstract: Numerical  simulation  is  crucial  to  study  the multi‐scale  formation  of  defects  and 
failure mechanisms in fiber‐reinforced composites. It allows establishing important connections 
between  the  mesoscopic  structure  and  their  macroscopic  properties.  The  analysis  reliability 
depends  strongly  on  the  accuracy  of  the  geometrical  model  describing  the  architecture  of 
reinforcements.  This  paper  establishes  a  new  approach  to  creating  mesoscopic  models 
containing  matrix  and  reinforcement  from  three‐dimensional  images  obtained  by 
microcomputed  tomography.  The  method  follows  three  main  stages:  (1)  extracting  the 
geometric features of the scanned object; (2) evaluating the direction and local variability of fiber 
tows; and (3) geometric modeling of the dual‐scale porosity of the textile. A new multi‐objective 
optimization algorithm is proposed to quantitatively evaluate and control the model accuracy. 
Results show that the reconstructed geometry is consistent with the scanned image. Besides, the 
performance evaluation confirms that the modeling software based on the proposed method is 
reliable and efficient. 

Keywords: Composites; Textile reinforcement; Digital Material Twin; Microcomputed 
tomography  

1. Introduction 

Engineering textiles are used as fibrous reinforcements in high performance polymer 
composites. The mechanical and flow properties of continuous fiber composites depend on their 
dual-scale porous structure. Depending on the flow front velocity during fabrication by Liquid 
Composite Molding (LPM), long and elongated microscopic open spaces (micropores) may 
appear between the filaments of fiber tows, or up to two orders of magnitude larger mesoscopic 
spaces (mesopores) can be created between yarns. Because of this complex material structure 
and intrinsic material variability of reinforcement textiles, numerical predictions are not easy.  

X-ray micro-tomography (micro-CT) is widely used to provide detailed information on the 
mesoscopic geometric structure of continuous fiber composites [1]. For instance, Madra et al. 
[2] and Vilà et al. [3] investigated the size, and distribution of voids in composites quantitatively 
using micro-CT. However, the direct generation of numerical models from 3D image sequences 
still faces many challenges. Madra et al. [4] among the first creating micro-CT image-based 
geometrical models of reinforcements. Huang [1] introduced the concept of Micro‐CT Added 
Modelling. However, these models cannot be used for numerical simulation directly due to the 
lack of necessary information such as fiber volume content and element orientation. Several 
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new approaches [5, 6] for image-based model reconstruction have been reported since then. 
However, an approach that can simultaneously achieve data preprocessing, model precision 
control, and a relatively simple process is still engaging. 

A new approach is presented to construct detailed geometric vector models of engineering 
textiles from micro-CT three-dimensional (3D) raster images. These models are called “Digital 
Material Twins” (DMT) because they possess three distinctive features: (1) they represent the 
intrinsic variability of the reinforcement; (2) their accuracy can be evaluated and controlled; (3) 
computer simulations can be performed to predict mechanical and flow behaviors. Although the 
scope of this article is limited to the various issues connected with the creation of DMT models, 
the ultimate goal will be to show how accounting for material variability turns out to be a critical 
factor improve the reliability of numerical predictions.  

This new and general methodology is applied to create the DMT models of a 3D woven fabric by 
introducing a kernel density based approach to preprocess the extracted pointwise description 
of textile architecture. The morphological accuracy of the reconstructed DMTs is compared to 
the original micro-CT image. The anisotropic direction of fiber tow and local tow porosity are 
evaluated to complete the models, thus making them be ready for numerical simulation. 
Besides, the performance evaluation confirms that the modeling software based on the 
proposed method is reliable and efficient. 

2. Material and micro‐CT characterization  

A 3D orthogonal woven glass textile of areal density 3250 g/m2, TG96N, from Texonic Inc. was 
used to develop the micro-CT image based DMT creation methodology. It consists of three 
different glass yarns: straight in-plane warp and weft yarns are orthogonal and bound together 
by the waved binder yarns (see Figure 1).  

      

Figure 1.  The structure of 3D orthogonal glass woven textile TG96N from Texonic [7]. (a) 
woven pattern, and (b) volume rendering of X‐ray micro‐CT results. 

Nikon XT H 225 available at the École de Technologie Supérieure in Montreal was used to carry 
out the observations with a voxel size of 223 µm3. The size of the Region of Interest (ROI) shown 
in Figure 1b is 8.8 mm  6.27 mm  5.17 mm (𝐿 𝑊 𝐻), which contains two unit cells. To 
maximize the field of view, the resolution is lower than other investigations which focused at 
high resolution. This compromise is deemed necessary to create geometric models that 
represent the actual variability of real fibrous reinforcements. More discussions on this 
particular issue can be found in [8]. The fiber volume fraction of the specimen is 57 %. 

A semi-automatic segmentation method was implemented in ImageJ software [9] to obtain data 
for the 3D reconstruction of the ROI from the scanned 3D voxel images. It consists of three steps: 
(1) manual segmentation of key slices; (2) mathematical morphology interpolation between key 

(a) (b)
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slices; (3) interactive manual correction of tow contours. Different interpolation functions were 
used depending on the trajectory of fiber tows. The segmented 3D point cloud data gives 
separated data point representations of fiber tow contours that will then be available for data 
preprocessing, 3D surface rendering and local variability extraction. It is particularly important 
as it governs the ability of DMTs to represent effectively the fiber tow architecture, and hence 
their further use in computer simulations. 

3. Surface representation of fiber tow 

3.1 Parametric representation of fiber tow profiles 

(1) Parametrization 

To reduce complexity, the parametric representation will always be carried out in a 2D plane as 
shown in Figure 2. The normalized Euclidean distance 𝑡  of fiber tow contour pixels with respect 
to the initial position in a cross-sectional profile is defined by Eq. (1), where N is the number of 
pixel positions defining the contour and ∑𝑙  denotes the distances between pixel 𝑖 and the initial 
position as indicated by the blue dashed line: 𝑡 ∑ 𝑙𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 ;   𝑖 𝑁𝑡 ∈ 0,  1  (1) 

Thus, the position of pixels 𝑖 can be denoted as 𝑃 𝑥 𝑡 , 𝑦 𝑡 . This parametric approach allows 
analyzing statistically the distribution of pixels on the fiber tow surface and express as a 
parametric function. Angular position is not used as a parameter because of its inability to 
describe concave profiles, which are very common in fiber bundles. 

 

Figure 2. Normalized distance 𝑡  and angular position 𝜃 for pixel position description 
(2) Parametric representation by kriging 

Parametric curve kriging is used to create parametric functions for the fiber tow surface. The 
pixel coordinates of the cross-sectional profile of fiber bundles can be represented in a 2D plane 
by a sequence of data points 𝑥 𝑡 , 𝑦 𝑡  for 1 ≤ 𝑖  ≤ N as a function of the normalized 
distance 𝑡: 

⎩⎪⎨
⎪⎧𝑥 𝑡 𝑎 𝑎 ⋅ 𝑡 𝑎 ⋅ 𝑡 𝑏 ⋅ 𝐾 |𝑡 𝑡 |

𝑦 𝑡 𝑎 𝑎 ⋅ 𝑡 𝑎 ⋅ 𝑡 𝑏 ⋅ 𝐾 |𝑡 𝑡 |  (2) 

In this kriging model, a quadratic drift is used together with a generalized covariance 𝐾 |𝑡 𝑡 |  
which can be linear, logarithmic or cubic [10], depending on the shape of fiber tow trajectory. 
Note that the kriged function Eq. (2) passes through the measured points as it is the best linear 
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unbiased estimator of a random variable. This allows accurate representation of the profiles. 
Besides, it is also continuous and differentiable, which is important for the derivation of the yarn 
tangent when we applied kriging method to fiber tow trajectory. 

3.2 Density based point cloud processing 

In order to preserve the shape of fiber tows accurately while removing redundant data to 
compress and smooth the fiber tow surface, knowledge of the pixel distribution is required. 
Kernel Density Estimation (KDE) is a non-parametric way to estimate an unknown probability 
density function 𝑓 𝑥  of a random variable. The estimated distribution density 𝑓 𝑥  writes as 
follows: 𝑓 𝑥 1𝑁 𝐾 𝑥 𝑥 1𝑁 ℎ   𝐾 𝑥 𝑥ℎ  (3) 

where h > 0 is a smoothing parameter called the bandwidth and 𝑁 the total number of pixels, 
namely here the pixel positions in the contour. The kernel function 𝐾 𝑥 𝑥  is the probability 
density estimator. As in kriging, the kernel function is used to put more weight on the data close 
to the observed one. The Gaussian kernel function chosen in this work is: 

𝐾 𝑥 𝑥 1√2𝜋ℎ 𝑒  (4) 

where 𝑥 is the pixel under consideration, and 𝑥  is a pixel from the dataset describing a fiber 
tow. The application of the KDE method is illustrated by applying to the point dataset of a weft 
fiber tow segmented from the micro-CT images. The results is shown in Figure 3. The extrema 
of estimated probability density functions give the normalized distance of feature pixels that are 
most important to describe a fiber tow contour (see Figure 3a). Combining with kriging 
functions, the new point cloud dataset can be generated and visualized by Figure 3b. It is 
referred as Global KDE because the probability density estimation method was applied to the 
point cloud dataset of the entire fiber bundle. 

 

Figure 3. (a) Feature pixel extraction using Kernel Density Estimator (KDE) and the point cloud 
representation of fiber tow surface generated by parametric kriging with the  feature pixels 

extracted by (b) global KDE  and (c) Moving Window KDE (MW‐KDE). 
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On the basis of standard KDE method, a Moving Window KDE approach is proposed to improve 
the quality of data processing. As illustrated in Figure 3c, the probability density function is 
estimated inside fixed-length windows (8 windows in this case) along the longitudinal direction 
of fiber tows instead of a whole fiber tow. Therefore, several collections of localized feature 
pixels could be extracted rather than the same for all the cross-sections in a fiber tow. 

3.3 Accuracy evaluation 

As shown in Figure 4a, the weft tow models (red) obtained from the global or moving window 
KDE approaches are superposed on the original image stack (gray, matrix hidden) to evaluate its 
accuracy. The bandwidth value is varied to achieve the 30, 50 and 100 extrema (feature pixels) 
in each case. The visible differences are circled using ellipses, which shows qualitatively that the 
error is minimized for a larger number of feature pixels describing the profile. Thus, the accuracy 
could be controlled easily. Besides, less error is detected in the model generated by MW-KDE in 
case C in Figure 4a than in case B, although both cases used 50 feature pixels to describe the 
tow profiles. A quantitative evaluation is carried out for the cross-sectional area, width and 
height of fiber tow contours as shown in Figure 4b. The relative error is the ratio of the deviation 
of the considered property to the same property obtained from the original image stack. The 
relative error is always less than 4% for all the cases considered. This shows that the model 
accurately represents the original geometry with a controlled accuracy. Besides, the accuracy 
analysis confirms that the MW-KDE approach shows a significant advantage over global KDE.  

 

Figure 4. Accuracy evaluation of DMT model (red) by superposing to the reference fiber tow 
structure (gray) (a) and by key geometric features (b). 

4. Microscopic property extraction 

A DMT model can be used for efficient manufacturing or mechanical simulations because it 
reflects the variability of microscopic properties in actual reinforcements. Among other features, 
the two most important ones are fiber orientation and fiber volume fraction. 

4.1 Fiber orientation  

Fiber tows are not necessarily straight, depending on the weave patterns. However, only scalar 
information can be obtained directly from micro-CT images. In this work, the fiber orientation 
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was obtained in three steps: (1) extract the central line using the image skeleton algorithm 
implemented in ImageJ; (2) sort the points and apply curve kriging with nugget effect to smooth 
the central line; (3) The tangent of the central line can be derived immediately from the kriging 
expression, which is continuous and differentiable. The smoothed central line and the 
orientation vectors are shown in Figure 5. Note that the central line obtained by the skeleton 
method may exhibit several branches, which have to be removed. 

 

Figure 5. Fiber orientation: (a) smoothed central lines of two binders and (b) and the 
corresponding glyph rendered using the x‐component of the unit direction vector 

4.2 Local fiber volume fraction 𝑽𝒇𝒄𝒔 
For fiber tows with waviness, the cross-section that parallels the plane of the micro-CT image 
slices cannot be used to determine  𝑉 . Hence, we have to identify the perpendicular cross-
sections to the central line first, as shown in Figure 6. The ray-tracing technique is implemented 
to fulfill this purpose. The local fiber volume fraction is calculated by: 

𝑉 𝐴𝐴  (5) 

where 𝐴  is the total fiber area of a tow cross-section, and 𝐴  is the area of cross-section 𝑖. 

 

Figure 6.  The cross‐sections perpendicular to the central line are determined by ray tracing 

5 Result and discussion 

5.1 Digital Material Twin model 

The Digital Material Twin (DMT) geometric model created by the proposed method is given in 
Figure 7a. Note that the matrix is hidden for better visualization of the reinforcement. Figure 7b 
gives the glyph representation of fiber orientations rendered using the x-component of the unit 

(a) (b)

679/1211 ©2022 Trochu 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 / 8 ©2022 1st Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

 

direction vector, which is consistent with the woven pattern of the fabric considered. The local 
fiber volume fraction distribution of two binders and the unit cells are given in Figure 7c and 
Figure 7d. The local fiber volume fraction ranges from 54% to 89%, reaching a maximum where 
fiber tows meet.  

 

 

Figure 7. Incorporating microscale information to the DMT model: (a) DMT model with fiber 
yarns labeled separately; (b) fiber orientation distribution and local fiber volume fraction 

distribution of (c) the binders, and (d) the unit cells.  

5.2 Computational efficiency 

The workflow mentioned above for DMT creation was programmed in Python. The code 
efficiency tested for a mesh containing 1 million hexahedral elements is shown in Table 1. The 
processor used is Intel® Core™ i7-7700HQ with 4 physical cores, and the RAM is 16 GB. The test 
shows that the computational time to obtain the mesh, including data reading, geometric 
feature extraction, digital twin model reconstruction and data writing, does not exceed 20 
minutes. Since the above tests are all performed under a single thread, the modeling time should 
be reduced dramatically in parallel processing. 

Table 1: Code efficiency tested for a mesh containing 1 million hexahedral elements. 

File 
format 

Mesh file 
size [MB] 

Reading 
speed [s] 

Geometric feature 
analysis [min] 

Mesh 
reconstruction 

Writing 
speed [s] 

ASCII 105 5  
3  15 min 

8  

Binary 16 0.5  3  
 

(c) 

(a) 

(d) 

(b)
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6. Conclusion 

A new approach to create mesoscopic Digital Material Twin (DMT) models containing matrix 
and reinforcement from a three-dimensional micro-CT image is established. A multi-objective 
optimization algorithm, based on the newly proposed Moving Window Kernel Density Estimator 
(MW-KDE), is implemented to quantitatively evaluate and control model accuracy. This new and 
general methodology is applied to create DMT models of a 3D woven fabric. The morphological 
accuracy of the reconstructed geometry is consistent with the original micro-CT scanned image.  

The DMT model contains detailed information on the anisotropic directions and local porosity 
of fiber tows, thus making them ready for numerical simulation. The first parameter is derived 
from the trajectory of fiber tows, and the second one was obtained by combining the trajectory 
information with a ray-tracing technique. This ensures the suitability of this approach for fiber 
tows either with or without waviness. Besides, an implementation in Python allows taking full 
advantage of the large dataset acquired by micro-CT. The performance evaluation confirms that 
the modeling software is reliable and efficient. By performing computer analysis to predict 
mechanical and flow behaviors, the creation of a virtual laboratory can be contemplated. 
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Abstract: Voids in composite laminates can influence damage initiation, propagation and lead 

to catastrophic failure. It is therefore important to characterize the morphology and content of 

voids reliably in order to decide deployment or disposal of a composite component. In this work, 

thin carbon/epoxy non-crimp-fabric laminates with varying void contents/porosities are 

manufactured using an out-of-autoclave curing method and then employed to evaluate the 

robustness of through-transmission ultrasound and X-ray Computed Tomography (micro-CT) 

scans. The porosity post-processed using a micro-CT ‘ambient occlusion’  strategy is compared 

with the volumes captured by an Otsu‘s grayscale thresholding strategy and the standard acid 

digestion test. The micro-CT results show that the occlusion method captures the volume of 

enclosed and open (i.e. near/at laminate surface) voids and thus provides a more comprehensive 

assessment of voids content and their morphology. The results show a good correlation between 

ultrasound attenuation and the porosities measured from micro-CT and acid digestion methods.   

Keywords: Manufacturing defects; porosity; non-crimp fabric laminates; through-transmisson 

ultrasound; X-ray micro-tomography.  

1. Introduction 

Manufacturing process induced defects such as voids or air bubbles appearing in composite 

laminates can influence damage initiation and also lead to catastrophic failure [1]. Industrial 

composite components are often classified as ‘use as is’, ‘use with restriction’ or ‘discard’ based 
on quantitative assessment of void volume fractions. It is therefore important to detect voids 

and assess void content in composite structures, preferably using semi- or non-destructive 

methods. However, the robustness of existing evaluation methods for assessing various void 

morphologies, for instance, open voids at/near laminate surface or closed voids inside laminae, 

remains a question.  

This paper combines three techniques, viz. through-transmission ultrasound (non-destructive) 

and X-ray microtomography (semi-destructive) and acid digestion (destructive) methods, to 

analyse voids in thin carbon/epoxy non-crimp fabric laminates. Ultrasonic C-scans have been 

widely used to qualitatively evaluate volumes of porosities in industrial composite components 

based on a linear relation between ultrasound attenuation and the increase in void content [2]. 

X-ray micro-CT technique allows the visualization of voids formed in heterogeneous composite 

architectures and their morphologies, in both 3D and 2D formats. The development of micro-CT 

image post-processing algorithms allows voids with complex geometries to be distinguished and 
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quantified from the scanned material volume. Acid digestion of miniature specimens captured 

from composite structures have been used to determine voids volume fractions based on the 

Archimedes’ theory.  

2. Manufacturing and Materials  

Carbon fibre reinforced polymer (CFRP) laminates containing average volume fractions of 

porosities in a range of 0% to 5% were manufactured using vacuum assisted resin infusion (an 

out-of-autoclave cure) method. The laminates were manufactured with two plies of tri-axial 

non-crimp fabrics (NCFs) and RTM6 epoxy resin. The stacking sequence of the laminate is [±60/0]𝑠. The fibre tows in the tri-axial fabrics are packed with polyester stitching yarns.  

Porosities in the laminates were generated using a novel bag-venting strategy mimicking the 

leakage of vacuum bags designed with a special arrangement of consumable materials. The bags 

were vented at predetermined gauge pressures for certain durations in order to introduce air 

bubbles into the bag. The volumes of air bubbles entrapped in the impregnated fabrics were 

adjusted by consolidating the vented bags at various vacuum pressures. The laminates were pre-

cured at 120 °C for 5 hours followed by a post-cure at 180 °C for 2 hours. The laminates were 

then trimmed to 500 × 500 mm2 prior to the subsequent ultrasonic scans.  

3. Experimental procedure 

3.1 Ultrasonic scans  

Porosities produced in the laminates were initially evaluated in a non-destructive manner 

according to the point-wise ultrasound attenuations acquired from ultrasound scans. The 

laminates were scanned with a pair of 5 MHz Midas®
 probes on a Midas®

 ultrasound scanning 

machine in through-transmission mode. The scanning resolution is 250 × 250 𝜇m per pixel. The 

ultrasonic attenuation images were employed to define the locations of 25 × 25 mm2 specimens 

with increasing average ultrasound attenuations. The specimens were cut from the laminates 

for subsequent X-ray CT scans.  

3.2 X-ray CT scans  

The specimens were scanned using the Nikon XTEK High Flux Bay X-ray computed tomography 

device, followed by reconstruction on a Nikon Metrology proprietary CT-Pro 3D software in 

Henry Moseley X-ray Imaging Facility, University of Manchester. The volumetric scanning 

resolution was 153 µm3/voxel which can detect voids with a volume of at least 3 times of the 

scanning resolution, i.e. ~453 µm3/voxel. The parameters associated with micro-CT data 

acquisition are shown in Table 1.  

Table 1: X-ray computed tomography scanning parameters (no filter was used for the scan). 

Parametes  
Energy 

[kV] 

Current 

[𝜇A] 

Exposure 

time [ms] 
Binning Projections 

Frames per 

projection 

Average 

Gain 

Settings  110 95 1000 1 3179 8 4 
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The spatial distribution, size, shape and volume of porosities captured in the 3D tomographs are 

characterized using an Amira-Avizo software. Voids are segmented from the composite using an 

Otsu-thresholding-based algorithm implemented by segmenting the grayscale intensities 

related to carbon fibres, resin, polyester stitching yarns from air bubbles, as shown in Figure 1 

(a). It has been widely accepted that the microstructure of voids is closely related to the 

properties of constituent materials, such as fabric architecture, viscosity of resin and the process 

parameters associated with the resin infusion, vacuum application and consolidation processes 

[1]. Some voids appear on the surfaces of porous specimens and are coalesced with the ambient 

air in the scanning volume. In addition, some large volume voids emerge at the interface 

between two tri-axial layers and display as hollow spaces mostly enclosed by the composite and 

at some disclosure points coalesce with the ambient open air, for instance voids found in the 

bottom tri-axial layer intersecting with the regularly spaced through-thickness polyester 

stitching yarns, shown in Figure 1 (a). The Otsu-grayscale-thresholding  algorithm can detect 

cavities that define the boundaries of voids completely enclosed by composites, for instance the 

green region depicted in Figure 1 (b). However, the algorithm is incapable to determine a 

boundary between the space of an open void buried in material and open air. Instead, it assigns 

such open voids as ambient air, leading to an underestimation of the overall volume of voids in 

the material.  

This problem is solved by deploying a built-in ‘ambient occlusion’ computation algorithm [3] in 

Amira-Avizo- software. This occlusion algorithm not only captures the enclosed voids but also 

the open ones. The occlusion algorithm is capable to detect the enclosed voids as well as the 

open ones, shown as the blue and red regions in Figure 1 (c), respectively. The algorithm is 

implemented by casting rays in all directions from each voxel in all air-filled space in the scanning 

field. Each voxel is assigned with an ambient occlusion coefficient. Voxels associated with higher 

ratio of rays reflected back due to hitting on the composite in certain directions is occluded with 

respect to those directions [3]. Voxels buried in the composite are associated with high ambient 

occlusion coefficients, whereas low values for those outside the composite. This function 

facilitates an assessment of the volume of open voids that are crucial to consider especially when 

the composites are loaded in severe conditions with humidity, ice or significant temperature 

variations, etc. 

The occlusion approach is implemented with the settings recommended by the Amira-Avizo 

software user’s guide [4]. The volumes of enclosed voids captured by the thresholding-based 

segmentation algorithms and the volumes of the open voids computed by subtracting the 

enclosed voids volumes from those measurements given by the occlusion algorithms are 

analyzed in this case.  

 

Figure 1. (a) 2D cross-section of an ~1.5 mm thick porous NCF laminate, segmented using 

(b)the Otsu-grayscale-thresholding algorithm with the enclosed void (highlighted in blue) and 
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(c) an ambient-occlusion module capturing both enclosed and open voids (highlighted in red) 

disclosed to ambient air.  

3.3 Acid digestion  

Voids contents analyzed by micro-CT are subsequently validated by acid digestion of the 

specimens performed according to the ASTM D3171-15 (method I) standard. Porosities were 

computed with the densities of carbon fibre and epoxy resin taken as 1.77 g/cm3 and 1.148 

g/cm3, respectively. In this case, the density of polyester stitching yarns is assumed as identical 

to the RTM6 resin, i.e. accounted as a fraction of the matrix system. A standard deviation of ±0.3% is considered for the measurements due to the uncertainty in the densities of fibre, 

matrix and stitching yarns.  

4. Results and discussion  

Figure 2 presents the average ultrasound attenuations of eight 25 x 25 x ~1.5 mm (in 

length/width/thickness) specimens containing porosities in a range of 0% to 4%. The volumes of 

the enclosed and open voids acquired by post-processing the 3D volumes captured from the CT 

method, as well as measurements obtained by acid digestion of the specimens are also shown.  

 

Figure 2. (a) Average ultrasonic attenuation of 25 x 25mm ~1.5 mm thick porous specimens 

with the volume fractions of enclosed and open voids measured by X-ray micro-CT and acid 

digestion methods.  

Figure 2 shows a generally linear increase in the average ultrasonic attenuation (with a standard 

deviation of 0.5 dB) with respect to the increased void volume fractions. Results indicate that 

the ambient occlusion algorithm provides measurements closer to those obtained by the acid 

digestion method, in contrast with the thresholding-based segmentation algorithm. This is 

attributed to the occlusion approach encompassing not only the enclosed voids segmented by 

the Otsu-thresholding algorithm, but also the near-surface open voids. It was found that for an 

overall volume less than 1%, i.e. specimens 1 to 4, voids are dominated by the enclosed ones. In 
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terms of specimens 5 to 8 with porosities greater than 1%, open voids account for at least 50% 

of overall void volumes. As the overall porosity increases further, for instance specimens 7 and 

8 (shown in Figure 2), over 75% of voids are exposed to ambient air and the X-ray CT method 

gives even higher magnitudes than those obtained by acid digestion.  

Figure 3 present the 3D volumes of specimens 4, 6 and 7 (shown in Figure 2) post-processed 

using the ambient occlusion approach, as well as two 2D images captured from representative 

XZ (highlighted in blue) and YZ (highlighted in yellow) cross-sections. The porosities measured 

by acid digestion method for specimens 4, 6 and 7 are 1.79%, 2.24% and 3.47% (see Figure 2), 

respectively. Enclosed and open voids are highlighted in blue and red, respectively. The first 3D 

volume highlights the open voids formed on spcimens surfaces. These open voids are also 

depicted in the second 3D volume. The X-ray CT 3D volumes and 2D cross-sections captured 

from the three samples provide an insight to the distribution and morphological evolution of 

voids with increased volumes. 

The 3D volume shown in Figure 3 (a) presents periodic ellipsoid voids (shown in blue) in the 0° 

fibre direction, i.e. the X-axis direction. Voids are dominated by enclosed ones for a porosity 

content of 1.79%. These enclosed voids are formed at the interface between two central 0° 

sublayers (see the 2D views) and mostly along the periodic gaps between adjacent 0° fibre tows 

(see the 3D volume). The voids are trapped at the periodic locations where the polyester yarns 

stitch across the thickness of the fabric, as can be observed from the XZ cross-section. Moreover, 

a smaller number of enclosed voids are also found to grow along the gaps between the off-axis 

fibre tows, as shown in the 3D volume and the XZ cross-section. Some spindle-shaped voids 

initiated from the surface stitches and develop along the off-axis tows are also seen from the 3D 

volumes. It was noticed that the YZ cross-section (highlighted in green) shows a seemigly-

enclosed void at the interface but is shown in red. This is because the void is connected with the 

ambient on other unselected cross-section(s). For instance, the voids with greater volumes and 

close to the top-left corner of the 3D volume grow along the through-thickness stitching yarns 

and eventually develop across the outer ±60° sublayers and become a open void in connection 

with the ambient air. More voids behave in this way were found in specimens 6 and 7 shown in 

Figure 3 (b) and (c). Moreover, the waviness of the fabrics and the presence of voids lead to 

significant thickness variation, as depiected in the 2D views.  

As the porosity increases to 2.24%, see specimen 6 shown in Figure 3 (b), a greater number of 

enclosed voids trapped by the stitches are found to elongate along the 0° fibre bundles next to 

the central interface. The 3D volume shows a small number of triangular enclosed ‘platelets’ 
(labelled in the 3D view). The platelets are initially formed at the central 0°/0° interface and then 

migrate to the adjacent +60°/+60°interface along the stitching yarns and eventually exhibit as 

voids across the interfaces formed by fibres tows in three orientations as highlighted in the YZ 

cross-section. This ‘lateral void migration along a stitching yarn’ behaviour is also highlighted in 

the XZ 2D view, where the void appears at the middle interface is connected with ambient air, 

i.e. a typical characteristic of large volume voids in NCFs. An increase in the number of voids 

along the gaps between surface off-axis fibre tows are also observed in this specimen.  

As the porosity increases to 3.47% (see specimen 7 shown in Figure 3 (c)), voids formed at the 

periodic stitching positions in the 0°  sublayers expand along the central 0° /0°  interface and 

shown as ‘platelets’ in the 3D view. Some of the periodic platelets join up and become 
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continuous hollow volumes at the 0°/0° interface as can be seen from the 3D volume and the 

XZ cross-section. It was noticed that the missing tows resulted in the shallow resin-deprive 

volumes on specimen surface. These ‘dry spots’ were mostly not accounted as voids by either 

acid digestion or the ambient occlusion CT post-processing algorithm. 

 

(a) 

 
(b) 
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(c) 

Figure 3. 3D volumes and 2D cross-sections of 25x25x~1.5 mm (in length/width/thickness) 

(a) specimen 4 with 1.79% porosities (measured by acid digestion), (b) specimen 6 with 

2.24% porosities and (c) specimen 7 with 3.47% porosities post-processed using the 

ambient occlusion algorithm (the open and enclosed voids are highlighted in blue and red, 

respectively).  

5. Conclusions  

This paper evaluated porosities presented in carbon fibre NCF/epoxy laminates containing 

porosities in a range of 0 to 4%. Porosities generated by mimicking a practical ‘leak vacuum bag’ 
scenario using an out-of-autoclave method are assessed globally using an ultrasonic method 

performed in through-transmission mode. Microstructures and volume fractions of voids in 

miniature specimens cut from the laminates were analysed by X-ray CT scans. The porosity 

volumes were then compared with the measurements obtained by acid digestion of the 

specimens. Based on the obtained results, the follwong conclusions are drawn: 

• The average ultrasound attenuation is generally linearly proportional to the volumes of 

porosities in ~1.5 mm thick miniature carbon fibre NCF/epoxy specimens.  

• The ‘ambient occlusion’ segmentation algorithm provides a more accurate measurement of 

porosities presented in laminates manufactured with a leak bag, since the method captures 

both completely enclosed voids and partially buried ones coalescing with ambient air and 

provide porosity volumes close to those acquired from the acid digestion method; 

• The X-ray CT 3D volumes and 2D cross-sections captured from the specimens with increased 

volumes of porosities indicate that the voids initially appear at the interface of two layers of 

NCFs are mostly entrapped at the periodic stitching positions in the two central 0° sublayers, 

as the void volume becomes greater than 2%, the ellipsoid voids elongate along the 0° 

stitching yarns, or migrate transversely toward the adjacent interfaces between off-axis 
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sublayers via the inter-tow empty spaces due to the presence of polyester yarns, forming 

‘platelets’ and even ‘hollow tunnels’, i.e. a connection of a series of ‘platelets’.  
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Abstract: One of the manners to optimize the consolidation quality of composites is to understand how 

the voids present within or between the tapes are reduced. This work proposes to study tomography 

scanned specimens (unidirectional and cross-ply), obtained from interrupted squeeze flow experiments 

on rheometer. Results show that inter-ply porosities are rapidly reduced and that the ply-ply interface is 

more rapidly indistinguishable for UD laminates than cross-ply ones suggesting a good {fiber + matrix} 

homogenization at the interface. It is also shown that intra-ply voids, surrounded by densely packed 

fibers are hardly reduced. These porosities limit the consolidation quality, suggesting that an effort in 

better separating the fibers during the pre-impregnation step is essential for the quality of composites.  

Keywords : CF/PEKK composites, Synchrotron radiation, micro-tomography, porosity, consolidation 

 

1. Introduction 

Carbon fiber reinforced thermoplastic composites have gained interest over thermoset ones because of 

their recyclability and weldability, as well as quicker manufacturing processes [1,2]. The 

Polyaryletherketone (PAEK) family is commonly chosen as the matrix of such composites because of 

its high service temperature, high oxidation and chemical resistance and good impact properties [3,4]. 

Specifically, polyetherketoneketone (PEKK) has been developed for its versatility in terms of service 

and processing temperatures, which can be tuned by varying the terephtaloyl (T) and isophtaloyl (I) 

isomers ratio, [5,6] as shown in Figure 1. 

 

Figure 1: Chemical structure of PEKK  

Nevertheless, optimizing the manufacturing of CF/PEKK composites, involving a pre-impregnation 

step, a placement step and a consolidation one, remains an open area of research. To do so, the rheology 

of the system responsible for the reduction of voids present within the ply (intra-laminar voids) and 

between the plies (inter-laminar voids) needs to be better understood. It is then proposed in this study to 

conduct interrupted squeeze flow experiments on UD (unidirectional) and cross-ply [0/90] CF/PEKK 
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tapes. The obtained samples are then characterized by high-resolution X-ray micro-computed 

tomography in order to visualize the microstructural evolution of the composite during consolidation, 

especially the size, location and shapes of the voids.  

 

2. Materials and methods 

2.1. Materials 

Continuous (UD) tapes (plies) consist in PEKK with a T/I ratio equal to 70/30 (Arkema) impregnating 

Hexcel High Strength carbon fibers (Tensile strength ~5 GPa and young modulus ~240 GPa), with a 

fiber volume content about 60 v% and a thickness close to 200 µm (see a typical optical image of the 

tape in Figure 2).   

            

Figure 2: CF/PEKK tapes typical microstructure as observed with an optical microscope (x20). White 

circles represent the fibers, the grey area is the matrix and the black spots are the initial voids. 

2.2. Equipment for squeeze flow experiments  

Squeeze flow experiments are conducted on an Anton Paar MCR 502 rheometer with a plan-plan 

geometry (25 mm) in a constant surface configuration. This means that the samples initially fill all the 

surface of the plates such that, during all the experiment, the contact surface between the plates and the 

sample remains constant. The samples are cut into 25 mm diameter disks and then hand-laid up to stack 

manually UD 8-ply [0]8 and cross-ply [0/90]4 laminates. The laminate is carefully placed on the 

rheometer at T1 (above Tg). Then heating occurs until T2 (T2 > Tm) at a constant force F=1 N to maintain 

contact between the plates and the sample. After a few minutes at T2, a controlled ramp of force is 

applied till a value F0 is reached (leading to a pressure around 1 bar, such as in VBO process). The force 

is then kept constant for the duration of the test. The whole procedure is schematized in Figure 3. 

Interrupted test are conducted where the sample is removed from the rheometer at certain times shown 

by the blue dots in Figure 3. 

  

Figure 3: Temperature and normal force profiles of the squeeze flow experiments  

200µm 
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2.3. Micro-computed tomography 

The samples are cut into bar shape (with a cross section around 1.5 mm x 1.5 mm) using a diamond wire 

saw and fixed on a sample carrier for tomography measurements. The tomography measurements were 

made at the Anatomix beamline of Synchrotron SOLEIL  [7]. A polychromatic (“white”) X-ray beam 

with a central energy around 10 keV was used. The detector had 2048x2048 pixels; the effective pixel 

size was 0.65 µm. For each scan, 2000 projections were taken over an angular range of 180 degrees. 

The reconstructed volumes have a diameter and height of 1.3 mm. After tomographic reconstruction 

using the standard pipeline at the beamline and the PyHST2 reconstruction software [8], all volumes 

were post-treated with the ImageJ software [9] to quantitatively characterize the voids size, location and 

shape. 

 

3. Results and discussion 

Through the squeeze flow experiments on the rheometer, one can plot the variation of the laminate 

thickness as a function of time (Figure 4). The gap rapidly decreases when the force increases and 

stabilizes after about 15 min. 

 

Figure 4: Evolution of the [0/90]4 CF/PEKK laminate during the squeeze flow experiment. The blue 

dots represent the points where the test is interrupted. Letters A, B, C and D are for the four images 

shown in Figures 5 and 6  

The observed porosities are strongly anisotropic, oriented along the fibers. They decrease in terms of 

size and quantity when the time of squeeze increases (Figure 5). The large thickness variation observed 

at the beginning of the experiment is mainly due to the tapes’ initial surface roughness, which flatten 

under compression. Very rapidly, this rough interface between plies disappear and the laminate starts to 

form a homogeneous composite.  

However, the voids present within the tapes remain, even for longer squeeze times (see Figure 5. D). 

Such porosities appear surrounded by very dense areas of fibers. During the impregnation step, some 

fibers have not been sufficiently separated leading to a poor matrix impregnation in these areas and the 

presence of trapped voids. The pressure applied (close to 1 bar) combined with high matrix viscosity 

cannot enable the filling of these voids in a reasonable squeeze time. Hence, it is suggested here, that, 

for VBO consolidation, an effort should be done on the homogenization of the {fiber + matrix} 

repartition. 
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Figure 5: Tomography images, orthogonal to the fibers direction, of the squeezed UD [0]8 laminates 

for four different moments: A, B, C and D shown in Figure 4.  

Quite similar results can be extracted from the tomography measurements on cross-ply [0/90] laminates 

(Figure 6). As for UD laminates, the voids are progressively reduced; inter-laminar voids seem to 

disappear faster than intra-laminar ones; porosities trapped are not able filled by the matrix during the 

time of the experiment.  

Nevertheless, contrary to UD laminates, the individual plies can be distinguished late in the process, as 

shown by the green arrows. This is explained by the fact that cross-ply stacking leads rapidly to fibers 

blocking, while fibers in the same orientation favor the interpenetration of one ply towards the other.  
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Figure 6: Tomography images of the squeezed cross-ply [0/90]4 laminate for four different moments: 

A, B, C and D shown in Figure 4. In A, the slice is either parallel to the fibers (plies with lines of 

fibers) or transverse to the fibers (plies with circular fibers). The view of the three other images (B, C, 

and D) is either at 45° or -45° towards the fibers, hence the elliptical shape of the fibers in the images. 

At the beginning of consolidation, the matrix flows first and fills the inter-laminar voids leading to resin-

rich regions at the interface but, with time, local micro movement of fibers lead to a homogenization at 

the interface in terms of {fibers + matrix} repartition (see Figure 6.C and D). 

 

4. Conclusion 

This work studies the evolution of voids during consolidation of CF/PEKK by visualizing tomography 

scans of UD and [0/90] laminates through interrupted squeeze flow tests. It is observed that inter-ply 

porosities are rapidly reduced whereas those within the plies, surrounded by high concentrated fibers 

areas, are much more hardly filled. A progressive homogenization in terms of {fibers + matrix} 

repartition at the ply-ply interface is also highlighted for the cross-ply [0/90] laminates.  
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Abstract: A novel design of compact tension specimen, allowing for 4D synchrotron radiation 

computed tomography, is developed and used, for the first time, to characterise the translaminar 

fracture of thin-ply composites at the microscale. The mini compact tension specimens are 

manufactured with thin-ply carbon-epoxy prepregs in [902/0/902/0/902/0/902] lay-up 

configuration. Afterwards, software tools for the training of deep neural networks are employed 

to segment the acquired images and build a 3D visualisation of the progressive crack. The results 

reveal advancing crack fronts in the 90° plies and lagging fronts in the 0° plies. 

Keywords: Translaminar fracture; synchrotron radiation computed tomography; thin-ply 

composites; deep learning.   

1. Introduction 

The fracture behaviour of laminated fibre-reinforced polymers (FRPs) can be classified into three 

types. The intralaminar and interlaminar fracture, where the crack propagates parallel to the 

fibre direction, have been examined comprehensively in the literature. The interest in the third 

type, translaminar fracture, has grown in the last 15 years despite being an important failure 

type as it governs the damage tolerance and notch sensitivity of a fibre-reinforced composite 

[1]. The translaminar fracture toughness is the toughness associated with a crack propagating 

perpendicular to the fibre direction, thus fracturing the fibres. 

In conventional brittle fibre composites, such as carbon and glass fibre composites, the main 

energy dissipating mechanisms during translaminar fracture are fibre-matrix debonding and 

fibre pull-out. The visual examination of the translaminar fracture surface of carbon fibre 

reinforced laminates (fracture surface associated with the tensile failure of the fibres), 

reportedly, reveals a hierarchical organization of fibre pull-outs, where single fibres are pulled 

out of small bundles, which in turn are pulled out of larger bundles [2,3]. However, the majority 

of these observations are limited to the fracture surface of a post-mortem specimen, which 

cannot reveal all details of the in-situ failure mechanisms. 

This study aims to design a new compact tension specimen that, in addition to being 

geometrically suitable for 4D synchrotron radiation computed tomography (SRCT), can yield 

stable crack propagation. This design will allow observing the translaminar failure mechanisms 

in thin-ply composites in more detail and provide more insight than what the frequently used 

post-mortem analyses can achieve.  

2. Specimen Design 

The translaminar fracture cannot be tested on unidirectional laminates, since the specimens 

would fail in shear rather than yielding propagation of the crack across the fibres. Therefore, 
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cross-ply laminates are used. A composite panel made of HS40 fibres and ThinPregTM 736LT 

resin with a nominal thickness of 50.8 𝜇𝑚 and lay-up of [902/0/902/0/902/0/902] was 

manufactured in an autoclave. Subsequently, the panel was water-jet cut to the 3 proposed 

compact tension specimens designs for 4D SRCT, as shown in Figure 1. The first design is based 

on the doubly-tapered compact tension [4], the second, Pac-Man, is inspired by the curved 

compact tension specimen [5], and the last design, entitled mini-protruded, is proposed to 

increase the crack propagation stability and capture the plateau region on the 𝑅-curve (energy 

release rate vs. the crack extension length).  

 

 

 

Figure 1. Schematics of the three proposed specimen designs: (a) mini-doubly-tapered, (b) Pac-

Man, and (c) mini-protruded compact tension specimens (values are in 𝑚𝑚). 

3. Synchrotron Radiation Computed Tomography 

SRCT uses synchrotron light to perform computed tomography (CT) scans. It consists of highly 

coherent, parallel X-rays, which yield SRCT radiographs with better clarity and contrast than 

radiographs obtained via lab-scale CT scanners. This special X-ray radiation is created by 

undulating and bending electron paths inside the synchrotron storage ring using strong 

magnets. Electrons are continuously supplied by a particle accelerator in the centre of the 

synchrotron. After traversing the specimen in the field of view, the synchrotron light is turned 

into visible light using a scintillator and captured using a camera with magnifying optics [6].   

The versatile and lightweight (1 kg) Deben CT500 in-situ testing stage is suitable for mounting 

on most µCT systems. The adaptable tube length and in-house redesigned tensile jaws, 

combined with the motor speed range of 0.1 𝑚𝑚/𝑚𝑖𝑛 to 1.0 𝑚𝑚/𝑚𝑖𝑛, allow testing samples 

of variable length and shape and performing in-situ imaging of how materials behave under 

different loading conditions. Figure 2 illustrates the mini-protruded compact tension specimen 

with a 4 𝑚𝑚 pre-crack mounted in the rig. 

The experiments were carried out under continuous loading and scanning condition using the 

ultra-fast SRCT at the TOMCAT beamline of the Swiss Light Source (SLS) at the Paul Scherrer 

Institut (PSI) in Villigen, Switzerland. In the conducted experiments, a voxel size of 800 𝑛𝑚 was 

achieved. The GigaFRoST camera was employed as the detector, and a polychromatic beam with 

an energy of 24 keV was used. The scans were reconstructed using the SLS in-house absorption-
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based algorithm (Gridrec) [7] for the critical points during the test (before and after a load drop, 

see Figure 3a). Figure 3 shows the load-displacement curves obtained for all three designs, 

revealing that only the mini-protruded design yields stable crack propagation and the other two 

designs displayed sudden failure. 

 

  

 

 

 

 

 

 

 

Figure 2. Schematics of the mini-protruded compact tension specimen mounted in tensile jaws. 

 

 

 

 

 

 

 

 

 

Figure 3. Force-displacement curves form the experiments: (a) successful tests from 2 mini-

protruded specimens with 4 𝑚𝑚 pre-crack, and (b) 3 unsuccessful tests based on the other two 

suggested designs (grey dots on the mini-protruded #1 are the critical points that have been 

selected for the volume reconstruction and further analysis). 

4. Image Analysis 

Following the reconstructions, the analysis of the 3D rendered volumes (Figure 4) and 2D slices 

(Figure 5), using any image processing software (such as Avizo), indicates the in-situ shape of the 

pulled-out fibre bundles in the 0° plies and dissimilar crack front advancements in the 0° and 90° 

plies. Initially, RootPainter [8], a GUI-based segmentation tool, based on rapid training of deep 

neural networks, was used to segment the crack volume in the acquired tomograms. 
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RootPainter allows both fully-automatic and semi-automatic image segmentation. Similarly, 

Dragonfly, as an advanced analysis and visualization software, includes deep learning 

segmentation algorithms. This tool is user-friendlier than RootPainter. Succeeding the training 

procedures, Figure 6 shows the results of segmentation carried out via both software. Initial 

analysis proves that the segmentation can visualise and isolate the crack development per 

volume and can be used to approximate the in-situ shape of the pulled-out fibre bundles. These 

observations can further enrich the existing analytical or finite element models for the 

translaminar fracture in FRPs. 

 

 

Figure 4. 3D Volume rendering of (a) the first, and (b) the last load step of a mini-protruded 

compact tension specimen. 

 

 

Figure 5. 2D slices of the last load step of a mini-protruded compact tension specimen 

indicating (a) the shape of the pulled-out fibre bundles and possible fibre break clusters, and (b) 

advancing crack fronts in the 90° and lagging crack fronts in the 0° plies. 
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Figure 6. Image segmentation results: (a) example input and segmentation output showing the 

segmented crack in a fractured region of a 0° ply via RootPainter, and (b) the segmented 0° 

plies providing the shape of the pulled-out fibre bundles via Dragonfly software.  

5. Conclusions 

Three proposed mini compact tension specimen prototypes, allowing for 4D synchrotron 

radiation computed tomography, were investigated for their competence in characterising the 

translaminar fracture of thin-ply composites at the microscale. Among the proposed designs, 

the mini-protruded design, with a pre-crack half its length, results in stable crack propagation. 

The 2D slices reveal advancing crack fronts in the 90° plies and lagging fronts in the 0° plies on 

the laminate fracture surface. Using deep learning image segmentation software tools, the 

acquired images are segmented to yield a 3D visualisation of the progressive crack and the shape 

of the pulled-out fibre bundles. Further extensions to the current work may include assessing 

the 0° ply-block thickness effect on the developed failure mechanisms. This study has significant 

implications for the development of analytical and numerical damage propagation models used 

for design and damage-tolerance analysis. 
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Abstract: An ASTM standard test method for the characterisation of prepreg tack was recently 

approved based on research undertaken over the past decade. In this method, a prepreg is 

applied to a substrate under controlled rolling pressure and immediately peeled off at a 

controlled rate and temperature using a custom fixture. The method caters for measurement of 

ply-to-tool and ply-to-ply tack, and, through the use of time-temperature superposition, a tack 

mastercurve can be constructed to identify peak tack at the transition between adhesive and 

cohesive failure of the formed bond. This paper provides an overview of the underlying research 

and discusses the process of successfully passing an ASTM ballot. Currently a team of 12 

industrial partners and research institutions are undertaking a round-robin exercise required to 

prove the usefulness of the standard in terms of lab-to-lab repeatability and reproducibility of 

experimental data. Some insights into this process are also discussed. 

Keywords: Adhesive tack; time-temperature superposition; standardization; prepreg; peel. 

1. Introduction 

Automated Material Placement (AMP) processes, including Automated Tape Laying and 

Automated Fibre Placement, are commonly used in the manufacture of large composite 

components, particularly, but not exclusively, in the aerospace sector. In these processes, layers 

of prepreg tape are applied to the surface of a tool or to previously deposited layers of tape at 

controlled orientations to form a laminate. Prepregs are commonly made from carbon fibre 

impregnated with a partially cured viscoelastic thermosetting resin. In order to prevent the 

formation of defects such as wrinkling or bridging due to the presence of axial forces in the 

prepreg tape, a sufficient level of both prepreg-to-tool and prepreg-to-prepreg adhesion (tack) 

is necessary which prevents debonding at the interfaces. Although the laminate will undergo 

further processing stages after lay-up (typically, consolidation and curing in an autoclave), 

defects formed during the lay-up phase may have a detrimental effect on the achievable quality 

of the finished composite component.  

As the lay-up quality is related to the level of tack between the prepreg and either the tool 

surface or the surface of an adjacent prepreg layer, tack has an effect on the product properties. 

The experimental characterisation of prepreg tack is therefore a prerequisite for the 

understanding of the behaviour of a prepreg during processing, and for the selection of 

appropriate process parameters to obtain optimum lay-up performance. A recent 

comprehensive review covers the mechanisms of tack and the broad range of associated 

measurement methods [1], many of which are based on techniques from the pressure sensitive 

adhesives literature, and not always easy to apply or interpret with respect to prepregs. In the 

late 2000s, Crossley et al. developed a simple experimental technique specifically for the 
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measurement of prepreg-to-tool tack under conditions mimicking AMP processes [2]. Following 

initial studies, the design of the experimental fixture and the method for processing and 

interpretation of the acquired data have been refined, and the effects of a wide range of 

parameters have been further studied [3]. Aiming at consistency of data in industrial supply 

chains, this eventually led to the formulation of an ASTM standard, namely D8336 21: Standard 

Test Method for Characterising Tack of Prepregs Using a Continuous Application and Peel 

Procedure [4], which was approved in March 2021. This paper provides an overview of the test 

method detailed in the standard and of the issues encountered during the process of developing 

the ASTM standard. 

2. The test method 

2.1 Basic principle and test fixture 

The continuous application-and-peel method for prepreg tack testing has been previously 

explained in detail by Crossley et al. [2], and only a brief overview is given here. In this context, 

tack between a prepreg specimen and a rigid substrate is defined quantitatively as the force 

required to peel the prepreg from the substrate at a given specimen width, peel speed and 

temperature. Rectangular prepreg specimens are laid up on rectangular steel substrates without 

applying any compaction pressure. The substrates with specimens are then loaded into a custom 

test fixture comprising two pairs of rigid rollers. The first pair of rollers provides guidance, while 

the second pair consists of the top, fixed peel roller, and the bottom compaction roller. The 

latter is designed to move vertically to apply a normal force on the substrate, pressing the 

prepreg against the peel roller at a known compaction force, achieved through springs of 

adjustable length. The entire assembly is mounted on the base of a Universal Testing Machine. 

One end of the prepreg specimen is attached to the moving cross-head and load cell of the test 

machine via a custom material clamp, by bending the specimen around the peel roller (upwards) 

towards the clamp.  

During a tack test, the cross-head moves vertically away from the fixture at a constant speed, 

pulling the specimen assembly through the rollers in a horizontal direction, as shown in Figure 

1. This results in the prepreg being bonded to and immediately peeled from the substrate in a 

single continuous motion at a peel rate corresponding to the speed of the cross-head. The tack 

force is derived from the force measured at the load cell, recorded as a function of the cross-

head displacement. In order to do this, a section of the prepreg is prevented from adhering to 

the substrate (and thus peeling with no force) using a separating film at the interface. The 

measured average force required to pull the assembly through the fixture in this region, denoted 

as phase 1, records dissipative effects arising from friction and bending the prepreg only. It is 

subtracted from the measured average force required to pull the assembly in the following 

region, denoted as phase 2. In this second phase, the force is determined by the adhesion of the 

prepreg to the substrate, but is also affected by the same dissipative effects as phase 1. 
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Figure 1. Schematic of a prepreg-to-tool tack test during the two phases of measurement. 

Protective film separates prepreg and substrate in phase 1, while interface between prepreg 

and substrate can form in phase 2.  

The test method was later extended to allow tack to be measured for material combinations 

other than prepreg-to-tool, most notably prepreg-to-prepreg. This is achieved by bonding a flat 

layer of uncured prepreg to the metal substrate using a standard pressure-sensitive adhesive, 

and using this combined assembly as the substrate [3]. The test fixture was also modified to 

allow the rigid peel roller to be swapped for a compliant one with properties akin to rollers on 

industrial AMP machinery.  

The entire tack testing fixture and material clamp can be enclosed in an environmental chamber, 

as shown in Figure 2a. This allows experiments to be conducted at different temperatures as 

well as different feed rates, which is necessary to explore the effect of viscoelastic resin 

properties on tack.  

 
(a)  

 
(b) 

Figure 2. (a) The fixture inside an environmental chamber loaded with a prepreg specimen and 

ready for a test to begin; (b) representative force data as a function of the displacement 

recorded during a tack test. 

 

phase 1 

phase 2 
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2.2 Data processing 

An example of the force as a function of the cross-head displacement, measured during a tack 

test, is shown in Fig. 2b. The first part of the curve corresponds to the dissipative effects arising 

from friction and bending the prepreg, which is characterised by an average value, F1. In the 

second part, the force required to overcome the adhesion between the prepreg and the 

substrate is recorded in addition to the force arising from dissipative effects. This force has an 

average value, F2. The difference between the two average values of force, F2 - F1, is 

reported as the tack of the prepreg  

• on a defined surface,  

• at a defined compaction pressure, 

• at a defined temperature,  

• and a defined peel rate.  

Typically, tack tests for any prepreg are conducted at multiple combinations of peel rate and 

temperature (at a given compaction pressure). The example in Figure 3 shows the measured 

tack force as a function of the feed rate (which is identical to the peel rate) at different test 

temperatures. Here, prepreg-to-prepreg tack was measured. It is observed that, at low test 

temperatures (20 C and 30 C), a maximum in tack occurs at low feed rates. With increasing 

measurement temperature, the maximum in tack moves to higher feed rates (at 40 C and 50 

C). Tack levels in a given range of rates increase with increasing temperature (20 C and 30 C) 

and then decrease again as the temperature increased further (40 C to 50 C). These 

observations are a reflection of the viscoelastic behaviour of the resin in the prepreg. 

 

Figure 3. Example data for the tack force as a function of the feed rate, measured at different 

test temperatures [3]. 

2.3 Tack mastercurves 

For a set of tack values acquired at different temperatures and rates, the principle of time-

temperature-superposition (TTS) is applicable. This implies that the tack (i.e. a force) measured 

at a known test temperature and feed rate is equivalent to tack at an arbitrary reference 

temperature and a shifted feed rate, which is calculated from the rate and temperature of the 

test, the reference temperature and  time-temperature shift parameters relating to the resin 

properties [5]. These parameters can be determined from rheological experiments on the resin 

used in the prepreg. 
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Figure 4 shows the same data plotted in Figure 3, but now the rates have been shifted to a 

reference temperature of 20 °C using TTS. The figure shows that data points acquired at all test 

temperatures lie on a curve (considering the uncertainty in determining each individual data 

point), which can be approximated by a Gaussian. To the left of the maximum of the Gaussian, 

i.e. at lower feed rates, tack is limited by cohesive failure in bonds formed between the prepreg 

and the substrate. During a test long drawn-out resin threads may be observed at the interface 

(“fibrillation”). To the right of the maximum of the curve, i.e. at higher feed rates, tack is 

dominated by adhesive failure, and minimal or no formation of resin threads is observed 

between the surfaces. At different temperatures, the maximum in the Gaussian will occur at 

different (shifted) rates. 

 

Figure 4. The same data as in Figure 3. Here, all feed rates are shifted to a reference 

temperature of 20 C. 

Application of TTS enables tack data acquired at different temperatures to be interpreted in 

terms of a broader range of feed rates than can be explored using a screw-driven testing 

machine. Hence, the procedure is able to provide insight into the applicability of the tack test to 

deposition rates relevant to industrial AMP processes (of the order of 1 m/s).  

3. The ASTM standardization process 

3.1 Motivation 

Data obtained using the method described above were found useful for optimisation of process 

parameters in the manufacture of aerospace composite components. In particular, using 

experimental data to find combinations of temperature and rate to achieve optimum tack levels 

is of high practical relevance. It has been demonstrated by Smith et al. [6] that tack process maps 

can be created, which are easy to use in an industrial setting for looking up the parameters for 

the desired tack level. 

In an industry-driven effort to guarantee consistency of relevant tack data in supply chains, it 

was attempted to turn the test method into a standard. This will allow interested parties to set 

up their own tack testing facility and conduct the tests. A working group for formulating the 

standard was established from members of academia, prepreg manufacturers and end users.  

 

 

706/1211 ©2022 De Focatiis 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 

3.2 Approach 

In formulating the standard, it is to be considered that this is not an academic document, but 

effectively a manual for setting up and conducting the tests. In the document, a brief summary 

of the method is followed by a statement of the significance of the standard. The test fixture 

itself needs accurate description and definition. The process of writing the standard led the 

authors to consider specific decisions with respect to the design of the test fixture, and the 

extent to which these were necessary for a standard. This led to a somewhat simplified version 

of the original design of the test fixture, which was described in some detail in a manner not 

dissimilar to descriptions found in patents. The description of the fixture focuses on the critical 

components and is detailed enough to allow the fixture to be reproduced (Figure 5). Following 

a statement on calibration (of the compaction springs), the procedure for tack testing is 

described in detail, and the data reduction method is explained. The information to be included 

in a test report is also listed.   

 

Figure 5. Test fixture of the type detailed in the standard. A: base plate; B: side plates; C: 

connection to Universal Testing Machine; D: peel roller; E: compaction roller; F guide rollers; G: 

compaction springs; H: jacking screws (to adjust compaction load); I: material clamp; J: 

spreader bar (for material loading); K: rigid substrate. 

3.3 Adaptation of test method 

In many respects the standard mirrors the test procedures used in the work discussed in earlier 

publications, but the need for results to be reproducible across laboratories requires 

prescription of many aspects. The design of the test fixture is one area in which the standard 

attempts to prescribe everything that is essential to achieving reproducible test results, but 

acknowledges that this may be done, for example, using different Universal Testing Machines.  

The analysis of the data is one area in which the standard needed to be more prescriptive than 

earlier publications, for instance in the calculation of the average forces from the test data, and 

the authors re-analysed existing data using a range of limits in order to establish a set of limits 

appropriate for the specific dimensions of test specimens prescribed in the standard. 
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3.4 Balloting process 

The draft standard was submitted for balloting to the relevant ASTM sub-committee (here: 

Subcommittee D30.03 on Constituent/Precursor Properties for composites). In a second stage 

(after approval at the sub-committee stage) it was submitted to the relevant committee (here: 

Committee D30 on Composite Materials). The balloting process is much like the reviewing 

process of an academic journal article except that the number of reviewers is substantially 

larger. The members are mainly from industry, but also from test laboratories, (US) government 

organisations and academia. ASTM is a full consensus organization, and ballot items must be 

agreed upon by all voters. This means that any issues or concerns raised through negative votes 

must be resolved to the satisfaction of the voter. 

The draft standard was proposed to the committee by a member of the working group, together 

with a brief rationale. In the first ballot, seven members of the ASTM sub-committee voted. All 

concerns and requests for added information and changes expressed in the votes had to be 

addressed to the satisfaction of the voters. Unlike in the review process for a journal article, the 

identities of the voters are known, and the revision process can involve discussion with the 

voters.  

After the revised draft was accepted by all voters at sub-committee level, it was submitted for 

the main ballot at committee level, where 15 members voted. All requests and suggestions 

needed to be addressed prior to a second vote by the same committee. In the second vote, 10 

voters (not necessarily identical to the voters in the first round) again submitted comments and 

suggestions. After resolving the remaining issues raised in the vote, the committee approved 

the standard. The process took approximately one year, with the sub-committee ballot in 

February 2020, the main committee first ballot in June 2020 and the reballot in December 2020. 

3.5 Round-robin exercise 

Currently, a team of 12 partners from multiple industry sectors and from research organisations 

and academia are undertaking a tack testing round-robin exercise. The scope of this exercise is 

testing of two different commercial prepreg materials at different combinations of temperature 

and rate. This testing campaign is required to prove the usefulness of the standard in terms of 

lab-to-lab repeatability and reproducibility of experimental data. Another aim is to understand 

whether corrections or additions need to be made to the standard. The round-robin exercise is 

expected to conclude in 2022. 

4. Conclusions 

This paper has described the research and processes that have led to the establishment of a 

recently approved ASTM standard test method for the characterisation of prepreg tack. The 

method involves the peel of a prepreg from a substrate under controlled application pressure, 

peel rate and temperature using a custom fixture, and allows measurement of ply-to-tool and 

ply-to-ply tack. Additionally, using time-temperature superposition, tack mastercurves can be 

constructed to identify peak tack at the transition between adhesive and cohesive failure. The 

process of writing and submitting a draft standard, and the subsequent ballots and revisions 

have been described. At present a round-robin test exercise is in progress involving 12 industry 

and research partners. 
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Abstract: The mechanical performance of fiber reinforced composite components strongly 

depends on the fiber orientation. In order to determine the performance of a part as-built, the 

deviation of the fiber orientation from the intended configuration (as-designed) is crucial. Within 

this study, a method to compare local fiber orientations in manufactured components with 

draping simulation results was developed for unidirectional (UD) carbon laminas. The developed 

algorithm was tested on a plane plate geometry and a 3D double sine geometry. The resulting 

fiber angle deviations showed that the method enables a robust way for comparing local fiber 

orientations of manufactured parts and simulation results. 

Keywords: draping simulation; process simulation; fiber orientations; carbon fiber reinforced 

plastics; fiber angle measurements 

1. Introduction 

By forming any kind of semi-finished composite into a complex 3D shape, the fibers usually 

experience changes in orientation. The fiber orientation, however, is crucial for the mechanical 

properties of the composite component. Slight deviations in local fiber orientations within a 

manufactured part compared to the ideal (as-designed) component can cause considerable 

losses in the mechanical performance. However, with a precise prediction of local fiber angle 

deviations within a component, the mechanical performance of the manufactured component 

can be assessed adequately. 

There are various established methods to determine local fiber orientations of manufactured 

carbon-fiber reinforced plastics (CFRP). One method that allows to assess fiber orientations 

throughout a ply stack is the computer tomography (CT) [1].  It offers a high level of detail, 

however, typically requires a strong contrast in X-ray absorption of fiber and matrix. 

Additionally, the low scanning speeds result in a high time consumption and thus, high costs for 

individual scans. If the analysis of the surface is sufficient, less expensive methods, e.g. the Eddy 

current method [2], should be preferred. This method is based on the principle of electrical 

conductivity to obtain information of the fiber orientations. However, it is therefore restricted 

to conductive fibers, i.e.  carbon fibers, and not applicable to e.g. glass or aramid fibers. An 

approach accessible for arbitrary fiber types is implemented in the APODIUS Vision Sensor [3], 

which uses the refractive properties of the component’s surface. The method used for this study 
was the photometric stereo (PS) technology, utilized by the FScan device developed by 

PROFACTOR [4]. Thereby, multiple images of the component surface are taken under different 

lighting conditions and superimposed, revealing information about the azimuthal properties of 

the scanned section. The comparison of this data to numerical results, however, still poses 

challenges. Different solution approaches can be found in literature. Margossian [5] and Leutz 
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[6] used a MATLAB routine to compare local material orientations for selected regions on the 

tool surfaces. Another approach using grid strain analysis to evaluate local fiber orientations 

within a draped component is shown in [7]. Those approaches, however, either are marker 

based (using grid analysis) or limited to small regions of interest. In order to assess the influence 

of the fiber orientations on the mechanical performance, it is important that the evaluation 

covers the entire part rather than being constrained to small regions of interest. The presented 

approach allows a fiber angle evaluation of the entire component surface using marker-less 

methods for data generation. 

2. Methods 

2.1 Data acquisition 

The algorithm was developed and tested with a simple geometry, i.e. a plane CF-Epoxy (CF-EP) 

plate with a layup of [0°]4, and was then expanded onto a more complex double sine geometry. 

The double sine geometry was manufactured in a diaphragm draping process using a [0°]3 layup. 

We used the low temperature curing UD epoxy prepreg HexPly M79/45%/UD300/CHS.  

2.1.1 Draping simulations  

For the double sine geometry, the diaphragm forming process was modeled in Abaqus/CAE 

using the built-in Fabric material model for the laminate [8]. A detailed description of the 

simulation setup can be found in [9]. Figure 1 shows the simulated geometry, draped onto the 

double sine tool (the 0° direction coincides with the global x-direction).  

 

Figure 1. (a) Isometric and (b) top view of the resulting output geometry from the draping 

simulation 

Local coordinate systems at each element integration point in vector form, where the x- and y-

directions correspond to the local fiber directions, can be exported from Abaqus. For a UD 

lamina, the x-direction of the local coordinate system represents the fiber orientation. 

Simulations were conducted using S4 elements, with four integration points and thus four 

orientation vectors. The plate was compared to a reference line indicating the 0° direction rather 

than a process simulation result. 

2.1.2 Experimental data  

Figure 2a shows the plate geometry used for generating experimental fiber orientation data. 

With this simple geometry we set up and verified the correct functionality of the implemented 

algorithm. The experimental data for the double sine geometry was generated by draping a [0°]3 
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stack onto the tool using a diaphragm forming press (Langzauner). An exemplary draping result 

of a single 0° ply is shown in Figure 2b.  

 

Figure 2. (a) Top view of the [0°]4 CFEP-plate (fixed on three points for the FScan) and (b) 

manufactured double sine geometry with plasticine markers 

The geometries were scanned using the FScan sensor (Profactor) mounted on a six-axis Fanuc 

robot (CR-35iA). For calibration purposes, plasticine markers were attached to the double sine 

geometry (see Figure 2b). Using custom software provided by Profactor, the robot path was 

planned on a .stl file of the geometries. The flat plate was drawn in Abaqus and exported as .stl 

file. For the double sine geometry, two steps were conducted before planning the robot path: 

first, the manufactured geometry was scanned using a laser scanner (Hexagon Absolute Arm 

8520 with RS6).  Then, an .stl file of the simulation result (Figure 1) was aligned with the scanned 

manufactured geometry. The aligned simulation result was used for planning the robot path in 

order to receive a good mesh quality. To ensure good agreement of simulation result and 

manufactured geometry, the components were compared using Control X (Geomagic). 

Occurring deviations between scan and draping simulation were within the positioning 

tolerance of the FScan sensor, i.e. less than 10 mm. That way, the planned robot path ensured 

reliable scanning results that were repeatable and could be automatized. The fiber orientation 

data generated by the FScan sensor is exported as a point cloud of tangential vectors parallel to 

the local fiber directions (as a hdf5-file). The number of exported points and the density of the 

point cloud is determined by the element size of the .stl mesh. Since the .stl mesh consists of 

triangular elements while the draping simulations required rectangular shell-elements, an 

algorithm for mapping and comparing results was needed.  

2.2 Algorithm for comparing fiber orientations of different datasets 

There are two obstacles that prohibit a direct comparison between the tangential vectors gained 

from simulation and experiment: besides the discretization disparity of the meshes, all gathered 

vectors are described in 3D space. However, at present there are no readily available methods 

for comparing 3D vectors with each other to obtain scalar deviation values that could indicate 

the draping quality. The developed algorithm written in PYTHON therefore consists of two parts. 

First, scalar fiber angles are determined from the source data and second, two datasets with a 

different discretization are mapped onto a common base, to enable a direct comparison. 
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2.2.1 Fiber angle determination 

The fiber angle determination algorithm was developed to calculate a scalar value for the angle 

between a reference vector (representing the 0° direction) and the tangential vector of each 

evaluation point. A schematic sketch of the concept is shown in the following figure: 

 

Figure 3. Schematic sketch of the scalar angle calculation 

Both, the direction vectors as well as the reference vector are projected onto a reference plane 

using orthogonal projection. The reference plane thereby lies in a certain distance above the 

component parallel to the global xy-plane, which is parallel to the base plate of the double sine 

tool. Using the generalized law of cosines (see Eq. (1)), a scalar angle 𝜑 between the projected 

tangential vectors  𝑡 and the projected reference vector 𝑟 is calculated:  𝜑 = arccos ( 𝑟∙𝑡|𝑟|∙|𝑡|).                  (1) 

By reducing the 3D vectors to a scalar angle between projected vectors, the output becomes 

dependent on the local element incline. However, by comparing two datasets with the same 

initial geometry (i.e. comparing experimental and numerical results), the influence of local 

element inclines is identical for both datasets and a measure of fiber angle deviations is received. 

Note that this evaluation method was applied for each integration point of the simulation mesh. 

To receive one value per element, which could then be compared to the FScan data, the mean 

value per element was assigned to the center point of the element.  

2.2.2 Mapping the datasets 

To deal with the discretization disparity between the datasets, an algorithm that maps the FScan 

data onto the typically coarser FE mesh was developed. The mapping method implemented 

within this algorithm is a slight modification of the nearest-neighbor method (with the Euclidian 

distance as clearance). The nearest-neighbor method calculates the distances between a fixed 

point and multiple points of a point set to determine the closest point to the fixed point. When 

using this method for mapping the FScan data onto the FE mesh, exactly one point from FScan 

would be assigned to a FE mesh center point. There is typically a higher density of FScan points 

than of FE mesh center points. This implies that multiple FScan points should be considered for 

the assignment to a single FE mesh point. This was done by slightly modifying the nearest-

neighbor method by introducing a distance criterion. The mapping procedure thereby follows 

the following steps: first, the center point coordinates of each element are calculated. Then, the 

modified nearest-neighbor method is applied on the center points and the FScan point cloud. 

All FScan points, which lie in the “immediate vicinity” of the center point are then matched with 

the corresponding element. The immediate vicinity is defined by a spherical area around the 

center point of each element with the distance criterion being the radius of the sphere. For the 
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evaluations, this radius was chosen as the half diagonal of a representative FE-mesh element, to 

make sure that the majority of FScan points is considered. To obtain a fiber angle deviation 

value, the mean value of the FScan points assigned to an element is compared to the FE results 

of the respective element. This working principle is illustrated in the following figure on a 

component with 4 elements in total:  

 

Figure 4: Schematic sketch of the principle of the averaging algorithm 

3. Results 

3.1 Fiber Angle Evaluation for the Simple Plate 

For the evaluation of the simple plate geometry, only the first part of the evaluation algorithm 

(section 2.2.1) was used. Assuming that all fibers run parallel to the global 0° direction, the 

reference line (displayed as a red line in Figure 5a) was chosen between two calibration points. 

That way, all scalar fiber orientations could be determined relative to that line to receive 

absolute deviations from that line. Figure 5a shows the resulting deviation field relative to the 

reference line. The corresponding (aligned) histogram of the fiber angle deviations is shown in 

orange in Figure 5b. 

 

Figure 5. (a) Resulting deviation field with the chosen reference line and (b) aligned histograms 

of the resulting fiber angle deviations (orange) and the despeckled azimuthal images provided 

by the FScan software (blue) 

The majority of data points (approx. 65 %) shows deviations between 1 and 2° (i.e. the dark 

green area). Therefore, it can be stated that the reference line deviates by 1 to 2° from the main 

fiber direction of the plate. However, the light green regions (i.e. deviations between 0 and 1°) 

as well as the light blue regions (i.e. deviations between 2 and 3°) also occupy a significant area 
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of the plate (approx. 23 % of the data points). The grey areas (i.e. deviations above 5° and below 

-5°) mainly occur at boundary areas and in near proximity of fixation points. Those areas can 

therefore be neglected for the evaluation. In general, the fibers tend to deviate more towards 

the upper left corner of the plate. For validation purposes, the distribution of the calculated fiber 

angles was compared to a histogram of the despeckled raw azimuthal images provided by the 

FScan software (see Figure 5b). Therefor, the main fiber direction of each histogram was aligned 

with 0°. Since the fiber angle distributions are quite similar for both histograms, it can be stated 

that the algorithm provides reliable results for the fiber angle deviations.  

3.2 Fiber angle evaluation for the double sine geometry 

For the evaluation of the double sine geometry, the full algorithm of section 2.2 was used. The 

reference line was defined between two calibration points of the experimental setup (see red 

line in the [0°]3 draping result in Figure 6). Note that the image for Figure 6 was taken after 

removing the plasticine markers to prepare the component for the FScan. To ensure a valid 

comparison of the datasets, the simulation results were evaluated using the same reference 

vector as the evaluation of the manufactured double sine.   

 

Figure 6. Reference line definition for the double sine geometry 

The experimental and numerical results for the projected scalar angles were analyzed separately 

before they were compared to each other. The results of the individual evaluations are shown 

in Figure 7. Note that the wrinkle in the bottom left corner of the simulation result did not occur 

in the experimental result. Therefore, the affected elements were not captured by the FScan 

and are colored grey, which indicates elements that are excluded from the evaluation.  

 

Figure 7. Separate evaluations of the projected fiber angles for the (a) simulation results and 

the (b) FScan result mapped onto the FE mesh 
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A distinct pattern is apparent in Figure 7a, where the middle as well as the mid-length of the 

four edges are polarizing locations with a high difference to the orientation of the reference line. 

This pattern (which is less dominant in Figure 7b) indicates the error that is made by projecting 

the tangential vectors within the elements of different inclines onto a 2D reference plane 

because the pattern corresponds to the gradient of a double sine geometry. However, since the 

local incline of the elements is identical for the simulation and the FScan result, it can be 

assumed that the error is canceled out within a direct comparison, provided that the inclination 

is not too steep. Figure 8 shows the deviation of the projected and actual angle, dependent on 

the inclination of the base to the projection plane. A critical inclination of about 30°, considering 

0° laminas, was determined. 

 

Figure 8. Projection error for (a) an incline in 0° direction, (b) an incline in 90° direction and (c) a 

combined incline in 0° and 90° direction 

The incline of the double sine geometry at the steepest points (in the center of the geometry) is 

about 29°. Therefore, the algorithm provides reliable data for the double sine geometry. Figure 

9 shows the deviation plot, i.e. the difference between Figure 7a and b, and the manufactured 

geometry. 

 

Figure 9. (a) Deviations between simulation and FScan result and (b) manufactured part    

Most elements exhibit a deviation value of about 0-2°. Some areas exhibit slightly increased 

deviation values, most likely caused by geometrical features such as wrinkles. Fiber angle 

deviations above 6° solely occur at the edge of the wrinkle and the edge of the evaluation field. 

This indicates that simulation and experiment are in good agreement.  
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4. Conclusion 

The method developed within this study provides a robust way to compare fiber orientations of 

manufactured components to numerically derived fiber orientations. The algorithm works best 

for plane geometries because for those components there is no influence of the vector 

projection on the result. Provided that the measured component does not exhibit overly steep 

inclines, the method is also valid for more complex components. For non-planar geometries, 

however, it must be emphasized, that the resulting scalar angles are relative values, not absolute 

ones. This means, that the resulting scalar orientations cannot be readily used as input for the 

orientation in subsequent simulations. For future studies, the algorithm could be enhanced by 

implementing geometric gradient information to compensate the error made by the projection 

onto a 2D plane. 
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Abstract: A novel test rig is presented for experimental characterization of transverse 

compressibility of reinforcing fabrics. The test rig allows for in-situ-saturation of samples under 

transverse load and thus, for experimental characterization of dry and wet compressibility of the 

materials in a single test. The work introduces the novel test rig as well as a novel test 

configuration with (i) closing, (ii) holding, (iii) fluid injection, (iv) holding and (v) opening stages 

together with the resulting sample response in terms of (i) compression, (ii) dry relaxation, (iii) 

impregnation, (iv) wet relaxation and (v) decompression. First results on two Glass fiber based 

materials, a woven fabric and a non-crimp fabric, are presented and discussed. 

Keywords: transverse fabric compressibility; experimental characterization; ex-ante 

saturation; in-situ saturation 

1. Introduction 

In liquid composite molding (LCM), dry fibrous preforms consisting of reinforcing fabric layers 

are impregnated by viscous fluids, in particular chemically reactive resin systems. The 

impregnation quality is of crucial importance for the mechanical performance of the resulting 

composite part. Thus, impregnation mechanisms and the most relevant preform properties have 

been scientifically investigated in the past decades. In particular, in-plane as well as out-of-plane 

preform permeability as well as transverse preform compressibility were studied on a 

theoretical and experimental basis, respectively (1–5). Transverse preform compressibility of 

fibrous preforms shows viscoelastic properties and is a phenomenologically complex process 

due to the superposition of: (i) cross-sectional fiber bundle deformation, (ii) longitudinal fiber 

bundle flattening, (iii) fiber bundle bending deformation, (iv) cross-sectional void condensation 

and (v) nesting between fabric layers (6). As a result, transverse preform compressibility is 

affected by a number of material and test parameters, most importantly: (i) the number of fabric 

layers, (ii) the number of load cycles, (iii) the level of compressive speed, (iv) the experimental 

test configuration and (v) the state of preform saturation (dry/wet).  

Figure 1 shows an overview of the most frequently used experimental test configurations in 

terms of schematic plots of compressive load 𝐹 and sample thickness ℎ over experimental 

time 𝑡. For resin transfer molding (RTM), the loading/relaxation/unloading configuration is of 

particular relevance. There, the preform is transversely compacted until a certain height is 

reached, when the RTM mold is closed, and subsequently held at constant height, which allows 

stress relaxing effects to take place. The research group authoring the paper at hand participated 

in a recently published international benchmark exercise (IBE) on experimental characterization 

of transverse compaction of reinforcing fabrics (5), listed with ID no. 1 in the list of participants 

provided in Table 1 of that paper. There, a test configuration with the following conditions was 
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prescribed: (i) constant speed loading at 1 mm/min until a sample height of 3 mm was reached, 

(ii) relaxation at that constant sample height and (iii) constant speed unloading at 1 mm/min. A 

woven fabric as well as a non-crimp fabric was characterized by 26 research institutions 

worldwide in dry and wet conditions, respectively. Compression of wet samples leads to 

significantly lower compaction pressure compared to compression of dry samples due to 

lubrication effects (5). 

 

Figure 1 : Schematics of typical test methods for experimental characterization of transverse 

preform compressibility: loading/unloading (left), loading/relaxation/unloading (center) and 

loading/creeping/unloading (right). 

For studying wet compressibility in that IBE, a guideline specifying ex-ante saturation of the 

fabric samples in a fluid bath followed by dripping of excessive fluid and subsequent testing was 

provided. Thus, during compression of the fully wetted samples, squeeze flow effects occur. 

These not only impact the compressive load readings, the conditions are actually not perfectly 

representative for RTM. There, the saturation takes place while the preform is under transverse 

compressive load and thus, Darcy fluid flow is dominant (7, 8). 

The work at hand presents a novel test rig for experimental characterization of wet 

compressibility involving in-situ saturation of the fabric samples: At first, the samples are 

compressed in dry state according to a loading/relaxation test configuration and subsequently 

impregnated with the test fluid through an injection gate central to the sample under load (see 

Figure 2). 

A new test configuration with loading/dry relaxation/wet relaxation/unloading stages is 

proposed. This allows for experimental characterization of compressibility properties at 

conditions directly comparable to those of RTM. Moreover, dry as well as wet compressibility 

characteristics can be determined from a single experiment, which minimizes experimental time 

as well as material usage. In addition, data comparability will be improved by reducing the 

influence of manual handling and varying sample properties. 

2. Experimental Work 

2.1 Test Equipment 

The novel test rig is mounted to a universal testing machine (UTM) with a maximum load 

capacity of 250 kN and a load cell capacity of 30 kN. The fabric samples are applied to a base 

platen, which is moved in upwards direction by the crosshead in order to compress the samples 

against a metal stamp (100 mm in diameter). A linear variable differential transformer (LVDT) is 

mounted closely to the stamp and measures the distance between base plate and stamp, i.e. 

the sample thickness, during the experiment. In addition, the distance readings are used for 

precise motion control of the UTM. As shown in Figure 2 (left), the setup is equipped with four 

additional LVDT, whose readings can be processed to identify unwanted tilting of the 
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compression platens. Moreover, two heating mandrels and corresponding isolation sleeves are 

provided, allowing for tests at elevated temperature levels. The base platen shows a central 

injection gate for in-situ-saturation of the samples under test. The fluid is provided over a 

channel in the base plate as shown in Figure 2 (right). 

 

Figure 2: Novel test rig for experimental characterization of fabric compressibility with optional 

in-situ saturation (left). CAD drawing emphasizing the fluid channel in the base plate (right). 

The fluid is kept in a standard pressure pot, which is loaded by compressed air to a desired 

pressure level by means of a pressure control valve. The feeding line is equipped with a ball 

valve, a fluid temperature sensor and a fluid pressure sensor. The latter is mounted closely to 

the point of fluid entrance into the base plate. All of the sensors (four LVDT, fluid temperature 

and pressure) and actuators (two heating mandrels, pressure control valve and ball valve) are 

connected to an industrial PLC, which in turn is communicating with a Labview application 

specifically implemented for temperature control as well as data visualization and archiving. 

With in-situ-saturation of the samples under test, the setup allows for experiments in a 

loading/dry relaxation/wet relaxation/unloading configuration as visualized in Figure 3. 

 

Figure 3: Schematic of a test procedure involving in-situ saturation of the sample under test. 
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2.2 Materials 

In the present work, two different Glass fiber based fabrics were tested: 

• A biaxial non-crimp fabric (NCF), Saertex X-E-444, with a nominal areal weight of 

0.444 kg/m² (fiber bundles in +45° and −45° direction, respectively, with 217 g/m² each; 

stabilization yarns in 0° and 90°, respectively, with 2 g/m² each and a polyester stitching 

yarn with 6 g/m²). 

• A 2/2 twill weave woven fabric (WF), Hexcel Hexforce 1202, with a nominal areal weight 

of 0.290 kg/m² and a slightly unbalanced internal construction in warp (7 yarns/cm) and 

weft (7.2 picks/cm) direction, respectively. 

The materials were chosen due to their commercial availability as well as the accessibility of 

reference data, as they were both extensively tested in the recently published IBE (5) as 

mentioned above. For the tests on wet samples presented in this paper, Dow Corning XIAMETER 

PMX-200 silicone oil (dynamic viscosity of about 0.1 Pas at room temperature) was used as test 

fluid. 

2.3 Experimental Design 

In order to ensure comparability with the results obtained in the IBE test series (5), their 

experiments were initially repeated with samples of recent material batches. In particular, ex-

ante-saturated samples of the two materials were tested with five repeats. In addition, five 

samples of the recent material batches were tested following the novel test procedure, i.e. in a 

loading/dry relaxation/wet relaxation/unloading configuration. Table 1 shows an overview of 

the experimental design. 

Table 1: Overview of experimental design with number of repeats in each test configuration. 

sample 

saturation state 

IBE test series (5)  

(material batches from 2017)  

novel test series 

(material batches from 2021) 

dry 5 - 

wet 

(ex-ante) 
5 5 

dry & wet 

(in-situ) 
- 5 

 

While the experiments of the novel test series were conducted with the test rig described in 

Section 2.1, the experiments for the IBE test series (5) were run with a former version of the test 

rig. As far as relevant for the work at hand, the major differences between the test rig versions 

are: (i) the diameter of the metal stamp (50 mm in the former setup, 100 mm in the novel setup), 

(ii) the shape and dimensions of the fabric samples (square, side length 60 mm, in the IBE test 

series and round, diameter 120 mm, in the novel test series) and (iii) the option for in-situ-

saturation in the novel setup. 
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3. Results and Discussion 

3.1 Comparison of Results from Ex-Ante-Saturated Samples 

At first, the results obtained with the novel test rig are compared with those found in the IBE 

test series (5). Figure 4 shows compaction pressure characteristics of ex-ante saturated samples 

of the Saertex NCF material in terms of average data and min/max envelopes. While the 

maximum compaction pressure, 𝑝𝑚𝑎𝑥, is higher for the novel test series, the final compaction 

pressure at the end of the holding phase, 𝑝ℎ𝑜𝑙𝑑, is lower. The disagreements might be attributed 

to the different dimensions of samples and stamp, respectively, as well as the different material 

batches in the two test series. However, the effects will be studied in future works in more detail 

in order to quantify the particular contributions. 

In order to rank the magnitude of the differences, average and standard deviation data of 𝑝𝑚𝑎𝑥 

and 𝑝ℎ𝑜𝑙𝑑, respectively, are visualized in Figure 4 for the two test series as well as for the overall 

results of the IBE by means of statistical error bars. As can be seen, the error bar for 𝑝𝑚𝑎𝑥 found 

in the novel test series is overlapping with that from the IBE test series, however, it is outside 

the error bar of the overall IBE results. For 𝑝ℎ𝑜𝑙𝑑, the error bars of the results for the material 

batches from 2017 and 2021 are both within the error bar of the overall IBE results. In fact, the 

average value of 𝑝ℎ𝑜𝑙𝑑 found for the novel test series agrees very well with the corresponding 

value found for the overall IBE results. The standard deviation values found for the material 

batches from 2017 and 2021 are well comparable. Thus, the results of the test series being 

compared are considered as generally in good agreement. 

 

Figure 4: Comparison of compaction pressure data collected in the IBE test series and the test series with the novel 

test rig on the Saertex NCF. 

The results obtained in the tests of the Hexcel WF material reveal similar findings, however 

these are omitted here due to length restrictions for the manuscript. 
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3.2 Results from Novel Test Method with In-Situ-Saturation 

In Figure 5, normalized compaction pressure characteristics are shown from an exemplarily 

chosen test of the Saertex NCF material. In addition, the normalized fluid injection pressure 

characteristics are visualized in order to highlight the phase of fluid injection, i.e. in-situ-

saturation of the sample under test. In fact, the normalized pressure characteristics allow for a 

clear separation of the (i) compression, (ii) dry relaxation, (iii) impregnation, (iv) wet relaxation 

and (v) decompression phases of the test as discussed in Section 2.1. The duration of both, dry 

and wet relaxation, were prescribed with 30 minutes. 

  

Figure 5: Normalized sample compaction pressure and normalized fluid injection pressure over experimental time for 

the novel test method involving in-situ saturation: Example data chosen from a test on the Saertex NCF material. 

In the phase of fluid injection, the pressure data shows contributions from the preform 

compaction as well as the test fluid saturating the sample: While the contribution of the test 

fluid is increasing with time as a result of the progressing flow front, the contribution of the 

preform compaction is decreasing due to lubrication effects. For the data shown in Figure 5, 

these two effects are in a similar range, which is a result of (i) the chosen level of fluid injection 

pressure and (ii) the low level of stress relaxation inherent to the Saertex NCF material. As 

derived from data reported in the IBE (5), the degree of stress reduction due to lubrication 

expressed as: 𝑑𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 1 − 𝑝ℎ𝑜𝑙𝑑,𝑤𝑒𝑡𝑝ℎ𝑜𝑙𝑑,𝑑𝑟𝑦,                 (1) 

is less than 15 % for the Saertex NCF material. The reason is given by the limited ability of the 

NCF material for fiber bundle bending deformation, cross-sectional void condensation and  

nesting between fabric layers as a result of its internal architecture. 

For the Hexcel WF material, however, stress reduction due to lubrication is as much as 45 % as 

derived from data reported in the IBE (5). This can be clearly seen in Figure 6, which shows 

normalized compaction pressure characteristics from an exemplarily chosen test of the Hexcel 
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WF material. During fluid injection, the pressure data is decreasing significantly, which indicates 

the lubrication effect dominating over the contribution from fluid injection. 

 

Figure 6: Normalized sample compaction pressure and normalized fluid injection pressure over experimental time for 

the novel test method involving in-situ saturation: Example data chosen from a test on the Hexcel WF material. 

Fluid injection was stopped in all tests as soon as fluid was visually observable around the sample 

indicating complete sample impregnation. For the chosen level of fluid injection pressure, which 

is still part of a parameter study for this novel test method, impregnation time was typically less 

than 15 minutes. The subsequent phase of wet relaxation is initially superimposed by fluid 

pressure equalization. This effect is expected to be short in time compared to the duration of 

wet relaxation (30 minutes), however, will be subject of future research activities. Anyway, the 

level of compaction pressure at the end of the wet relaxation stage, 𝑝ℎ𝑜𝑙𝑑,𝑤𝑒𝑡, is expected to be 

well comparable to the corresponding entity determined from tests on ex-ante-saturated 

samples. 

3.2 Comparison of Results from Different Saturation Methods 

According to the experimental plan specified in Table 1, the parameters 𝑝𝑚𝑎𝑥 and  𝑝ℎ𝑜𝑙𝑑,𝑑𝑟𝑦 

can be compared for the results of (i) the IBE test series on dry samples and (ii) the novel test 

series. In addition, the parameter 𝑝ℎ𝑜𝑙𝑑,𝑤𝑒𝑡 can be compared for the results of (i) the IBE test 

series on ex-ante-saturated samples, (ii) the novel test series on ex-ante-saturated samples 

and (iii) the novel test series with in-situ-saturation. Finally, this allows for a comparison of the 

‘lubrication degree’, 𝑑𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑡𝑖𝑜𝑛, i.e. the degree of stress relaxation due to lubrication 

according to Equation (1). 

Although details of these comparisons need to be omitted here due to length restrictions for 

the manuscript, the ‘lubrication degree’ shows well comparable results: For the Saertex NCF 

material, it was found with 13.90 % in the IBE test series and 9.63 % in the novel test series. 

For the Hexcel WF material, it was found with 51.42 % in the IBE test series and 47.14 % in the 

novel test series. 

724/1211 ©2022 Fauster 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. Summary and Conclusions 

The paper at hand proposes a novel test rig for experimental characterization of transverse 

compressibility of reinforcing fabrics. The test rig allows for in-situ-saturation of samples under 

transverse load and thus, for experimental characterization of dry and wet compressibility of 

the materials in a single test. The work introduces the novel test rig as well as a novel test 

configuration with (i) compression, (ii) holding, (iii) fluid injection, (iv) holding and (v) decom-

pression stages together with the resulting sample response in terms of transverse compaction 

pressure characteristics. First results on two Glass fiber based fabrics, well-known from a recent 

IBE, are very promising in terms of comparability of the resulting parameters, 𝑝𝑚𝑎𝑥, 𝑝ℎ𝑜𝑙𝑑,𝑑𝑟𝑦 

and 𝑝ℎ𝑜𝑙𝑑,𝑤𝑒𝑡. 
Future research activities will concentrate on mathematical modelling of the fluid pressure field 

developing in the sample under test according to Darcy flow mechanisms as well as the duration 

of fluid pressure equalization after stopping fluid injection. In addition, the influence of the type 

of test fluid used for the tests will be investigated. Moreover, the two fabric materials tested in 

this work will be studied in more comprehensive test series. 
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Abstract: The manufacture of composite materials by Liquid Composite Moulding (LCM) 

processes is dependent upon the infiltration of a dry fibre preform by a liquid resin. These 

manufacturing processes can be supported by the characterisation of the preform through 

measurement of its permeability and compaction response. These measurements are often used 

to inform the design of the manufacturing process as input parameters for process simulation. 

Previous benchmarks have been carried out to measure the in-plane permeability, out-of-plane 

permeability, and textile compaction response. This paper presents the results of the second 

round of benchmark exercises which were launched in 2021. This second round of benchmarking 

included 33 international participants for each exercise. The aim of this ongoing work is to assess 

the reproducibility of results and ultimately provide recommendations that lead towards a 

standardised test procedure. 

Keywords: Permeability; compressibility; resin injection; resin flow; process 

monitoring 

 

1. Introduction 

Liquid Composite Moulding (LCM) processes can be described by the injection of a liquid resin 

into a dry fibre textile within a mould of the desired shape. It is important for the success of this 

process that the dry fibre be completely saturated with resin prior to cure and demoulding. To 

support these methods of manufacturing a polymer matrix composite part, it is good practice 

for the permeability of the dry fabric to be measured to understand the behaviour of the resin 

flow during injection. 

The permeability of a dry fibre reinforcement is typically measured in the in-plane (x and y) 

direction and out-of-plane (z) directions separately. These measurements can provide important 

information as standalone values, or more valuably as data inputs to manufacturing process 

simulations. Measurement of the in-plane and out-of-plane permeability has been the subject 

of a collaborative international effort to standardise these techniques through iterative 

benchmarking exercises [1-5]. Following the third international benchmark exercise, 

measurement of the in-plane permeability has progressed to a draft ISO standard. The first out-

of-plane benchmarking exercise was completed in 2021 and resulted in several 

recommendations to refine the test procedure, aimed at improving the reproducibility of these 

measurements across sites. These recommendations formed the basis of the test procedure 

used in the second international benchmarking exercise. 
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In addition to measurement of the permeability, it is pertinent to characterise the behaviour of 

the dry textile under compression. Understanding the compaction pressure not only provides 

information on the achievable volume fraction or the pressure exerted on the tool but has a 

direct relationship to the permeability of the fabric, whereby the permeability of the fabric is 

reduced with increasing compaction. Following the example of the permeability measurement 

benchmarking exercises, an international benchmarking exercise for measuring the textile 

compaction response was carried out in parallel to the first out-of-plane permeability 

measurement and third in-plane permeability measurement exercises and completed in 2021. 

Despite the simplicity of the test, a high variability (38-50% coefficient of variation) was found 

between participants. In parallel to the out-of-plane permeability measurement benchmarking 

exercise, the recommendations from the first textile compaction benchmark have been used to 

create an updated test procedure for a second round of benchmarking.  

These two new benchmarking exercises have been coordinated by the National Physical 

Laboratory with the support of a steering committee from the University of Nottingham, KU 

Leuven, University of Delaware, McGill University and the Insitut für Verbundwerkstoffe. In 

total, 33 participants from 15 countries are taking part and are listed in Table 1. The latest 

findings from these two benchmarking exercises are presented in this paper. 

Table 1: List of participants 

IMT Mines Albi (France) University of Nantes (France) 

TENSYL (France) University of Nottingham (UK) 

University of Auckland (New Zealand) National Physical Laboratory (UK) 

Brigham Young University (USA) Orleans University (France) 

TU Delft (Netherlands) University of Reims (France) 

Ecole Polytechnique Federale de Lausanne 

(Switzerland) 

Centre Technologique En Aérospatiale  

(Canada) 

Nanyang Technological University  

(Singapore) 

University of Applied Sciences and Arts 

Northwestern Switzerland (Switzerland) 
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2. Materials 

2.1 Figures and Tables 

All participants used the same materials for these two benchmarking activities. The fabric used 

in these benchmark exercises was a ±45° biaxial E-glass fibre non-crimp fabric with areal weight 

444 g/m2, supplied by Saertex. This fabric was nominally the same as the fabric used in the first 

benchmarking exercises, which was characterised by May et al. [3]. It was noted, however, that 

the batch used in this new round of benchmarking was visibly different to the batch used 

previously. The new batch was therefore characterised at KU Leuven and shown in Figure 1. 

 

Figure 1. Image of the non-crimp fabric used in these benchmarking exercises 

Participants were instructed to use the same silicone fluid in these benchmarking exercises as in 

the previous, Dow Corning XIAMETER PMX-200 100 cs silicone fluid. Participants carried out 

viscosity measurements on the model fluid at their site and no procedure was set, however the 

option was given for a secondary viscosity measurement at the National Physical Laboratory for 

benchmarking purposes. 

 

3. Experimental Methods 

3.1 Out-of-plane permeability measurement 

The test method for this benchmark was limited to the 1D test setup, as this was found to be 

the most used setup in the first benchmark exercise. Limiting variations in test setup in turn 

limits the degrees of freedom of the test and enables more meaningful statistical analysis of the 

data returned by participants. The pressure differential between the inlet and outlet was limited 

to the range 100 – 200 MPa. The target volume fractions were 45%, 50% and 55%. The number 

of layers of fabric in each specimen stack was not fixed but limited to a range (10-20 layers) nor 

was the cavity height used to achieve these Vf prescribed, to account for the variety of closing 

mechanisms implemented by participants to set the cavity height. Figure 2 shows three different 

closing mechanisms used to set the cavity height. 
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Figure 2. Schematic showing methods to set the cavity height in a 1D out-of-plane permeability 

test setup using a) Universal Test Machine (UTM) displacement; b) spacers and c) bolts 

3.2 Textile compaction characterisation 

The number of layers in each specimen stack and test profile for this compression test was fixed 

at ten for all participants to directly measure the variability in compaction pressure at a known 

Vf. Participants were instructed to use a closing speed of 1 mm/min to a plate distance of 3 mm, 

followed by an opening speed of 1 mm/min. In addition, participants carried out compliance 

measurements at the beginning and end of each test series (wet and dry). In addition to 

measuring the compliance, it was mandatory for all participants to include at least one direct 

displacement measurement. The parallelism of the platens was assessed using pressure-

sensitive film. 

Tests were carried out on both dry fabric stacks and wet fabric stacks which had been saturated 

for 15 minutes in silicone oil and drained for a further 15 minutes prior to test. 

 

4. Results 

4.1 Out-of-plane permeability measurement 

The first set of results has been returned and the results are given in Table 2. This participant 

was able to successfully follow the test procedure that was updated following the outcomes of 

the first benchmark exercise to include restrictions that would seek to minimise the variability 

in measured permeability between participants. This first set of results shows that the 

coefficient of variation increases with decreasing volume fraction, which agrees with the effect 

seen in the first benchmark exercise [5]. 

Table 2: First results of the out-of-plane permeability measurement exercise 

Volume fraction (av.) Permeability (av.) Coefficient of variation 

0.46 1.3010-12 m2 0.12% 

0.51 7.1410-13 m2 0.08% 

0.55 4.9810-13 m2 0.07% 

 

4.2 Textile compaction response 

Six participants have returned the results of the compaction benchmarking exercise. All of the 

participants carried out testing using circular platens larger than the specimen. Five of the 

participants used both machine displacement and at least one LVDT to measure the thickness 
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(distance between platens). One participant used a point-tracking algorithm which interpreted 

images taken of a precision ruler. 

 

 

Figure 3. Images of the pressure paper prints used to assess platen parallelism 

Three of the participants used pressure sensitive film to assess the parallelism of the platens. 

Figure 3 shows the resulting images. The intensity of the colour on the pressure-sensitive film 

corresponds directly to the pressure exerted on the surface of the platen. All three images show 

the even spread of colour that would be expected from well-aligned platens. 

All participants carried out compliance measurements before and after each test series. 

Representative graphs are given in Figure 4. 

 

Figure 4. Compliance measurements carried out prior to testing 

The results returned to date are given in the graph Figure 5 and Figure 6, which show the 

maximum pressure at the target thickness of 3 mm. Following the aims of this work to assess 

the reproducibility of these measurements, the coefficient of variation (c.v.) between 

participant data was calculated (the coefficient of variation has been used to quantify the 

scatter). The c.v. for the dry and wet tests was 60% and 49%, respectively. At each site the c.v. 

ranged from 0.5% to 10% for the dry tests and 1.5% to 13% for the wet tests. In the previous 
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benchmark, the coefficient of variation between 26 participants was 38-40% for tests carried 

out on nominally the same non-crimp fabric. 

 

Figure 5. Maximum pressure values for a) dry tests and b) wet tests 

 

Figure 5. Scatter showing the thickness at maximum pressure for a) dry tests and b) wet tests 

 

5. Conclusions 

Two benchmark studies are being carried out using test procedures that have been 

refined following recommendations given in previous work [4], [5]. The new test 

procedures introduced limitations to the test setup and test method. Early results 

presented in this paper show that participants have complied with these two new test 

procedures without difficulty, which will be an essential component to the eventual 

standardisation of these test methods. 

It has not yet been possible to assess the variation in data between participants for the 

out-of-plane permeability exercise, however the data returned by one participant show 

a high degree of repeatability (0.07-0.12% c.v.) following this new test procedure. 
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The data returned for the measurement of compaction response show a coefficient of 

variation at each site of between 0.5% to 13%, however a coefficient of variation 

between sites of between 49% and 60% for the wet and dry tests, respectively. Further 

analysis will need to be carried out upon return of the data from all 33 participants in 

order to isolate the main sources of variation in these tests and provide updated 

recommendations to the best-practice test procedure. 
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Abstract: A unique disadvantage to one-dimensional flow permeability measurement is its 

sensitivity to flow race-tracking. This usually causes an over-estimation of the measured 

permeability, but the magnitude of this error is difficult to determine. There currently exists no 

clear pass-fail criterion for such a permeability test, i.e. how to know when race-tracking caused 

too much error. This study reports the results of an ISO task force assigned to remedy this. An 

extensive series of virtual one-dimensional flow experiments was performed using flow 

simulation, varying the race-tracking channel width as well as several other experimental 

parameters. The magnitude of race-tracking error in each test was evaluated as the ratio 

between the measured- and true-permeability. Several candidates for pass-fail criteria were 

evaluated by comparing them against this ratio. A simple comparison between the flow front 

positions at the sample edges and middle proved to be an effective correlation to the race-

tracking error magnitude.  

Keywords: permeability; racetracking; liquid composite moulding, flow simulation 

1. Introduction 

A common phenomenon observed in one-dimensional flow is so-called “race-tracking” (RT). This 

term refers to the preferential flow of the matrix fluid along a path of less resistance, i.e., any 

path with higher porosity, than the bulk reinforcement. This causes the flow front shape to 

deviate from a uniform progression, with regions of faster and slower flow [1-3]. Such edgewise 

RT is often detrimental to processing, as it may result in excessive resin bleeding or dry spots 

due to sealing off vent-gates with resin flow before the entire reinforcement has been filled [4]. 

RT is also detrimental during permeability measurement. The high-porosity edge-flow leads to 

faster filling than what is representative of the reinforcement. This causes an over-estimation of 

the measured permeability value [5,6]. This magnitude of RT-induced measurement error can 

be difficult to determine, as it requires both evaluation of the permeability in RT-effected tests, 

and some way to evaluate the permeability free of such RT. The latter can be done by either: 1) 

comparison with radial testing results (free of edge-wise RT), 2) several measurements to 

determine a minimum permeability approximating an RT-free test [3,5], or 3) carefully sealing 

the edges with a filler before the infusion test [6].  

There currently exists no clear pass-fail criterion in the literature, for such a permeability test, 

i.e., how to know when the data from a particular permeability test must be rejected due to too 

much RT. Within a broader work to develop an ISO standard for permeability measurement, a 
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task force was organized to determine a pass-fail criterion for such RT-induced error. This study 

reports the results of that task force.  

A series of virtual one-dimensional flow experiments was performed by flow simulation, varying 

the RT channel width along the peripheral edge of the reinforcement. The experiments were 

repeated with intermittent start / end of the channel, multiple channels, and over-compressed 

edges, as well as with varied flow orientation angle, sample width and sample length. For each 

virtual test, the magnitude of RT error that would result during such a permeability test was 

calculated as the “permeability ratio” between KM, the permeability as would be measured from 

that simulated flow experiment by various measurement methods, and KT, the true 

reinforcement permeability as input into the simulation.  

2. Methodology 

2.1 Flow Simulation 

A commercial CV-FEM flow simulation package (RTM-Worx) was used for the virtual flow 

experiments. In all cases the simulation rendered in-plane flow through a rectangular sample 

with a fluid inlet along the one of the four edges. The average element size was approximately 

10 mm. A SALT script was prepared which allows for quick specification of the experimental 

parameters. The script then calls the flow simulation solver with these parameters. The SALT 

script includes an algorithm which calculates all the x,y point locations of where the flow front 

intersects the element edges and tabulates all of these point locations for each time step.   

2.2 Permeability Measurement 

The apparent permeability KM represents what the measured permeability would be for this 

test. The length between the inlet and the flow front, x, is taken from the simulation data, for 

each time, t. KM was determined for each test by the traditional linear interpolation of x2(t). 

Three different variants of x were used: 1) xmid, at the middle of the sample width W, 2) xavg, the 

mean location of the flow front, and 3) xmin, the minimum location of the flow front. The middle 

point is by far the easiest of the three options and works with a single linear flow sensor placed 

along the middle of the mold. xmid will be used for the error calculations throughout this paper. 

 

Figure 1. Example flow front image showing various flow front position measurements, sample 

width W, and racetracking area A. 

2.3 RT Metrics 

Several metrics of RT magnitude were evaluated as candidates for pass-fail criteria (refer to 

Figure 1): 
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1. “CX” = (xM - xmin)/xmin, where xM is the max flow front length, either xM1 or xM2 

2. “CW” = (xM - xmin)/W 

3. “CW2” = [(xM1 + xM2 - 2xmid)]/2W 

4. “CA” = A/W, where A is the area bounded by xmin and the flow front 

5. “CL” = Linearity (RMSE) of xmid
2 as a function of the time, for all (xmid,t) data  

6. “CM” = │M/KM │, M=slope of KM (t), where KM is evaluated from the velocity. 

7. “CSxt” = Surface fit quality (RMSE) of x=M(t1/2)+B for all (x,t) data.  

8. “CSxyt” = Surface fit quality (RMSE) of x=M(t1/2)+B+Cy, where y is along W. 

 

3. Results 

3.1 Single RT Channel Diameter 

The first tests were made with a nominal sample length (L) and W, and isotropic K, of 600 mm, 

200 mm and 1·10-10 m2 respectively. A single continuous RT channel was simulated along one 

edge and repeated with progressively greater diameters (D). Figure 2 shows the RT error for KM 

measured by all three positions (Figure 1). The resulting error is approximately equal when 

measured with xavg and xmid. An inflection point is seen in xmin and it decreases to no error at high 

D, as the simulation ends when the flow first reaches the vent, and the RT flow-front hasn't 

completely developed yet for high D. 

 

Figure 2. Error ratio for single-sided RT channel D variation (left), and comparison of flow-front 

for (left-to-right) D=0.9 mm (7% error), 1.0 mm (10% error) and 1.125 mm (17% error). 

Figure 2 also shows the flow front shape resulting from select channel diameters. From industrial 

practice, an edge channel of 1mm diameter causes approximately the same degree of flow front 

perturbation seen in the average RTM-manufactured part, resulting in a 10% over-estimation of 

K. With special care devoted to edge cutting for a K test, less RT effect should be feasible. Thus 

this 10% error (KM/KT) was taken as a pass-fail threshold.  

Figure 3 shows the various criteria candidates for these simulations with varying channel D. All 

the criteria seem to be sensitive to the RT error, with a continually positive correlation for this 

range in error. Any of these metrics would work as a pass-fail criterion; if 10% error is used as 

the threshold, then each gives a maximum number, beyond which the test is considered a failure 

due to excessive RT. 
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Figure 3. Error-metrics correlation for single channel RT of varying diameter. Red dashed line 

indicates 10% error threshold. 

3.2 Multiple RT Channels 

The next set of virtual tests was run with the parameters as the preceding scenario, but with RT 

channels on both sides of the reinforcement. Holding everything else equal, the resulting error 

KM/KT for both RT sides is double what it is with only one RT side. Figure 4 shows the error for a 

1 mm channel on the top side (Dtop), with varying diameters from 0 to 1 for the bottom channel 

(Dbot); the error rises exponentially as the bottom channel increases in size. This is where most 

of the criteria prove to be unsuitable (Figure 4). Only CW2, CSxyt, and CL show a positive 

correlation with the increasing error from the second RT channel. The solid lines in Figure 4 

repeat the metric-error correlation from the single channel tests (Figure 3) and show a good 

match between the correlation for single and double channels for these three metrics. Note that 

dual-sided RT (both edges) is a common occurrence; the chosen criteria must show a positive 

correlation with increased error compared to that from only one side RT. This disqualifies all the 

other criteria.  

  

Figure 4. Error-metrics correlation for top 1mm channel with varying bottom channel D. 

3.3 Intermittent RT Channels 

The next simulated case was an intermittent channel, specifically where there is no RT for an 

initial duration of the experiment, and a single-sided RT channel then begins. A series of virtual 

experiments was made for various positions along the top edge length where a 1.5 mm RT 

channel begins. The error ratios (Figure 5) again support the use of xmid, demonstrating a lower 

error for xmid compared with xavg based K measurements, and an inflection point in the xmin-based 

measurement.  
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Figure 5. Delayed start of RT: error ratio (left), candidate metrics (center), and CW2 metric as a 

function of time during one of these tests. 

The remaining RT metric candidates are also shown in Figure 5. Again, solid lines denote the 

continuous single channel correlations from Figure 3. There seems to be an inflection point 

between 20 and 60% error for all three. In all three cases, the error is higher than it would be 

with a continuous channel. The CW2 metric is the only one of the three remaining metrics to be 

evaluated at each time step instead of a fit to all the time steps. This allows the operator to 

monitor the metric to watch for when it increases above the failure threshold. This is clearly 

seen in the right-most graph in Figure 5, where the 1.5 mm channel begins at about 225 s into 

the experiment. All the data before this could still be used (salvaged), and the RT-affected data 

afterwards thrown out. 

3.4 Slow-tracking 

When an edge is over-compressed, the opposite of RT, slow-tracking, may occur. Slow-tracking 

in essence makes the bulk preform the RT region or path of least resistance, thus the slower 

edges have little effect on the bulk flow. These virtual tests were repeated with one side having 

a traditional RT channel, and the other side a slow-track channel, but the results were nearly 

identical to the single channel RT results, as if the slow-track channel didn’t exist.  This scenario 
has little effect on either the permeability measurement error or the metric candidates. 

3.5 Nonrectilinear flow 

If the orientation of the permeability tensor is not already known to lie along either the warp or 

the weft directions of the reinforcement, then three flow orientations must be tested: 0°, 90°, 

and 45° (bias). If the permeability is highly anisotropic, the flow front in such a bias flow test will 

appear diagonal to the sample edges. This will affect the RT criteria, even in the absence of any 

actual edgewise RT. A virtual test was run with a severe 5:1 anisotropy, without RT, yet still 

caused a 10% over-estimation in the permeability measurement, similar to a 1 mm RT channel. 

A wide sample is normally assumed to be beneficial in K measurement to mitigate the effects of 

edge RT. But in this unique scenario of anisotropy and bias direction flow, increasing the width 

exacerbates the inlet shape inaccuracy and increases the measurement error. A more typical 

maximum anisotropy for multiaxial reinforcements is about 2, for which the maximum error 

from bias direction flow for W=400 mm is only 4%.  

The error and metric candidate correlation during bias flow testing is outside of the scope of this 

paper due to its complexity. By an approximation, the two rotation scenarios above resemble 

single- or dual-sided RT, and thus the failure criteria for other scenarios should be similar for this 

case. However, the CL criteria for this scenario showed negative correlations with permeability 
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error, up through 50% error. This is only for highly anisotropic materials, in a bias flow test, with 

RT. 

3.6 Length 

Another series of tests was done with varying the sample length L from 100 to 2,000 mm, holding 

all else constant (W = 200 mm, warp direction flow). This was repeated for a single top-side RT 

channel of 1.0- and 1.5-mm diameter. This was the first case where K measurement showed a 

significant difference between xavg- and xmid-based measurement (Figure 6).  The middle of the 

flow-front is unaffected at first by edge-RT, then eventually “pulled” along, thus an increasing 
error with greater L. The error in measurement levels off at around 400 mm and converges with 

the xavg method. This suggests that shorter length allows less error from RT, but it’s commonly 
accepted that a minimum length is desired to allow the flow front to develop. Ideally, the error 

is not a function of L or the measurement method, and this only occurs for higher L. This is 

demonstrated in the right-most graph in Figure 6, showing the error-CW2 correlation for 300, 

400, and 600 mm sample lengths with a 1 mm channel. There is little difference between the 

latter two L’s. At progressively shorter L, the CW2 threshold for 10% error increases. In practice, 

the fail-criteria for a 600 mm test (CW2>0.12) would still result in a failed test for a 300 mm test. 

The chance for a false-negative increases exponentially for any L under 300 mm. Very high L (> 

600 mm) slightly shifts the correlation curve to the right, and risks greater capillary pressure 

effects due to slower resin flow at the end of a long sample. Thus a range of 300-600 mm seems 

appropriate. 

    

Figure 6. Error ratio for varying L, for a top RT channel of 1.0 mm (left) and 1.5 mm (middle), 

and CW2 metric correlation (right). 

3.7 Width 

For warp/weft direction infusions, the sample width W is a simpler relationship. Greater W 

mitigates the error by any measurement method. This is shown in Figure 7 for three different 

channel diameters. More sample width “dilutes” the edge effects by having more bulk 
reinforcement to flow through. The benefits (in reduced error) decrease with the size of the 

channel, and with increasing W. Mold deflection becomes a greater challenge with high W as 

well. As mentioned above, increasing W actually causes higher error for bias direction flow tests. 

Thus a middle-ground value of 150 mm is recommended.  
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Figure 7. Error ratio for varying W, for a three top RT channel D’s. 

3.8 Criteria Robustness 

The two candidate metrics for RT pass-fail criteria, which seemed to work reasonably 

throughout all these scenarios are CW2 and CSxyt. The surface fit, CSxyt, is a robust method, 

where point-to-point difference are mitigated by averaging from the extensive data set. But the 

requirement for many data points is its greatest weakness. These virtual tests were performed 

with approximately 100 time steps for each virtual infusion, and 50 x,y points along the flow 

front at each time step. This high resolution of data sampling would require significant imaging 

capability and extensive image analysis and would be difficult to do in practice. The RMSE (fit 

quality) of the CSxyt metric is highly sensitive to the total number of data points, and a nonlinear 

relationship.  How this would affect the CSxyt metric’s correlation to the RT error ratio is difficult 
to model. This essentially excludes the possibility to work with flow sensors instead of optical 

tracking. That CSxyt-to-error correlation also proved to be highly sensitive to the sample width 

and anisotropy.  

For simplicity’s sake, and to allow a non-optical system, the CW2 metric was recommended to 

the ISO committee. This proved to be less sensitive to the test parameters compared with CSxyt 

and relies on only three measurements for each time step, allowing either optical visualization 

or a simple three-line array of sensors. The CW2 threshold for a particular error is not 

significantly affected by: K, channel size, single or double channel, number of sides affected, or 

the number of measurements. 

To adjust the CW2 threshold for anisotropy and length, the CW2 number representing 5% and 

10% error was plotted for the various scenarios in Figure 8. The anisotropy here represents the 

ratio of K in the flow direction, to K transverse to that direction, whatever those are for the 

particular flow test. Logarithmic fits of y=A·ln(x)+B worked well with the data. As the slope 

constant A seems fairly uniform, this was approximated as a constant, taken as the average, thus 

A = 60 for both error values. The intercept, B is more sensitive to L. The values of B were adjusted 

to fit better with A=60, and then fit to their own linear model as a function of L (right-side of 

Figure 8). This allows an approximate adjustment of the pass-fail criteria for any anisotropy of 

0.6 to 5, and any L from 300 to 600 mm.  
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Figure 8 – CW2 threshold for 5% error and 10% error, for various anisotropy and L (left), and 

relationship (right) between L and the y-intercept (in the left graph). 

To adjust for different sample widths, the threshold CW2 value for 5% and 10% error was 

determined for W = 100, 150, and 200 mm, for high and low isotropic K values, and a set L=300 

mm. The threshold CW2 was nearly identical for both K values and error tolerances, but a linear 

relationship with the sample width, CW2(W)/CW2(W=150mm) = 0.41·(W/150mm)+0.61. This 

adjustment works for L=300 and anisotropy α=1, but not so well for other L and α, resulting in 

differences of up to 50% in the CW2 threshold. For this reason, the sample W was prescribed to 

150 mm. 

4. Conclusions (Pass-Fail Criteria Recommendation) 

The recommended RT pass-fail criteria for unidirectional K measurement is as follows. For a 

sample of L = 300 to 600 and set W = 150 mm, the operator measures (xM1, xM2, xmid) at various 

values of time t during the flow test, then calculates CW2 (= [(xM1+ xM2- 2xmid)]/2W) for each t. 

For a 10% error limit, the CW2 pass/fail threshold is calculated as 0.06·ln(α) – 0.077m-1·L + 0.152. 

If at any point during the infusion the CW2 value exceeds this threshold, then any subsequent 

data is rejected. 
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Abstract: Permeability is a key parameter to predict the impregnation of fibrous structures by 

resin. Numerical permeability prediction (NPP) is becoming more and more important, but the 

number of influencing parameters for NPP is enormous and many seem to have a considerable 

impact. The Virtual permeability benchmark was launched to get an overview of methods used 

by researchers and possible sources of variation. The approach was to send a segmented 2D-

image stack and a corresponding 3D-volume of a fibrous microstructure to 16 participants, in 

order to calculate the permeability tensor and fill out a questionnaire about their methodology. 

This provides a holistic image of the procedures for NPP and allows identification of differences 

between the methods and hence sources of variation. The benchmark showed, for instance, that 

the deviation range of the axial permeability was much smaller than that of the permeabilities 

transverse to the fiber direction. 

Keywords: Numerical calculation, Permeability, Benchmark, Image-based computation, 

Impregnation  

1. Introduction 

Liquid Composite Molding (LCM) processes are widely applied to manufacture various 

components made of fiber reinforced polymer composites. In LCM, dry fiber structures (usually 

technical textiles) are impregnated with a resin system. When designing LCM processes, it must 

be ensured that full impregnation is reliably reached and for this task numerical filling 

simulations are used to predict the filling pattern. However, filling simulations can only be as 

good as their input parameters, especially those characterizing the material behavior. A key 

material property in this context is the permeability, which quantifies the resistance of the fiber 

structure to the resin flow. This permeability can be determined experimentally, but is very 

elaborate and time consuming and shows considerable variation [1, 2]. Numerical permeability 

prediction (NPP) has great potential in this context, as extensive parameter studies can be 

carried out quite easily, which would not be feasible experimentally, either for economic reasons 

or also for technical reasons. However, virtual permeability prediction also involves several 

challenges, especially due to the complex fiber structure, with multiscale pore structure 
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(Figure 1) and extensive structural variations. In addition, today there is a multitude of applied 

methods and boundary conditions for the NPP, presumably leading to differing results. 

 
Figure 1. Cross section through a textile showing the multiscale porosity between and inside the 

fiber bundles  

Due to the multiscale porosity, it is convenient to use multiscale approaches for virtual 

permeability prediction, i. e. simulation of flows within fiber bundles separately from flow 

between them. A distinction is therefore made between the microscale (fiber level, µm-range) 

within fiber bundles, the mesoscale (textile level, mm-range) and the macroscale (component 

level, m-range). For the prediction of permeability, micro- and mesoscale are relevant, and can 

be averaged and then used on the macro scale for the filling simulations. 

The target of the presented work was to benchmark methods and techniques applied around 

the world for virtual permeability prediction. In the first step, presented in this paper, the focus 

was solely on the microscale. Therefore, the basic idea was to send out segmented images of 

the microstructure of a textile reinforced polymer at the scale of fiber bundles. Based on these 

images, the participants embarked on the task to calculate the permeability tensor and to fill 

out a detailed questionnaire about the numerical method and boundary conditions they used. 

This benchmark was organized by Ecole Centrale de Nantes, Research Institute in Civil 

Engineering and Mechanics (GeM, Nantes, France) and Leibniz-Institut für Verbundwerkstoffe 

GmbH (IVW, Kaiserslautern, Germany), and supported by Fraunhofer Institute for Industrial 

Mathematics (Germany), KU Leuven (Belgium), High Performance Computing Institute (ICI, 

Nantes, France), and University of Delaware (USA) as members of the Advisory Board. Table I 

lists the 16 research groups that participated in the virtual permeability benchmark exercise. 

2. Materials & Methods 

With the aim of providing the participants with a realistic fiber structure model, a plate was 

made from a glass fiber fabric and epoxy resin via the RTM process. In the sample plate, with a 

size of 465 x 465 mm² and thickness of 3.0 mm, 14 equally oriented layers of the glass fiber fabric 

Hexcel HexForce 01102 1000 TF970 were placed. This results in fiber volume content (FVC) of 

54% within the plate, which will allow one to investigate a more pronounced multi-scale 

character of flow through the textile. The epoxy resin system Hexion EPIKOTETM Resin MGSTM 

RIMR 935 with EPIKURETM Curing Agent MGSTM RIMH 936 was used for impregnation. The 

Hexcel glass fiber twill weave 2/2 is a balanced fabric (weight distribution: 50% warp and 50% 

weft) with a nominal weight of 295 g/m2. The fiber bundles in the textile consist of three EC9 68 

glass fiber yarns twisted in a tow (40 twist/m) in warp and weft directions. The fiber bundles 

with a linear density of 68 g per 1000 m consists of continuous filaments of electrical glass (E-

glass) with a theoretical diameter of 9 µm. Variation of filament diameters between 7.5 - 9.3 µm 

was further determined from cross-sectional micrographs. A sample was extracted from the 

plate and scanned in a X-ray microscope.  

1 mm

Mesoscale porosity between fiber bundles Microscale porosity inside fiber bundles
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Table 1: List of participants 

Institution / Department Participant 

École Polytechnique Fédérale de Lausanne / Laboratory 

for Processing of Advanced Composites (LPAC) 

Université Grenoble Alpes  – CNRS / Laboratory Soils, 

Solids, Structures, Risks (3SR Lab) 

Veronique Michaud, Baris Caglar, 

Guillaume Broggi, Laurent Orgéas, 

Sabine Rolland du Roscoat 

Ferdowsi University of Mashhad 

National University of Singapore 

RISE Research Institute of Sweden 

Naser Asiaban, Masoud Tahani,  

Mohammad Rouhi 

Fraunhofer Institute for Industrial Mathematics (ITWM) Stefan Rief, Katja Schladitz 

Ecole Centrale de Nantes / High Performance Computing 

Institute 

Luisa Rocha da Silva, Hughes 

Digonnet, Nesrine Aissa 

IMT Lille Douai, Centre for Materials and Processes Modesar Shakoor, Chung Hae Park 

University of Stuttgart / Institute of Aircraft Design Jörg Dittmann, Peter Middendorf 

Khalifa University of Science and Technology Muhammad A. Ali, Rehan Umer 

KU Leuven / Department of Materials Engineering, 

Composite Materials Group 

Roman Kandinskii, Yentl Swolfs, 

Stepan V. Lomov 

Leibniz-Institut für Verbundwerkstoffe GmbH Tim Schmidt, David May 

Ecole des Mines de Saint-Etienne – CNRS / LGF 
Nicolas Moulin, Julien Bruchon, 

Sylvain Drapier 

Ecole Centrale de Nantes - CNRS / Research Institute in 

Civil Engineering and Mechanics (GeM) 

Elena Syerko, Adrien Leygue, 

Christophe Binetruy 

Siemens Industry Software NV 
Oxana Shishkina, Paula Martinez, 

Kristof Vanclooster 

Skolkovo Institute of Science and Technology / Center 

for Design, Manufacturing and Materials 

Biltu Mahato, Iskander S. Akhatov, 

Sergey G. Abaimov 

Skolkovo Institute of Science and Technology / Center 

for Design, Manufacturing and Materials 

Ruslan Vorobyev, Ivan Sergeichev, 

Iskander S. Akhatov 

TENSYL Alexandre Guilloux 

University of Nottingham / Composites Research Group, 

Faculty of Engineering 

Mikhail Matveev, Andreas 

Endruweit 

Scanning & Segmentation 

In order to achieve the resolution and contrast between the scanned materials to be as high as 

possible, a small cut-out of 1 x 1 x 3 mm3 was prepared. This was done with a precision cutter 

under permanent cooling in order not to affect the structure due to the heat input into the 

sample. The 3D scan was performed by using the X-ray Microscope Zeiss Xradia 520 Versa 3D at 

IVW. The sample was scanned with a voxel size of 0.521 µm3 (Figure 2). A voxel is a uniform cubic 

element, comparable to a pixel in 2D-images. From the scanned volume, a subvolume (Region 

of interest) of 1003 x 124 x 973 voxels (523 x 65 x 507 µm³) was extracted from a single fiber 

bundle covering the bundle height and containing about 400 fibers. Here, the subvolume of the 

scan is referred to as a microscale volume (MSV). Since a segmentation by conventional 

thresholding techniques can lead to false inter-fiber ''bridges'' that can have a significant impact 

on the permeability predictions, the segmentation of the MSV was performed at ECN via the 
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following steps (figure 2): a Hough transformation was applied to each 2D-slice of the volume 

separately in the first step to detect each fiber center and its circular cross section. In the second 

step, the single fibers were labeled and their paths through-out the slices were identified using 

the closest neighbor algorithm. In the third step, a 3D-smoothing of the fiber paths was 

performed over the volume by local regression using weighted linear least squares and a 1st 

degree polynomial model. This workflow led to a volume with two phases: fibers (white) and 

pores (black). The fiber fraction of the 2D slices varied between 54% and 59% along the fiber 

direction. Varying FVC within the fiber bundles in the textile results from the fabric architecture, 

wherein the fiber bundles intersect and are locally more or less compacted. Over the entire MSV, 

the average FVC was 56.46%. 

 
Figure 2: From 3D-Scan of a cut-out to the segmented MSV 

Data Set & Task Definition 

A data package consisting of the guidelines, the MSV segmented and not segmented as a 3D-

raw-file and in form of a stack of 973 2D-images was sent to all participants. The guidelines 

contained a description of the task as well as a questionnaire for the description of the applied 

methodology and for the determined results. The mandatory task for all participants was to 

calculate the permeability tensor based on the segmented MSV and to fill out the questionnaire. 

There were no further limitations regarding the permeability determination, participants could 

freely choose the methods they find most promising given their available computational 

capacity. The model could also be reduced in size or subdivided into subvolumes. Further 

optional tasks were the prediction of the permeability tensor based on a self-segmented MSV 

or using analytical methods. Table 2 gives an overview of the methods used for the mandatory 

task by the 16 participants. 

One of  2D cross-sections of a 
microscale sample

2D cross-section after Hough 
transformation with labeled fibers

Tracking of fiber paths through 
slices by the closest neighbor 
algorithm and their labeling

Microscale Volume (MSV)3D X-ray Microscope

3D smoothing of fiber paths by 
local regression using weighted 
linear least squares & a 1st

degree polynomial model

Full scan
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Table 2: Methods used for the numerical calculation of the permeability of the segmented MSV 
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1 FVM 
Voxel-
based 

Stokes 3D SIMPLE 
1003x973x124 

0.521 µm3 
56.46 

2 FEM 
Geometry-

based 
Navier-
Stokes 

2D 
mixed velocity-

pressure 
10 2D slices of 1003x124 

0.521 µm3 
56.73, 
58.54 

3 FVM 
Voxel-
based 

Navier-
Stokes 

3D 
mixed velocity-

pressure 
1800x180x200/ 0.2605 µm 

x 2.605 µm x 0.2605 µm 
57.00 

4 CVFEM 
Voxel-
based 

Navier-
Stokes 

3D 
mixed velocity-

pressure 

10 sub-volumes of ≈ 
1003x100x124 for Kxx, Kzz 

0.521 µm3 
56.47 

5 FVM 
Voxel-

based / LIR 
Stokes 3D 

mixed velocity-
pressure 

10 sub-volumes 
≈100x973x124 for Kyy 

0.521 µm3 
56.46 

6 FEM 
Geometry-

based 
Stokes 2D 

mixed velocity-
pressure 

1003x973x124 
0.521 µm3 

55.87 

7 FVM 
Geometry-

based 
Navier-
Stokes 

3D SIMPLE 
973 2D slices of 1003x124 

0.521 µm3 
59.87 

8 FDM 
Voxel-
based 

Stokes 3D 
mixed velocity-

pressure 
1003x973x124 

0.521 µm3 
57.16 

9 FVM 
Geometry-

based 
Stokes 3D 

mixed velocity-
pressure 

972x972x108: 648 sub-
volumes of 54x54x54 

0.521 µm3 

56.36 
(46.96 – 
60.84) 

10 FEM 
Voxel-
based 

Stokes 3D 
pseudo-

compressibility 
(penalization) 

16 sub-volumes of 
≈251x243x124/ 0.521 µm3 

56.46 
(46.49 – 
61.81) 

11 FVM 
Geometry-

based 
Navier-
Stokes 

3D 
mixed velocity-

pressure 
64 sub-volumes of 

≈126x122x124/ 0.521 µm3 
58.69 

12 FVM 
Voxel-

based / LIR 
Stokes 3D SIMPLE 

1003x679x124 
≈0.7368 µm3 

56.46 

13 FVM 
Geometry-

based 
Navier-
Stokes 

3D 
mixed velocity-

pressure 
1003x973x124 

0.521 µm3 
59.54 

14 FEM 
Geometry-

based 
Stokes 2D 

mixed velocity-
pressure 

124x192x124 
0.521 µm3 

56.40 

15 FEM 
Geometry-

based 
Stokes 3D 

mixed velocity-
pressure 

973 2D slices of 1003x124 
0.521 µm3 

56.46 

16 FVM 
Voxel-

based / LIR 
Stokes 3D 

mixed velocity-
pressure 

1003x973x124 
0.521 µm3 

56.46 

 

The majority of participants used the finite volume method (FVM) for the numerical resolution; 

participant #8 used the finite difference method (FDM) whereas participant #4 applied the 

finite-element control-volume method (CVFEM), and the rest used the finite element method 

(FEM). The discretization used is geometry-based or voxel-based for half of the participants, 
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respectively. Similarly, an almost equal number of contributions can be seen for the Stokes and 

Navier-Stokes flow models. Three participants #2, #6, and #14 performed the calculations in 2D 

on the cross-sectional slices perpendicular to fiber direction. Five participants #4, #8, #9, #10, 

and #16 divided the 3D model into 10 to 648 sub-volumes for calculation and averaged the 

respective permeability results to one final tensor. Not using the entire model affects the FVC 

for each calculation, since it varies locally in the fiber bundle. Thus, values between 46.49% and 

61.81% FVC can be found in Table 2. An interesting fact here is, that out of the 16 participants, 

there were no two participants who used exactly the same methods and boundary conditions. 

3. Results 

In total, 16 benchmark participants submitted 49 results. Each of these participants calculated 

the permeability tensor (or diagonal components) based on the segmented model. In addition, 

two participants provided three analytically calculated results and seven other participants 

provided between one and 21 additional numerically calculated results for self-segmented 

models, sub-volumes, different solver, different boundary conditions and different convergence 

criteria for the numerical calculation. A first overview of the results was already given at the 36th 

Technical Conference of the ASC [3]. An overview of all 49 results is presented in Figure 4 (left), 

showing significant variation.  

 
Figure 4: Overview of all results: Kxx & Kzz (transverse) and Kyy (axial) - In the diagram the 2D 

results are marked as cross and #11 only with the outline 

The coefficients of variation are 80% in fiber direction (Kyy), and 162% (Kxx), respectively 130% 

(Kzz) transverse to the fiber direction. This clearly underlines the significance of this benchmark 

study. Model meshing, cropping etc. can lead to substantial variation in the FVC, which is known 

to be one of the most influencing parameters on the permeability. But the data scatter in the 

two diagrams in Figure 5 implies, that there must be more sources of variation. In these diagrams 

the permeability is plotted over the FVC. Usually, a correlation between the fiber volume 

content and the permeability is expected, which is absent for the transverse permeability values, 

and can be partially followed for the axial permeability. In principle, these are plausible results, 

since the axial permeability (fiber direction - Kyy) are higher with a mean value (MV) of      

1.45×10-12 m2 than the transverse permeability (transverse to the fiber – Kxx and Kzz). 

Furthermore, the transverse permeability components are quite close together: MV for Kxx: 

1.06×10-13 m2 and MV for Kzz: 1.41×10-13 m2. When excluding the results of participant #11 as 

an obvious outlier, as well as the results of #2, #6 and #14 since they performed the calculations 
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in 2D, the transverse permeability scatters over two orders of magnitude while the CV of the 

axial permeability decreases by a value of 25%. Significantly higher permeability of participant 

#11 is due to the fact that, firstly, the indicated domain dimensions (resolution) were not 

respected – the used volume was bigger, and, secondly, it was generated by extrusion of one 

taken from a 2D cross-section, and thus did not include fibers misalignment. 

 

Figure 5: Correlation between FVC and permeability of all results – Diagram axial permeability 

without 2D results 

Despite working with an already segmented model volume, such deviations from the actual FVC 

of the complete sample can result from cropping or the domain meshing. A CV of 25% is close 

to experimental permeability determination variations, as has been shown in experimental 

permeability benchmark studies [1, 2]. Further significant sources of variation could be 

identified, but as many variations superimpose, additional investigation of the results is 

necessary to get a clear understanding on the effect of different parameters and their cross-

correlations. However so far, the results indicate a significant impact of the following simulation 

parameters: 

• Model size, averaging of sub-volume results 
• Meshing 
• Boundary conditions in flow and tangential directions 
• Numerical approximation method 
• Flow formulation (Stokes or Navier-Stokes equation) 
• Physical variables formulation used for computation 
• 2D vs. 3D formulations 

4. Second stage of the virtual permeability benchmark 

The second stage of the Virtual Permeability Benchmark will be concerned with the mesoscale 

or textile level. The same principle will be applied: The participants will be provided with 

segmented images of the woven structure of a textile composite (see figure 6). Based on these 

images, the participants will be asked to calculate the permeability tensor based on the 

mesoscale simulations and to fill out a detailed questionnaire about the methods used. At the 

mesoscopic scale, the additional point as opposed to the micro-scale benchmark stage will be 

to assign a specified microscale permeability to the fiber bundles. In the scanned images at this 
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scale the fiber bundles appear as a continuum since the scanning was done with a resolution of 

eight µm, which does not allow one to distinguish fibers, but allows one to create a larger scan 

that includes a sufficiently large section of the textile. In order to account for the orientation of 

the microscale permeability tensor, the textile was segmented into two groups: fiber bundles in 

0° direction (warp) and fiber bundles in 90° direction (weft). An additional map of local 

orientations is provided to also provide the information of the out-of-plane fiber undulation. 

Again, the objective is to benchmark the methods and tools used worldwide for determining 

permeability at the textile level, possibly taking into account the multiscale flow character. 

 
Figure 6: Segmented mesoscale scan for the second stage of the benchmark 

5. Conclusion 

Even on this comparatively simple microscale structure of unidirectional fibers, the results were 

found to scatter considerably over two orders of magnitude based on the methodology and 

methods used by the participants. It should be noted that a significant source of variation - image 

processing - was eliminated by providing segmented images stacks. The fact that such a 

scattering of permeability values nevertheless occurs shows the importance of this benchmark 

study. After the first stage of the benchmark one may expect that at the mesoscale level the 

variation can be even higher due to more complex structure and more options in terms of 

numerical modeling. The data package for the second stage (mesoscale benchmark) is prepared. 

In order to reduce the variation in the results of the second benchmark stage, recommendations 

and adjustments to the guidelines for numerical permeability prediction are formulated based 

on the microscale results. Also, the intention is to minimize superposition of sources of variation, 

so that a more quantitative analysis is possible. Through these efforts, the benchmark studies 

are intended to increase confidence in numerical permeability prediction and develop sound 

methodological guidance in the future. 
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Abstract: Predictive models for fatigue life and residual strength of composite laminates are 

generally expressed as a function of the number of cycles applied to a given laminate sequence. 

Phenomenological laws deduced from tests are therefore loading dependent and identifying a 

relevant model for various loading conditions and stacking sequences requires expensive testing 

procedure. Ply scale models based on damage mechanics makes it possible to overcome this 

limitation. In these models, stiffness loss due to damage is represented by internal variables. 

However, in most of applications, the final failure of the structure is not related to stiffness loss 

but to the strength in fibre direction. Fibre-matrix decohesion and matrix cracks reduce the 

capacity of the matrix to transfer loads between fibres. These damages therefore reduce the 

material strength in fibre direction. This paper present specific testing procedures used to 

highlight this phenomenon and several results obtained for various material. 

Keywords: fatigue damage; residual strength; multiaxial loading; ply scale model 

1. Introduction 

Residual strength in composite laminates after fatigue loading has been studied for decades. 

Predictive models are generally expressed as a function of the number of cycles applied to a 

given laminate sequence subjected to a given loading. Phenomenological laws deduced from 

tests are therefore loading dependent and identifying a relevant model for various loading 

condition of a given laminate requires long testing campaigns. 

To overcome this difficulty, some authors have proposed ply scale models based on damage 

mechanics. In these models, stiffness loss and residual strains due to matrix damage is 

represented by internal variables. However, in most of applications, the final failure (maximal 

load) of the structure is not related to stiffness loss but to the strength in fibre direction. Actually, 

after fatigue loading, the residual static load that the material could support will be less than the 

load it was able to support before fatigue loading. This phenomenon is mainly explained by the 

fact that once fibre-matrix decohesion and matrix cracks develop, matrix progressively loses its 

capacity to transfer loads between all the fibres. As soon as loads cannot be distributed between 

fibres, deviations in material configuration make some fibres more loaded than others and early 

progressive fibre failures will result in a decrease in its strength.  

In this paper specific testing procedures developed by LMA Marseille and I2M Bordeaux 

research teams to highlight and quantify the effect of matrix and fiber matrix interface damage 
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on strength in fiber direction are described. Results on both residual tensile and compressive 

strength for different materials are then presented and analyzed. 

For more details on the different studies summarized in this paper, the reader could refer to 

numerous publications quote in this paper.  

2. Experimental procedure 

2.1 Multi-axial test on tubes 

The test procedure consists in generating a fatigue shear loading on a [0]n tube by applying a 

torsion torque. Several numbers of cycles were selected in order to generate various level of 

damage. Then, a tensile or compressive load was applied to evaluate the residual strength in 

fibre direction according to the level of matrix damage. The tube shape was studied so that the 

strain field was homogeneous in the central area [1,2]. An example of the geometry of a 

specimen for a glass epoxy laminate made of unbalanced woven plies is represented on Figure 

2. 

Figure 1. Tube shape for multi-axial tests [1] 

Figure 2. Stress strain curves for different numbers of fatigue cycles obtained for an unbalanced 

woven glass epoxy laminate [0]n on tube specimen subjected to torsion loading [1] 
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2.2 Multi-axial test sequence from wide plates 

The test procedure consists in applying a fatigue tensile load on wide plates made of [±45]ns, 

[0/90]ns unidirectional plies or [90]n woven plies in order to extract several [0/90]ns or [0]n 

samples to evaluate the residual strength in fibre direction. As for tube specimens, several 

numbers of tension-tension fatigue cycles were selected in order to generate various level of 

damage as shown on Figure 3. [0/90]ns or [0]n samples are extracted by water jet cutting as 

illustrated on Figure 4 and Figure 5. [±45]ns plates are cut along 45° direction, while [0/90]ns and 

[90]n plates are cut along 90° direction. The presence of fibres in weft direction (loading direction 

for wide plate) for [90]n plates made of woven plies allows carrying a high load giving the 

possibility to generate diffuse transverse cracks. In the case of a laminate [90]n made of UD plies, 

a load perpendicular to the fibres would result in immediate failure of the specimen after the 

on-set of the first transverse crack. With this test procedure, UD plies have to be damaged using 

[0/90]ns stacking sequence in order to obtain numerous transverse cracks in 90° plies. 

Figure 3. Fatigue test on wide specimen using dedicated clamping fixture 

Figure 4. (a) hourglass sample for compression test, (b) hourglass sample for 4 points bending 

test, (c) wide [90]14 plate made of unbalanced woven plies with cutting diagram for sample 

extraction (color and table give the expected level of damage for each specimen) 

(a) (b)

(c)
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Figure 5. (a) wide [±45]2s plate made of UD plies with cutting diagram for sample extraction,   

(b) hourglass sample for tensile test 

Both tensile and compressive residual strength can be evaluated using this procedure. All 

extracted specimens include a decrease of their width in gage area in order to prevent failure 

close to the tabs. For compressive residual strength, short hourglass samples as illustrated on 

Figure 4(a) are tested with the help of an anti-buckling fixture conform to ASTM D695. For tensile 

residual strength, for glass fibres either hourglass samples for tensile test (see Figure 5(b)) or 4 

points bending samples (see Figure 4(b)) can be used. Indeed, for glass fibres, since the tensile 

strength is lower than the compressive strength, 4 points bending specimens failure occurs in 

the tension side. For carbon fibres, tensile residual strength measurement requires samples 

dedicated to tensile test (see Figure 5(b)). Strain gauges are bonded on the two sides of each 

specimen in the gage area. 

3. Results 

3.1 Evaluation of the damage level 

The evaluation of the damage level relies on the stiffness loss. However, fibre-matrix decohesion 

and matrix cracks generate numerous phenomena and complex stress strain curves including 

residual strain and hysteresis loops during unloading reloading cycles especially under shear 

loadings. The loss of stiffness at laminate scale can be measured as the loss in the secant stiffness 

during these loops, to reduce viscous effects this loss of secant stiffness is measured during 

unloading reloading cycles at low loading velocity realised between fatigue cycles. Digital Image 

Correlation (DIC) is used to evaluate the strain field on wide plate specimen. Due to the large 

width of plate specimen, the damage level is quite non-uniform throughout the specimen. FE 

analysis including damage model [3,4] may then be used to evaluate the actual damage level of 

each specimen.  

3.2 Effect of damage on residual tensile strength 

A first experimental result obtained using multiaxial test on tubes (see Figure 1) made of 

unbalanced woven glass epoxy plies is presented in Figure 6 [5,6]. The evolution of residual 

strength in fibre direction according to the level of matrix damage is clearly demonstrated. The 

trend presented above was corroborated by [7] on an other reinforcement type with the 
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procedure based on wide [±45]2s plate (Figure 6). Results obtained for an unidirectional glass 

epoxy ply are presented on Figure 7. 

For a low level of damage, no significant strength change is highlighted, but as soon as the level 

of damage become greater than a particular value, the strength decreases sharply up to 

approximatively 50%. A test performed at a temperature close to the glass transition 

temperature gives a strength similar to the one obtained with a high level of damage. This 

confirms that damage suppress the ability of matrix to distribute stresses between fibres. The 

damage threshold leading to the strength drop seems depending on the reinforcement type 

since in these two studies the damage is introduced by shear loading. However, torsion loading 

makes it possible to apply a symmetrical loading which prevents the development of residual 

strain. As displayed on Figures 6 and 7, progressive or sharp phenomenological law can be 

proposed to represent that evolution in a predictive model. 

Figure 6. Residual tensile strength of unbalanced woven glass epoxy ply in fibre direction as a 

function of shear damage obtained with tube procedure [5] 

Figure 7. Residual tensile strength of UD glass epoxy ply in fibre direction as a function of shear 

damage obtained with wide plate procedure [7,8]  
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More recently, [9] used the procedure based on wide [90]14 plate (Figure 4) and 4 points bending 

tests to study an unbalanced woven ply with 17% of fibres in weft direction (loading direction of 

the wide plate). Results shows that the strength drop occurs for a virtual matrix damage level in 

warp direction close to 0.8. For the definition of the virtual matrix damage, refer to [3,10]. The 

effect of reinforcement type, strain gradient introduced in bending test and the loading type 

used to generate damage can explain change of the damage threshold leading to the strength 

drop. 

3.3 Effect of damage on residual compressive strength 

Eyer et al. proposes to use multiaxial test on tubes in order to get the residual compressive 

strength after shear damage on balanced woven carbon/epoxy [2]. Results presented in Figure 

8 show a progressive loss (quasi linear evolution) of the ultimate compressive strain up to a very 

low value when the level of damage become close to 1.  

In the same study mentioned in previous section, Cocchi et al. used short hourglass samples 

extracted from damaged wide [90]14 plate to identify the residual compressive strength of an 

unbalanced woven ply [9,10]. The virtual damage level of specimens is close to 0.8. The trend 

presented in Figure 9 is quite different. The strength loss is around 11% in spite of the high 

damage level. 

As for residual tensile strength, the difference can be explained first by the difference between 

the two materials (unbalanced glass epoxy fabric vs. balanced carbon epoxy) and also the 

different damaging techniques used. Indeed, cracks generated by shear or transverse loading 

are different influencing in different ways the compression strength which is governed by a 

complex micro-buckling process. 

Figure 8. Residual compressive strength of balanced woven carbon epoxy ply in fibre direction 

as a function of shear damage obtained with tube procedure [10] 
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Figure 9. Residual compressive strength of unbalanced woven glass epoxy ply in fibre direction 

as a function of transverse damage obtained with wide plate procedure [9] 

3. Conclusion 

Two different testing procedures are proposed to introduce matrix and fibre matrix decohesion 

damage on composite laminates before evaluating their residual tensile and compressive 

strength in fibre direction. Similar trends are found for different materials for the two 

procedures concerning tensile residual strength. As soon as the level of damage become greater 

than a given treshold, the strength decreases sharply. The damage treshold seems depending 

on the reinforcement type. Trends on residual compressive strength differ for the two studied 

materials. Currently, this difference can be assigned to several reasons, among them, the most 

significant are the role of reinforcemnt type (UD or fabric), fibre type (glass or carbon), matrix 

grade and the loading type used to generate damage (shear or transverse). 

Performing tests at different temperatures is a relevant and complementary way to study the 

influence of matrix state on strength in fibre direction [7,9,10,12]. Our future works aim at 

confronting the effect of damage and temperature by developing dedicated experimental 

protocols and micromechanical models. 
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Abstract: A fatigue CZM model recently proposed in the literature has been implemented as a 

user defined UMAT subroutine for Abaqus Standard. The fatigue damage accumulation function 

is based on S-N curves. Its main advantage is that the formulation is only dependant on the local 

displacement jumps at the interface. This allows a direct implementation of the model to 3D 

structures with arbitrary shaped crack fronts. The impact of the input parameters in the fatigue 

response of the model is analysed by a global sensitivity analysis. The predictive capabilities of 

the model are validated by means of a benchmark test. The obtained results are discussed and 

compared against those obtained with a Paris law-based fatigue CZM and some key points for 

improvement are identified. 

Keywords: Cohesive Zone Models; Fatigue; Fracture; Sensitivity; Benchmark 

1. Introduction 

Efficient predictive tools that can deal with fatigue delamination are of great value during design 

and certification processes. Among different approaches, cohesive zone models (CZM) highlight 

as the best candidates due to computational efficiency, consistency to predict quasi-static 

delamination, and capacity to model the fracture mechanism acting in the fracture process zone 

(FPZ). However, there still is controversy regarding how to model fatigue loading with cohesive 

zone models. 

The most extended approaches rely on Paris law-like crack growth equations, where the fatigue 

inputs of the model are experimentally determined from delamination tests [1,2]. The main 

challenge of these models is that the experimental fatigue delamination data is reduced 

following a global scheme, taking into account the global load and displacement of the 

specimen. On the contrary, CZM are based on local interface tractions and separations, and 

therefore, the Paris law constants cannot be integrated in the CZM in a straightforward way. 

This causes many fatigue cohesive zone models (FCZM) in literature to struggle when facing 

delamination in complex 3D structures [2]. In this context, Carreras et al. [3,4] introduced a 

global computation scheme to build a Paris law based fatigue CZM able to predict delamination 

in structures with non-negligible FPZ and arbitrary shaped crack fronts [5].  

Alternatively, fatigue models based on experimental tests that better fit the local nature of the 

CZM are starting to emerge. These approaches understand the fatigue delamination process as 

a consecution of fatigue onset of different material points. Therefore, both fatigue onset and 

fatigue crack growth can be modeled at an integration point level. In this context, Dávila et al. 
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developed a model based on S-N curves [6,7], which is able to model fatigue onset and crack 

propagation under different load ratios and mode mixites. Due to the novelty of this approach, 

more work must be done to get a better understanding on its limitations, predictive capabilities, 

and comparison with the models based on Paris law based FCZM. 

In the present work, the influence of the input parameters in the fatigue response of the S-N 

curve based CF20 FCZM presented by Dávila et al. [7] is compared against the Paris law based 

FCZM developed by Carreras et al. [3,4]. Additionally, the ability to reproduce fatigue 

delamination in DCB specimens is demonstrated with both models, and finally the predictive 

capabilities of the CF20 model are validated against the R-DCB benchmark test specimen 

presented in [5]. 

2. Constitutive models: static and fatigue cohesive zone models 

Two different constitutive models were used. On one hand the S-N curve based CF20 fatigue 

CZM presented by Dávila et al. [7] was implemented on the static CZM formulated by Turon et 

al. [8] as an UMAT subroutine. The fatigue damage accumulation function is defined by the local 

displacement jumps λ and semi-empirical properties derived from S-N curves: 

𝑑𝐷𝑑𝑁 = 1𝛾 (1−𝐷)𝛽−𝑝𝐸𝛽(𝑝+1) ( λλ∗)𝛽
                  (1) 

where D is the damage variable, 𝛾 is the number of cycles at which infinite life is considered, and 

E is the endurance limit at a given stress ratio R and mode-mixity B, which can be related to the 

relative endurance 𝜀 (R=-1, B=0) with the Goodman relation: 𝐸 = 2𝐶𝐿𝜀𝐶𝐿𝜀+1+(𝐶𝐿𝜀−1)𝑅                  (2) 

where CL = 1 – 0.42 B, 𝛽 is the slope of the S-N curve and is defined by: 𝛽 = −7𝜂𝑙𝑜𝑔 𝐸                   (3) 

where η is a “brittleness” parameter that can account for the low-cycle bulge exhibited by some 

materials. The exponent p does not affect the S-N curve definition. Instead, it has a direct impact 

on the calculated C coefficient in the Paris law. 

On the other hand, the Paris law-based FCZM developed by Carreras et al. was used as an UEL 

subroutine. The fatigue damage accumulation is related to the fatigue crack growth 
𝑑𝑎𝑑𝑁 as a 

function of the mode mixity B and the equivalent one-dimensional displacement jump λ: 𝑑𝐷𝑑𝑁 = (𝜕𝐷𝜕𝐵 𝜕𝐵𝜕𝑎  + 𝜕𝐷𝜕𝜆  𝜕𝜆𝜕𝑎) 𝑑𝑎𝑑𝑁                 (4) 

by applying the chain rule. Crack growth rate is related to the strain energy release rate: 𝑑𝑎𝑑𝑁 =  𝐶 (𝐺max(1−𝑅)𝐺𝐼𝐶 )𝑚
                  (5) 

which is computed globally using the damage growth driving direction [3] and the mode-

decomposed energy release rate [4] tools. Where m and C are the Paris law coefficients. 
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3. Case studies 

A parametric simulation of a DCB specimen was used to perform a sensitivity analysis of the FCZ 

models defined in Section 2. Then, the capabilities of the CF20 model to predict fatigue crack 

growth in 3D structures were demonstrated by simulating the R-DCB benchmark test specimen 

presented in [5].  

The unidirectional CFRP laminate characterized in [9] was used in the simulations. The DCB tests 

were modelled as specified in Table 1. 

Table 1: Numerical modelling of DCB specimens. 

 CF20 (7) Carreras et al. (3), (4) 

Property  Value Units  Value  Units 

KI: Mode I penalty stiffness 1E5 MPa/mm  1E5  MPa/mm 

Δdt: Fatigue damage target per 

equilibrium iteration 

1E-2 -   0.3  mm 

le: Cohesive element length 0.1 mm   0.3  mm 

Elements in sub-laminate thickness 8 3 

Solver 
Newton – Raphson 

NLGEOM static 

 Newton – Raphson 

NLGEOM static 

Element type in beams CPE4 (Abaqus 6.14-2)  C3D8I (Abaqus 6.14-2) 

Cohesive element 
COH2D4 + UMAT 

subroutine 

 UEL subroutine 

 

The R-DCB benchmark specimen tested in [10] (Figure 1) and simulated with the Carreras´ et al.  

formulation in [5] (Figure 1) was modeled as specified in Table 2: 

Table 2: Numerical modelling of the R-DCB specimen. 

Property  Value Units 

KI: Mode I penalty stiffness 1E5 MPa/mm 

Δdt: Fatigue damage target per equilibrium iteration 1E-2 - 

le: Cohesive element length 0.36 mm 

Elements in sub-laminate thickness 4 

Solver Newton – Raphson NLGEOM  

Element type in beams SC8R (Abaqus 6.14-2) 

Cohesive element COH2D4 + UMAT subroutine 

 

 

Figure 1. Sketch of the partially reinforced DCB specimen [mm][10]. Only half of the specimen is represented in 

Figure 5. 
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4. Sensitivity analysis 

To analyze the influence of the cohesive law shape, the fatigue properties, and other numerical 

parameters in the fatigue response of the model, a global sensitivity analysis was performed 

using Morris´ method [11]. Morris´ method was chosen because it gives the most reliable 

information at a low computational cost. Input parameter values are changed one at a time, 

describing trajectories based on a space filling algorithm. It can qualitatively measure the 

influence and non-linearity of each parameter even in non-linear and non-monotonic models. 

The input parameters and the ranges that were considered in the analysis are defined in Table 

3. The mode I penalty stiffness KI, the static strength 𝜏I0, and toughness GIC define the cohesive 

law shape. The mode I Paris law coefficient CI and exponent mI are the fatigue parameters 

needed in Carreras´ et al. model [5]. The brittleness factor η, the relative endurance limit for 

fully reversed axial loading ε, the nondimensional material dependent coefficient p and 

exponent 𝛽 are the fatigue parameters in the CF 20 model [12]. The maximum damage 

increment per equilibrium iteration Δdmax and mesh size l are the other numerical parameters 

considered in the analysis. To make the results of the two models comparable, proportionality 

was maintained when defining the ranges of the input parameters in Table 3. 

The influence of the model parameters in the fatigue onset was evaluated by the change in the 

fitting parameters OA and OB in the equation: 𝑑𝐹 =  𝑂𝐴 𝑁𝑂𝐵                 (6) 

through the interval N = [0 – N0.05], cycles where N0.05 is the cycle at which the compliance of the 

specimen has increased a 5 %. d and F are the displacement and reaction force at the loading 

point of the specimen. The influence in the fatigue crack growth was determined by the change 

in the Paris law coefficient C and exponent m defined by Eq. 5.  

Table 3: Morris´ sensitivity analysis. 

CF20 [8] Carreras et al. [3-5] 

Property Range Units Property Range Units 

Δdmax 5E-3 – 1E-2 -  Δd
max

  0.15 – 0.3  mm 

l 0.04 – 0.1 mm  l  0.12 – 0.3  mm 

KI 1E5 – 1E6 MPa/mm  KI  5E4 – 1E5  MPa/mm 𝜏I0 24 – 36 MPa  𝜏
I0

  24 – 36  MPa 

GIC 0.244 – 0.366  N/mm G
IC

 0.244 – 0.366   N/mm 

η 0.80 – 0.99  - mI 6.712 – 10.068  - 

ε 0.16 – 0.24 - CI 5.16E-2 – 7.74E-2  mm/cycle 

p 𝛽-1.5 – 𝛽+1.5 -    

 

The influence of the input parameters in the fatigue crack growth is shown in Figure 2. The 

absolute of the mean elementary effect μ* gives a measure of the influence of each parameter 

in the output, while the standard deviation of the elementary effect σ indicates the non-linearity 

of the response and the higher order interactions with other parameters. It is worth mentioning 

that the Morris´ analysis only provides qualitative information and therefore the results cannot 

be proportionally compared between parameters nor models. 
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In both FCZ models the fatigue crack growth is governed by its respective fatigue parameters. 

However, the response of the CF20 model is directly influenced by the static cohesive law (𝜏I0 

and GIC) and by its interactions with the fatigue parameters (figures 2 a and b and Figure 3). On 

the contrary, fatigue delamination in Carreras´ et al. model is only dependent on the fatigue 

parameters (figures 2 a and b). Fatigue onset was only analyzed with the CF20 formulation 

because Paris law-based models do not have the capability to control the damage initiation. 

Similarly to the fatigue crack growth response, in the case of fatigue onset, fatigue and static 

parameters have significant influence in the CF20 model. 

 

Figure 2. Morris´ analysis results for: a) CF20 model, Paris law exponent m. b) CF20 model, Paris law coefficient C. c) 

Carreras et al. model, Paris law exponent m. d) Carreras et al. model, Paris law coefficient C. 

 

Figure 3. Morris´ analysis results for: a) CF20 model, fatigue onset exponent OB. b) CF20 model, fatigue onset 

exponent OB. 

5. Verification of the constitutive models 

DCB specimen case study was used to verify the capability of the formulations to model fatigue 

loading. Experimental fatigue delamination data of [9] was fitted to eq. 2 resulting in 

experimental Paris coefficients of mI = 8.26 and CI = 5.1E-2. 
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Obtained fatigue crack growth curves for dmax = 5 mm and R = 0.1 are ploted in Figure 4 and 

numerical Paris coefficients are gathered in Table 4. As expected, Carreras et al. model yields 

the same Paris coefficients as it has been fed with. 

A first run of CF20 model with the recommended fatigue coefficient values proposed in [7] 

resulted in significantly deviated Paris law (Table 4, CF20_run1). This result is consistent with the 

sensitivity analysis in section 4, since the CF20 fatigue response is coupled with the cohesive law 

shape, while the static behavior of a material may be independent of its fatigue response. 

Therefore, in the authors´ opinion, before the CF20 model can be used as predictive tool for 3D 

structures, the fatigue parameters must be determined considering the experimental static and 

fatigue response of the material. To do so, characterization tests can be simulated looking for 

numerical-experimental correlation. 

Table 4: Fatigue input parameters and results of DCB specimen simulations. 

Model Fatigue input parameters Numerical Paris coefficients 

    mI [-] (error) C [mm/cycle] (error) 

CF20_run1 ε = 0.2 p = 𝛽 η = 0.95 7.53 (8.8%) 8.9E-2 (74.5%) 

CF20_run2 ε = 0.245 p = 𝛽 + 0.75 η = 0.89 8.16 (1.1%) 5.5E-2 (7.8%) 

Carreras et al. mI= 8.26 CI = 5.1E-2  8.26 (0%) 5.1E-2 (0%) 

 

After an iterative process, an acceptable correlation between experimental and numerical Paris 

law was achieved (Table 4, CF20_run2), and the low cycle “bulge” was also captured (Figure 4). 

The ability of CF20 to control the low and high cycle fatigue independently constitutes an 

interesting advantage over Carreras et al. model. It must be highlighted that the iterative 

process could have been continued and the correlation improved. 

 

Figure 4. DCB specimen fatigue simulation: a) Damage onset. b) Delamination. 

6. Validation of CF20 model 

R-DCB benchmark specimen was simulated at dmax = 10 mm and R = 0.1 to validate the predictive 

capabilities of the CF20 FCZM. Obtained results were compared against the results of Carreras 

et al. model presented in [5]. As demonstrated in Figure 5, the local formulation of CF20 model 

can predict fatigue delamination even in crack-front-shape changing 3D structures, where the 

material points in the FPZ get damaged at different rates. Also, it is confirmed that fatigue 
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parameters must be calibrated by simulating material characterization tests before using CF20 

as a predictive tool. 

 

 
Figure 5. R-DCB benchmark specimen simulation. 

 

7. Conclusions and future lines 

The predictive capabilities of the S-N based and locally formulated FCZM presented by Dávila et 

al. [7] was validated through the simulation of the R-DCB specimen presented in [5]. 

Additionally, this work has brought the opportunity to compare two state-of-the-art FCZM. The 

fatigue response of the Paris law based global model presented by Carreras et al. [3,4] is only 

dependent on its input fatigue properties and therefore it can be directly used as a predictive 

tool. However, since it is only fitted with Paris law coefficients, the low cycle fatigue cannot be 

independently controlled from the high cycle fatigue. Also, its global formulation makes it 

computationally less efficient if compared to a local model. 

On the other hand, it has been proved that the S-N based and locally formulated FCZM 

presented by Dávila et al. [7] is an excellent candidate to model both low and high cycle fatigue 

efficiently. However, its main drawback is that the fatigue behaviour is conditioned by both input 

fatigue parameters and static cohesive law shape. Consequently, a fatigue parameter 

determination process must be done by simulating characterization tests before using the model 

as predictive tool for real structures. According to [7], once calibrated, the model can account 

for R-curve, mode mixity, R-ratio and scale effects. Even if an iterative correlation process was 

performed in the present work, the authors consider that developing a robust fatigue parameter 

D = 1 

D = 0 
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determination process can be of great interest for the future use of the CF20 model as a 

predictive tool. 
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Abstract: Long-term durability under repeated mechanical loading is a major criterion for design 

of composite structures. The development of a fatigue criterion faces two major difficulties: (i) 

the proposal of a load/life curve (S-N curve) describing the natural dispersion of the fatigue tests 

and (ii) the duration of these tests.  

The goal of the study is to combine the Sendeckyj’s approach based on a so-called residual 

strength that fits S-N curve and associates a failure probability [1], and a self-heating-based 

method that estimate a mean S-N curve from the thermal dissipation, determined from 

temperature measurements on a single sample [2]. The fatigue lifetime for high cycles loading is 

estimated by the heat-build up protocol. Quasi-static tests and a few fatigue tests are used to 

estimate the failure distribution based on a two-parameters Weibull model.  

Keywords: Composite; Fatigue; Self-Heating; Residual Strength 

1. Introduction 

This Fatigue campaign is widely used to characterize long-term durability of materials and 

develop a fatigue criterion as it is a major concern in the design of structures. Such a campaign 

faces two difficulties: the natural scattering of fatigue tests that need to be considered in the 

estimation of the load/life curve (S-N curve) in order to get a sufficient degree of confidence in 

the estimation; and the duration and cost of these tests due to the determination of this natural 

scattering and the high cycles lifetime part. First, this study will present the Sendeckyj’s 
approach as a solution to associate a failure probability to the S-N curve using a so-called residual 

strength. Then, the self-heating-based method will be presented as a solution to obtain a fast 

estimation of the mean S-N curve by using a single specimen. Finally, the combination of both 

methods to obtain a fast estimation of the S-N curve associated to a failure probability will be 

considered. 
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2. Material 

The material used in this study is a carbon-epoxy laminated composite. This laminate is 

composed of unidirectional and 2D-woven plies. Composite plates, made of pre-impregned 

plies, have been assembled by the author and cured under autoclave cycle. 

Specimens of 250 mm x 25 mm x 3.6mm have been drawn in a bigger plate. Theses dimensions 

have been chosen according to the standard ASTM - D 3039-D 3039M [3]. As the specimen 

obtained were too thin, tabs of 50 mm have been bonded to the specimens on each side and at 

each end in order to have a higher thickness so the testing machine could grab the specimen. 

Thus, the gage length of the specimen is 150 mm.  

3. Sendeckyj’s approach 

In order to estimate a S-N curve describing the natural scattering of the fatigue tests, Sendeckyj 

proposed an approach based on a so-called residual strength that fits S-N curve and associates 

a failure probability [1]. 

The Sendeckyj’s approach is based on the evolution of the composite’s strength (residual 

strength) during a cyclic loading. By assuming that the mechanisms responsible of the dispersion 

are the same for quasi-static and fatigue tests, a S-N curve can be estimated and associated to 

a failure probability [1]. The procedure to identify this model requires both quasi-static and 

fatigue tests. The S-N curve obtained is valid for a particular loading frequency and a particular 

loading ratio. Beyond the failure probability, another benefit of the Sendeckyj’s approach is the 
estimation of the fatigue lifetime for a wide lifetime range: from quasi-static loading to high 

cycles loading. 

Nevertheless, this fatigue campaign could be large and time consuming to be trustworthy 

enough, particularly if fatigue lifetime for high cycles loading is seek in the study. 

4. Self-heating-based method 

A solution to decrease the duration of the tests consists in using a self-heating-based method. 

The heat-build up protocol consists in submitting the sample to a sequence of cyclic loading 

steps defined by a fixed stress ratio and an increasing peak stress value. Its objective is to 

determine the relation between the cyclic dissipated energy and the applied stress thanks to 

thermal measurements [2-4]. The dissipated energy during a cycle is related to the evolution of 

the temperature thanks to the heat equation. Under some assumptions (not recalled here for 

sake of consistency) including adiabaticity, it is possible to show that the energy dissipated per 

cycle is proportional to the rate of temperature rise determined during a few numbers of cycles. 

The curve representing the evolution of the dissipated energy with the maximum stress applied 

in a specific block is called the self-heating curve. It has been shown that this self-heating curve 

can be divided into 3 distinct zones for composites materials [4]. The first zone corresponds to 

a very low dissipation. In the second zone other mechanisms are involved and a high increase of 

dissipation can be observed. The stress corresponding to the transition between these two 

zones is usually arbitrarily related to a fatigue lifetime of 106 cycles to failure. This value of 106 

cycles to failure has been verified on a large range of polymer-based matrix materials [2-4]. 
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The last bloc is ran to failure in order to obtain a couple of [dissipation; number of cycles to 

failure]. Finally, the S-N curve can be estimated thanks to an energetic criterion of the fatigue 

lifetime of the Basquin type. 

Thus, this method reduces drastically the duration of the fatigue tests campaign. However, 

neither the associated scattering nor the low cycle fatigue part can be estimated without further 

developments. 

5. Conclusion and Perspectives 

Finally, with self-heating-based method, the stress corresponding to the transition between the 

two first zones and related to 106 cycles (red point in the Figure 1) seems consistent in 

comparison with fatigue data (blue points). Therefore, it seems reasonable to combine both 

approaches. Quasi-static tests are used to identify the scattering. Few fatigue tests for low cycle 

fatigue loading are performed and the high cycle fatigue results necessary to identify the model 

are replaced by the estimation of the stress at 106 cycles estimated by the self-heating curve. By 

doing so, the identification of the S-N curve and the related dispersion should be possible in a 

short amount of time with a limited number of specimens. Moreover, the self-heating method 

estimates a fatigue point for high cycle loading based on the global response of the material and 

not by the failure of specimen because of a defect. Thus, the natural scattering obtained for the 

fatigue data estimated for each specimen tested by self-heating method should be really lower 

than the one of a classical fatigue campaign. 

 

Figure 1: S-N curve of the laminated composites obtained by combining the Sendeckyj’s 
approach and the self-heating-based method 
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Abstract: The fatigue behavior of unidirectional (UD) composites is essential to simulate the 

behavior of complex composite laminates. A fatigue fiber break model [1] takes into account the 

stress distribution due to fiber breakage and fiber-matrix debonding, including effects of local 

volume fraction on the stress recovery of broken fibers and on stress concentrations in the nearby 

fibers. The Palmgren-Miner rule accounts for the damage accumulation due to varying stress. 

The present work investigates the concurrent role of fiber fatigue and fiber-matrix debond 

fatigue growth.  

Keywords: Fatigue damage progression; Fiber-matrix debond growth; Unidirectional;  

Weibull, Cluster development 

1. Introduction 

Fatigue failure is one of the most common failure modes of in-service structures(1). The fatigue 

related design of composites structures is mostly experimental based at macro- or full-scale level 

due to a lack of comprehensive models to predict the behavior of composite structures in 

fatigue. The complexity of damage mechanics and anisotropic nature of composites hinder 

reliably prediction of the fatigue behavior. In laminated composites, failure of 0° plies often 

controls the failure of the composites (2). Therefore, it is important to study and understand the 

behavior of 0° UD composites. The available micromechanical models in the literature are mostly 

limited to one or two damage mechanisms to simulate UD laminates behavior in fatigue (3,4). 

However, a combination of different damage mechanisms control the behavior of UD 

composites. Therefore, a first step to go beyond this boarder is establishing a model to simulate 

the behavior of UD composites by considering different damage mechanisms in fatigue.  

Fig. 1 shows the damage progression of UD composites in tension-tension fatigue. Fiber 

breakage is the first damage mechanism which is happens to the weakest fibers (5). Matrix 

cracking, matrix plasticity and fiber-matrix debonding could appear around a broken fiber (6). 

Fibers in the vicinity of a broken fiber experience stress concentration which incre ases the 

possibility of having a cluster of breaks. By increasing the number of cycles, the cluster density 

increases owing to the fiber-matrix debond growth and fiber fatigue. In later stage, larger 

clusters appear where isolated clusters connect to each other by longitudinal splitting. Finally, 

one of the clusters reaches the critical state and causes fatigue failure.  
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Figure 1. Damage progression in UD composites 

Fatigue behavior of UD composites were mostly studied by considering fiber-matrix debond 

growth as the only damage mechanisms. Alves and Pimenta (3) proposed a hierarchical model 

to predict the fatigue life of UD composites.  The fiber-matrix debond grows as the only damage 

mechanism and is governed by Paris-Erdogan law. The constant parameters of Paris-Erdogan 

law were back calculated from the S-N data rather than the actual test data. They considered an 

unrealistic constant stress concentration of 2 on the fibers in the vicinity of broken fiber. This 

assumption has a significant effect on fiber break development and hence fatigue life.  

Sørensen and Goutianos (4) proposed a micromechanical model to predict the fatigue limit of 

UD composites. They introduced a critical length for debond growth where the tip of the debond 

crack experiences sticking friction and cannot grow any further. The fatigue limit was defined 

when none of the 6 fibers in the vicinity of a broken fiber in a hexagonal packing fails due to 

stress concentration as a result of debonding. Since the isolated fiber break could happen at any 

loading levels, this model could overestimate the fatigue life. Sørensen (7) also proposed a 

critical damage state to define the fatigue life of UD composites where the isolated fracture 

surfaces connect to each other by longitudinal splitting and approach final failure. In both of 

their models, they provide a criterion to define the critical state rather than how to reach that 

state. Recently, Sørensen et al. (8) proposed a model by combining both their previous models 

to predict the fatigue life of UD composites. The model, however, does not consider other 

important damage mechanism such as fiber fatigue.  

Hiremath et al. (9) proposed a model to consider fiber fatigue evolution as the only damage 

mechanism under tension-tension fatigue. They investigated the sensitivity of fiber break 

density and used the Palmgren-Miner rule to calculate the remaining fatigue life. Their model 

did not account for stress concentrations on the fibers in the vicinity of broken fiber and hence 

the model could be overestimated. Qian et al. (10) proposed a multiscale fatigue model with a 

three-step geometrical up-scaling process. They considered the fiber fatigue as the main 

damage mechanism in a unit cell containing 7 and 45 fibers scaling up to a unit cell with cross -

section of 1 mm2 and then 15 mm2 to predict the failure of coupon specimens. However, their 

model only accounted for the stress concentration due to fiber breaks, ignoring other main 

damage mechanisms, such as fiber-matrix debond growth, and therefore yielded overestimated 

predictions.  

To overcome the limitation of available models in simulating tension-tension behavior of UD 

composite, the current work considers: 1) comprehensive damage mechanisms 2) random fiber 

packing 3) the effect of fiber volume fraction on stress redistribution around broken fiber. The 

fiber-matrix debond growth is governed by Paris-Erdogan law and limited to a critical length. 

The proposed fiber break model simulates the stress distribution around a fiber break influenced 
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by local fiber volume fraction and debond length. The Palmgren-Miner rule is utilized to account 

for the varying of stress caused by fiber break and fiber-matrix debond growth on remaining 

fatigue life. S-N curve and cluster density progression are calculated and assessed for each 

damage mechanisms as well as synergy between them. 

2. Model description 

A fiber break model (11) is further developed to predict the fatigue damage development and 

fatigue life of UD composites in tension-tension loading. A unit cell with random packing 

including 3200 fibers was created. The size of the unit cell is 0.5 mm x 0.5 mm x 5mm. The 

simulation were performed for UD T700/epoxy and the input data used in the model were 

summarized in (11). 

The fatigue simulation is performed in two steps. The first step is a quasi-static loading where 

the strain incrementally applied until reaching the maximum applied stress. After that, the cyclic 

loading starts. A cycle jump method is used to reduce the computational time.  

In the first step, each fiber in the unit cell is divided into elements and strength is randomly 

assigned to each element by a unimodal Weibull distribution. After strain incrementation, the 

stress in each element is calculated and compared to its assigned strength. A fiber break happens 

when the stress in each element exceeds the element strength. Based on experimental data 

(12), a 14 𝜇m constant debonding is imposed on broken fiber. Then, the stress will be updated 

around broken fiber based on a series of FE simulations with different random packing RVEs 

(13). The stress redistribution depends on radial and axial distance from broken fiber, debond 

length and local volume fraction. The stress concentration on the fibers in the vicinity of broken 

fiber is averaged over the cross-section. This extra load on nearby fibers may cause new fiber 

breaks and hence new clusters of fibre breaks. After reaching the maximum applied stress, the 

cyclic loading starts. A fatigue cycle jump is used to simulate fatigue loading in which the size 

changes with the progression of fatigue loading (11). The fiber matrix debonds grows based on 

Paris-Erdogan law where the corresponding constant parameters are defined using 

experimental data (12). The composite failure will happen when the number of fiber breaks 

increases unstably.  

3. Results 

Fig. 1a shows the predicted results of damage progression. The damage progression is predicted 

for three different variants of assumed fatigue behavior: 1) debond growth only 2) fiber fatigue 

only 3) both debond growth and fiber fatigue. The development of fiber break density in the 

case of considering debond growth only is limited and will come to a halt. A higher number of 

fiber breaks are predicted with considering fiber fatigue on its own; however, the fiber breaks 

are mostly isolated and the level of clusters is limited to 2-3. The fatigue failure of composite 

occurs at a lower number of cycles when both damage mechanisms are considered. Fig. 1b 

shows the S-N relationship of UD composites for different assumed behavior.  The effect of fiber 

fatigue on fatigue life is significant as increasing fiber fatigue from 10% to 25% will decrease the 

fatigue life by about 3 orders of magnitude. Fig. 1 also reveals that ignoring either one of the 

main damage mechanism will lead to overpredicted fatigue life.  
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Fig. 1: Predicted results of UD T700/epoxy laminate in tension-tension loading: a) fiber 

break development at stress level of 90% of ultimate tensile strength, and b) S-N data. 

R = 0.1, fibre volume fraction=50%. 

4. Conclusion  

Fatigue damage and fatigue life of unidirectional composites are predicted by 

considering comprehensive damage mechanisms. The effect of debond length and local 
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volume fraction on stress redistribution around broken fiber are considered. The results 

of this study reveal that: 

• The fiber break density increases fast in fatigue loading, an orders of magnitude 

over the static loading (first cycle).  

• Ignoring either fiber fatigue or debond growth leads to a limited cluster density 

and an overestimated fatigue life by about one to two orders of magnitude.  

Comparison of the fatigue damage progression to synchrotron computed tomography 

data is ongoing. 
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Abstract: The inherent anisotropy of composites complicates their damage response. The 

influence of multiaxiality is not thoroughly understood due to obstacles related to damage 

monitoring during loading. In this study, the response of carbon/epoxy laminates under fatigue 

is examined through in-situ microscopic observations. [0o/θ]2s, [0o/θ/0ο/-θ]s and [0o/θ/-θ]2s 

laminates with two off-axis angles, namely 30 and 60 degrees, are tested under fatigue. By 

varying the orientation of off-axis layers, the impact of multiaxiality on the mechanical and 

damage response is evaluated. Furthermore, balanced and unbalanced laminates are compared, 

considering the limited information for the latter. The influence of the number of off-axis layers 

is finally assessed. The fatigue response is evaluated both from the mechanical and the damage 

point of view. Significant conclusions are drawn, especially for the benefits of unbalanced 

laminates and the impact of shear stresses, allowing utilization of the data for the establishment 

of reliable fatigue models. 

Keywords: Multiaxial fatigue; Damage accumulation; Fatigue crack growth; Unbalanced 

laminates 

1. Introduction 

Understanding the behavior of composite materials under multiaxial dynamic loads is essential 

in order to design high-performance materials and to develop physically based models suitable 

to predict the fatigue life and damage. A quite detailed review on the multiaxial fatigue 

investigation of composite materials is given by Quaresimin [1]. According to this review, 

multiaxial studies on composites are still limited and dedicated experimental campaigns have to 

be performed in order to understand in depth how different multiaxial conditions influence the 

fatigue damage process. The majority of the fatigue experimental works in composites concern 

common unidirectional (UD) or cross-ply lay-ups in which nearly uniaxial stress states are 

developed and the multiaxiality is not taken into account. On the contrary, in cases where 

multiaxiality is indeed considered, damage studies are limited either to damage initiation or to 

damage propagation, therefore detailed damage sequences and their correlation with generic 

stress states are hardly reported [2]. Especially elaborate damage studies in Carbon Fiber 

Reinforced Polymers (CFRPs) when different multiaxial stress states occur are rarely found. Flat 

laminates consisting of off-axis plies have been indicatively examined in [3,4]. However, the 

fatigue response of the composites in the majority of these cases has been studied only in terms 

of S-N curves or stiffness degradation measurements and detailed damage monitoring is not 

reported. Damage measurements in laminates under multiaxial loading are very limited in 

literature. May et al. [5] examined for instance the matrix cracking initiation during fatigue in 

CFRP [(0o)2/(90o)4]s and [(0o)2/(60o)4]s laminates using X-rays and Acoustic Emission. However, 

detailed damage monitoring throughout the total material life is not reported. Quaresimin et al. 
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[6] compared the damage initiation and propagation in Glass Fiber Reinforced Polymer (GFRP) 

tubular and flat specimens when the same multiaxial stresses were developed. However, also in 

this case, only matrix cracking phenomena are reported and correlated with the developing 

multiaxial stresses. Moreover, their approach is restricted to GFRPs because of the transparency 

of the glass fibers allowing damage monitoring by fixing the proper lightning conditions. Thus, 

the need to study the fatigue damage response of CFRP laminates under multiaxial stresses has 

been made clear through the lack of existing literature in polymer composites. 

Multiaxiality in composites can be applied in two ways; internally and externally. The internal 

multiaxiality in composites arises from their inherent anisotropy. This means that even under 

simple uniaxial loading of flat laminates, multiaxiality can be developed in off-axis plies, i.e. in 

plies where the fibers are not parallel to the loading direction. The free edges of the coupons 

are sometimes considered a drawback due to the nucleation of high interlaminar stresses 

leading to delaminations. However, in the majority of real applications, flat laminates are used 

consisting of free edges. Thus, knowledge of the impact of multiaxial stress conditions on the 

fatigue damage initiation and growth in such geometries is of great importance. To that end, an 

extensive fatigue testing campaign is described in this work. The effect of multiaxiality is 

primarily investigated. 8-ply laminates including off-axis layers with an orientation equal to 30o 

or 60o are tested to establish different multiaxial stress states and to examine the influence of 

shear on the fatigue behavior. Furthermore, balanced laminates are compared with unbalanced 

lay-ups having the same off-axis layers. A beneficial response of the unbalanced laminates was 

identified during a quasi-static study of the considered laminates in a previous work of the 

authors [7]. The potential of an improved fatigue response is therefore evaluated in the current 

study. The impact of the number of the off-axis layers is also examined by testing 12-ply 

laminates including eight instead of four off-axis plies. The fatigue response is evaluated both 

from the mechanical aspect and from the damage point of view. Significant differences are 

observed, allowing utilization of the obtained data as important input for the establishment of 

reliable fatigue damage models [8]. 

2. Materials and methods 

The material employed in the present study is TR 360E250S pre-preg CFRP in the form of flat 

laminates, manufactured by Mitsubishi Chemical Corporation and Honda R&D Co., Ltd. (Tokyo, 

Japan). Six angle-ply flat laminates were tested. [0o/θ]2s unbalanced laminates were initially 

chosen for two different θ values to account for dissimilar multiaxiality in the off-axis layers. 

Secondly, [0o/θ/0o/-θ]s balanced laminates with the same θ values were tested. Finally, 12-ply 

[0o/θ/-θ]2s laminates were assessed to examine the influence of the number of off-axis layers on 

the mechanical response. The off-axis angle values θ were chosen based on calculations using 

the Classical Laminate Theory (CLT). Considering that most failure criteria make use of stresses 

and strains in the material coordinate system, it was decided to choose the angle of the off-axis 

layers based on the biaxiality ratio λ12, which expresses the relation between the normal and 

shear stresses in the principal directions [1], defined as λ12=τ12/σ22. To obtain a different 

multiaxial condition, two angles were chosen based on the λ12 ratio, namely 30 and 60 degrees. 

It can be calculated from the CLT that in the [0o/θ]2s lay-up the λ12 ratio is equal to 2.02 for θ=30ο, 

whereas in the 60o layers it equals 0.64. These values depict that in the [0o/30o]2s laminates, the 

shear stresses τ12 are dominant in the off-axis plies while the transverse stresses σ22 represent 

the highest stress component in the 60o layers of the [0o/60o]2s laminates. The dimensions of the 
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tested specimens were defined based on [9]. All samples had a total length equal to 250 mm 

and a width of 25 mm. The thickness of the 8-ply laminates was equal to 1.83 mm on average, 

whereas for the 12-ply laminates it equalled 2.74 mm. 

An MTS fatigue testing system was used for the experimental campaign. Constant amplitude 

load-controlled fatigue tests at a frequency of 3 Hz were performed for all considered laminates. 

Initially, continuous fatigue was applied to all specimens until catastrophic failure occurred or 

until the fixed run-out value was reached. Three maximum fatigue stress levels σmax were applied 

corresponding to 70%, 80% and 90% of the respective ultimate strength σult for each laminate. 

The R-ratio was equal to 0.1 while the run-out value was set to one million cycles. Based on the 

continuous tests and the total number of cycles to failure Nf for each case, interrupted fatigue 

tests were then performed to assess the microscopic through-thickness damage evolution at 

certain fatigue intervals. An optical microscope was used for in-situ through-thickness 

monitoring of the fracture patterns during the interrupted tests. By keeping the specimens 

tensioned, through-thickness damage observations on their free edge were performed along 

their gauge length. The advantage of this set-up is that load is still applied to the specimens 

during the observations, therefore occurring cracks are still open and visible, in contrast to the 

cases in which only post-monitoring is performed. The microscope used was an MZ125 

stereomicroscope by Leica Microsystems. A Digital Image Correlation system by Correlated 

Solutions was also used for strain measurements. The testing set-up is depicted in Figure 1. 

 

Figure 1. Experimental set-up 

3. Results and discussion 

3.1 S-Nf data 

In Figure 2 the S-Nf data for the unbalanced laminates are initially plotted. On the x-axis the 

cycles to failure Nf are plotted on a logarithmic scale. On the y-axis the σmax values are plotted 

on a linear scale. The filled data points mean that Nf was less than 106 cycles, whereas the 

unfilled ones indicate run-outs. It can be noticed that the [0o/60o]2s laminates lead to a generally 

better fatigue behaviour in terms of the cycles to final failure than the [0o/30o]2s laminates. Run-

outs are observed in both cases when the maximum fatigue stress is equal to 60% of σult. This 

can be explained by the fact that carbon/epoxy laminates are quite fatigue resistant. This means 

that any difference in the fatigue behaviour will be revealed only at high fatigue loads, explaining 

thus the choice of the high stress levels for the fatigue experimental campaign. It can be seen 

that the [0o/60o]2s laminates lead to run-out even for σmax equal to 70% of σult, whereas this is 

not the case for the [0o/30o]2s laminates which fail after 3-7*105 cycles. This difference is also 
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obvious when the maximum fatigue stress equals 80% of σult. This behaviour is inversed for the 

very high fatigue loads with σmax equalling 90% of σult. In this case both laminates lead to fatigue 

lives of some thousands of cycles, with the [0o/60o]2s laminates being characterised by relatively 

fewer cycles to failure. As a first conclusion, it can be assumed that the high shear stresses in 

the off-axis layers of the [0o/30o]2s laminates lead to quicker degradation of the material and 

consequently to lower fatigue life. The oppositeness for the very high fatigue loads can be 

attributed to the high matrix crack densities occurring in the [0o/60o]2s laminates, leading in this 

case more quickly to catastrophic failure, without though significant differences in the Nf values. 

 

Figure 2. S-Nf data of [0o/30o]2s and [0o/60o]2s laminates 

To confirm the previous results, in Figure 3 the S-Nf data for the [0o/θ/0o/-θ]s laminates are 

plotted. In this case the influence of the different multiaxial stresses is much more obvious. The 

balanced [0o/60o/0o/-60o]s laminates lead to significantly better fatigue response than the 

[0o/30o/0o/-30o]s laminates. Both lead to run-out when σmax equals 60% of σult. However, the 

[0o/60o/0o/-60o]s laminates lead then always to higher fatigue life for all stress levels, even if σmax 

is similar in both cases. This is also confirmed from Figure 4 plotting the S-Nf data for the thicker 

[0o/θ/-θ]2s laminates. Also in this case, the shear-dominated [0o/30o/-30o]2s laminates are 

characterised by lower fatigue lives than the [0o/60o/-60o]2s laminates. Apart from the 60% 

maximum fatigue stress case, at which both laminates lead to run-out, for the rest of the stress 

levels the [0o/60o/-60o]2s laminates fail always after a higher number of cycles. 

Comparing from Figures 2 and 3 the unbalanced with the balanced laminates in terms of their 

fatigue life, the potential of the first ones is revealed. For all stress cases, the unbalanced 

laminates fail after a higher number of cycles. Indicatively, for the 90% case a big difference 

appears between the [0o/30o]2s and [0o/30o/0o/-30o]s laminates, with the first ones failing after 

some thousands of cycles, while the latter ones only survive for some dozens of cycles. These 

findings agree with the results obtained after analysis of static tests [7], showing that 

unbalanced laminates can perform better than balanced ones, delaying the onset and 

propagation of damage. Trying to explain the influence of the number of the off-axis layers on 

the fatigue response of the material by comparing Figures 3 and 4, the impact is more obvious 

for the 60o angle case. If the 8-ply [0o/60o/0o/-60o]s laminates are compared with the 12-ply 

[0o/60o/-60o]2s laminates, it is obvious that the last ones have a worse fatigue behaviour, leading 

to 3 times lower fatigue lives on average for the 80% and 90% stress cases. The influence is 

smaller for the 30o off-axis angle, with the [0o/30o/-30o]2s laminates leading to similar fatigue 

lives with the [0o/30o/0o/-30o]s laminates. This could be related to the multiple interfaces in the 

12-ply lay-up which accumulate the damage at independent regions without crucial 

propagation, as will be discussed later. 
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Figure 3. S-Nf data of [0o/30o/0o/-30o]s and [0o/60o/0o/-60o]s laminates 

 

Figure 4. S-Nf data of [0o/30o/-30o]2s and [0o/60o/-60o]2s laminates 

3.2 Damage process investigation 

The analysis will start with the laminates with 60o layers, in which the domination of the 

transverse stresses triggers more directly the initiation of matrix cracks. In these laminates, 

matrix cracking of all off-axis layers along the total gauge length was always the primary damage 

mode occurring. In Figure 5 the average evolution of the measured matrix crack density versus 

the number of cycles N is plotted for the unbalanced [0o/60o]2s laminates. A distinction between 

the cracks in the thick layer (middle pair of 60o layers), represented by the blue curves, and the 

thin single 60o layers, corresponding to the orange lines, is made. It is obvious that matrix cracks 

initiate with a high rate from the first cycles saturating as the test continues. Increasing the 

fatigue stress level leads to higher matrix crack density and greater densities are observed in the 

thin off-axis plies. It is also notable that the highest the σmax, the quickest the crack saturation 

occurs whereas the rate is smaller for lower stress levels. To demonstrate the delamination 

behaviour in the [0o/60o]2s laminates, in Figure 6 the average delamination crack growth versus 

N is plotted. A differentiation between the delaminations along the interfaces of the outer 0o 

layers and the adjacent 60o layers at both sides of the laminate is done (blue and orange curves). 

It is apparent that the initiation of delaminations is delayed and the crack growth rate is 

decreased when the stress level drops. Based on the damage observations on the [0o/60o]2s 

laminates it can be concluded that predictions for the initiation of interlaminar delaminations 

can be accomplished, based on measurements of the matrix crack density in the off-axis layers. 

Stemming from empirical observations, it was noticed that for all fatigue testing conditions, 

delaminations appeared when the matrix crack density in the off-axis layers reached a saturation 

level or else when the Critical Damage State (CDS) was exceeded. 
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Figure 5. Matrix crack density versus N in [0o/60o]2s laminates 

 

Figure 6. Delamination crack growth versus N in [0o/60o]2s laminates 

When comparing the crack densities between the balanced and the unbalanced laminates, one 

important difference was observed, which is that for the same σmax level the saturation of the 

matrix cracks occurs earlier in the balanced laminates, meaning that the crack rate is significantly 

higher in this case. This is quite significant since, as discussed previously, the saturation of the 

cracks is directly linked to the initiation and propagation of interlaminar delaminations. Indeed, 

also in the case of the balanced laminates, the saturation criterion applies. Delaminations 

initiated earlier than in the unbalanced lay-up for the same stress level. Moreover, the extent of 

damage was more detrimental in the [0ο/60o/0ο/-60o]s laminates compared to the [0o/60o]2s 

ones. Regarding the 12-ply laminates, increasing the number of the off-axis layers resulted in 

notably higher matrix crack densities in all off-axis layers. It was also remarkable that the crack 

density saturated rapidly in the 12-ply laminates, corresponding to a high cracking rate. 

Regarding the shear-dominated [0o/30o]2s laminates, it was observed that in all test cases 

delaminations were developed at the edge of the laminate when a certain matrix crack density 

in the middle thick layer was reached. In all cases, soon after the nucleation of delaminations, 

matrix cracks in both thin 30o layers were observed. However, it should be highlighted that the 

thin off-axis layers were not immediately cracked along the total gauge length. Initial matrix 

cracks appeared always close to the tip of the formed delamination in both off-axis layers and 

new ones kept on nucleating afterwards along the layer length. However, the total length was 

always cracked before delamination at the opposite laminate side was evident. Furthermore, it 

is notable that contrary to the [0o/60o]2s laminates, the matrix crack density kept increasing after 

the propagation of delaminations in the [0o/30o]2s laminates. Therefore, the matrix cracking 

saturation criterion for the nucleation of delaminations does not apply for the last case. This 

shows that the damage conditions that suffice for the initiation of delaminations in the [0o/30o]2s 
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laminates are much more limited compared to the [0o/60o]2s laminates. A significantly lower CDS 

and thus a considerably limited generated energy are enough for delaminations to appear due 

to the high shear stresses in the laminas. On the other hand, despite the fact that high matrix 

crack densities appear in the [0o/60o]2s laminates, delaminations are delayed, indicating a certain 

sensitivity of the material for the appearance of delaminations when shear is dominant. Also in 

the case of the 30o off-axis angle, it was noticed that the balanced laminates were significantly 

more deteriorated compared to the unbalanced laminates for the same number of cycles and 

the same stress level. Regarding the 12-ply [0o/30o/-30o]2s laminates, it was characteristic that 

in many cases a full deterioration of one region was suddenly observed, consisting of multiple 

matrix cracks and delaminations along a limited length of maximum 10 mm. Due to the multiple 

interfaces along the laminate thickness, these fracture phenomena saturated immediately. 

Characteristic microscopy images of the balanced 8-ply laminates are shown in Figure 7 after 50 

and 200 fatigue cycles, indicating major differences between the laminates with 30o and 60o 

layers and pinpointing the detrimental effect of shear on the appearance of delaminations. 

 

Figure 7. Damage in [0o/30o/0o/-30o]s (top) and [0o/60o/0o/-60o]s laminates (bottom) after 50 

and 200 cycles for σmax=0.8*σult 

4. Conclusions 

The effect of multiaxiality, a comparison between balanced and unbalanced laminates and the 

impact of the number of off-axis layers on the tension-tension fatigue response were 

demonstrated in this work by testing angle-ply CFRP laminates for two different off-axis angles. 

The impact of shear was clearly indicated with laminates consisting of 30o off-axis plies leading 

to lower Nf values. A much better performance was observed for the first time for the 

unbalanced laminates having the same off-axis angle and being tested under the same fatigue 

conditions as the balanced ones. All findings were confirmed by studying the progressive 

damage development during fatigue. Specifically, for the laminates with 60o off-axis plies, matrix 

cracks appeared in all off-axis layers during the very first fatigue cycles. Moreover, a saturation 

criterion applied, indicating that when the transverse stresses determine the damage process, 
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interlaminar delaminations during fatigue loading occur only after a certain saturation of the 

matrix cracks has been reached. The CDS was reached quite earlier in the balanced lay-up. 

Significantly higher matrix crack densities were acquired for the 12-ply laminates, showing a 

certain impact of the number of off-axis plies on the fatigue response. On the contrary, the 

damage response was different in the shear-dominated laminates. Only when the crack density 

reached a certain value in the middle thick layer, delaminations and matrix cracks in the thin off-

axis layers initiated. The crack density limit, after which delaminations started occurring in the 

laminate, was quite smaller for the balanced laminates, indicating a lower fracture toughness. 
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Abstract: In  this  study,  the  fatigue  behavior  of  FRP  composites  is  analyzed  based  on  the 
thermodynamics theory. An analytical model based on the thermodynamics of the irreversible 
process  is  utilized  to  evaluate  the  long‐term  behavior  of  the  FRP  composite  laminates.  The 
advantage of the proposed model is that it considers both time‐dependent and cycle‐dependent 
behaviors interacting during fatigue loading, by assuming the accumulated entropy generation 
at  failure as a metric  for assessing  the  fatigue  life.  In  the developed model,  the accumulated 
entropy generated  from dissipated hysteresis  energy and  the  corresponding damage  energy 
resulting from that is attributed to the cycle‐dependent fatigue damage. Moreover, due to the 
viscoelastic  nature  of  polymer matrix  composites,  the  time‐dependent  behavior  participates 
even  in constant amplitude  fatigue  loading with non‐zero mean stress. Therefore, due  to  the 
energy stored in the material resulting from viscoelastic deformation (dissipated at failure), the 
corresponding entropy generation  is considered  to quantify  the damage  resulting  from  time‐
dependent  behavior.  The  results  of  constant  amplitude  fatigue  tests  for  GFRP  composite 
laminates are used to evaluate the model’s performance and quantify creep and fatigue damage 
contribution to the failure depending on the stress level and the stress ratio. 

Keywords: Fatigue, Composites, Creep-fatigue interaction; Thermodynamics theory; Fatigue 
Failure.  

1. Introduction 

The degradation of the material under loading is usually interpreted as the result of irreversible 
thermodynamic processes that disorder the material under loading [1]. Accordingly, entropy, 
the fundamental thermodynamic parameter characterized by disorder, can provide a reliable 
measure of material degradation [2,3]. Therefore, thermodynamics-based fatigue damage 
models have recently been developed to analyze and predict the fatigue behavior of different 
materials. By applying the first and second laws of thermodynamics, entropy generation-based 
models can be proposed to evaluate the fatigue behavior considering all the dissipation 
processes involved during fatigue loading.  

Naderi et al. [1-3] firstly investigated the metals' low-cycle fatigue degradation using the entropy 
generation approach. Entropy generation was calculated using the hysteresis loop obtained 
during fatigue testing. It has been shown that a constant amount of entropy is generated and 
accumulated up to the failure under fatigue loading, called fracture fatigue entropy (FFE), 
[1,2,4]. Besides, it has been proposed that FFE is independent of loading amplitude, frequency, 
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and testing conditions. Naderi and Khonsari extended the application of the entropy generation 
model to analyze the FRP composite laminates' fatigue behavior [5], showing that the 
accumulation of entropy generation was an efficient measure for evaluating the fatigue life of 
composite laminates under cyclic loading, despite neglecting damage energy in FFE calculation 
[5]. In another study, they improved the analysis by also considering the damage energy for 
calculating the FFE and achieving better agreement with experimental data [6]. 

The present work aims to extend the thermodynamics-based analysis to include also the time-
dependent behavior of FRP composites, i.e., the creep deformation under fatigue loading, to 
calculate FFE. Therefore, both hysteresis energy and damage energy, calculated using the first 
thermodynamics law, are considered for fatigue behavior analysis. Since the FRP composite 
materials would undergo creep deformation even under constant amplitude cyclic loading, a 
new methodology is presented to consider time-dependent behavior and its contribution to the 
failure. Thus, the second law of thermodynamics is modified compared to the literature to 
include the mechanical work done and stored in the material due to viscoelastic deformation. 
This time-dependent deformation causes an amount of work which could be stored in the 
material through primary and secondary stages of creep deformation. Although this work is 
stored in the material during loading, it will be dissipated at the failure in the tertiary stage of 
creep, causing entropy generation. Therefore, the entropy generation due to creep deformation 
can be estimated and compared with the entropy generation resulting from fatigue damage. As 
a result, the contribution of fatigue damage and creep deformation to fatigue failure can be 
evaluated for different loading conditions. The constant amplitude fatigue tests for different 
stress levels and R=0.1 of GFRP laminates reported in [7] are used to validate the proposed 
analysis in this work. Besides, the limited results obtained for the same material and R=0.5 [8] 
are used in the last part for comparison.  

2. Thermodynamics‐based creep‐fatigue model 

According to the mentioned literature on this topic, the specimen's gauge section between grips 
under fatigue loading can be considered as a system that can be studied thermodynamically. 
The mechanical energy inserted into the system in each cycle under fatigue loading can be 
obtained by calculating the area of the hysteresis loops [6]. According to the different energy 
dissipation processes involved during fatigue loading, the energy balance, as presented in Eq. 
(1), holds as a result of applying the first law of thermodynamics. Therefore, the mechanical 
energy input, which is called hysteresis energy (𝐻 , can be divided into volumetric heat 
dissipated energy (𝐸  ), the energy associated with thermal capacity 
(𝐸  ), and the energy consumed by fatigue damage (𝐸  ) [6]. The 
thermal capacity energy is responsible for energy stored in the material resulting from the self-
heating temperature rise of the specimen under cyclic loading. The damage energy is associated 
with the energy consumed for initiation and propagation of the different damage modes 
resulting from fatigue loading. The heat can be dissipated from the specimen (system) to the 
surrounding through convection, conduction, and radiation, as presented in Eq. (2), [6]. 𝐻 𝐸  𝐸  𝐸      (1) 
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𝐸  𝐸 𝐸 𝐸     (2) 

Based on the energy balance equation resulted, the energy consumed to initiate and propagate 
fatigue damage during loading can be calculated. Besides the measurements of hysteresis loops 
(H), the terms representing the thermal capacity and heat dissipation energies should be 
estimated. Using the definition of thermal capacity, Eq. (3) can be adopted, where  is the 
density, 𝑐 is the specific heat, 𝑇  is the specimen's temperature, and t represents time. According 
to Eq. (4), the energy due to heat dissipation can also be estimated using the basic equations in 
thermodynamics theory for convection, radiation, and conduction processes. In Eq. (4), ℎ is the 
convection heat transfer coefficient, 𝑇  and 𝑇  are specimen and ambient temperatures, 𝑒 
represents the surface emissivity, 𝛽 is the Stefan–Boltzmann constant, k is the thermal 
conductivity coefficient of the GFRP laminate,  ∆∆  is the temperature gradient between the ends 
of the specimen and the grips, V is the volume of the gage section, and finally, 𝐴  and 𝐴  are 
surface and cross-sectional area of the gage section (for conduction), respectively [6]. 𝐸  𝑐 𝜕𝑇𝜕𝑡                                                                               (3) 𝐸  ℎ 𝑇 𝑇 𝑒𝛽 𝑇 𝑇 2𝑘 ∆∆                (4) 

Based on thermodynamics theory, the variation of entropy of a system (𝑑𝑆  is the summation 
of two components according to Eq. (4). 𝑑𝑆 𝑑 𝑆 𝑑 𝑆                                                       (5) 
where 𝑑 𝑆 represents the entropy exchanging between the system and the surroundings and 𝑑 𝑆 is the entropy generation within the specimen, which must be non-negative, according to 
the second law of thermodynamics. Corresponding to the different energy dissipation processes 
mentioned,  the entropy generation rate is the sum of entropy generation due to mechanical 
input (𝑆 ), internal variables evolutions or fatigue damage (𝑆 ), and heat 
dissipation (𝑆 ) as presented in Eq. (6) [6]. 

 𝑆 𝑆 𝑆 𝑆  (6) 

Considering Eq. (6), the first term represents the work done on the system resulting from the 
inelastic deformation of the material. This term can be estimated based on hysteresis energy 
dissipation. However, apart from the cyclic inelastic deformation, the time-dependent 
deformation of GFRP composite laminates, i.e., the creep deformation under mean stress during 
cyclic loading, should be considered in the analysis. Therefore, the work done on the system due 
to this viscoelastic behavior is regarded as the contribution of the time-dependent behavior to 
failure. This part of the energy is stored in the material during the loading, which would be 
released and dissipated at the time of failure. Therefore, the entropy generation due to inelastic 
deformation is comprised of a component related to the hysteresis energy dissipation (𝐻), 
another one attributed to the work done due to creep (𝑊 ) and other components related 
to the entropy generation of the internal variable evolution due to damage energy (𝐸 ), 
and the thermal dissipation due to heat conduction (𝐸 ) according to Eq. (3). However, many 
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works in the literature showed that entropy generation due to heat conduction is often 
negligible during a fatigue process [6], so Eq. (6) is derived for the total entropy generation. 

 𝑆  (7) 

The accumulation of entropy at the failure (𝑆 .) is obtained by integration of Eq. (7), as derived 
in Eq. (8). 

𝐹𝐹𝐸 𝑆 .

𝐻𝑇 𝑊𝑇 𝐸 𝑇 𝑑𝑡                                                     (8) 

Eqs. (4) and (5) assert that the degradation and damage process in a composite laminate is a 
function of the temperature evolution, the damage energy, the hysteresis energy, as well as the 
creep energy. In the previous works, it has been shown that a large amount of hysteresis energy 
(50–70%) is directly responsible for creating damage in FRP composites [6]. In this work, we 
consider an additional term, namely the energy associated with creep deformation. In the 
following section, three sources of entropy generation (hysteresis energy, creep energy, and 
damage energy), as well as the accumulated entropy generation resulting from them, are 
considered to assess degradation in the GFRP composite laminate.  

3. Results and discussions 

As mentioned above, the constant amplitude fatigue test results reported in [7] and [8] are used 
for angle-ply GFRP laminates under R=0.1 and R=0.5, respectively. For the thermodynamics 
analysis, hysteresis areas are calculated based on strain measurements obtained by a video-
extensometer. Temperature evolution recorded by the thermal camera has been used for heat 
dissipation analysis. Table 1 shows the thermal conductivity, surface emissivity, density, and 
specific heat coefficient of angle-ply GFRP laminates and also the fatigue testing ambient 
temperature. 

Table 1: Thermal properties of angle‐ply GFRP laminates and fatigue test temperature 𝑘 𝑊𝑚 𝐾  𝑒 𝜌 𝑘𝑔𝑚  𝑐 𝐽𝑘𝑔𝐾  𝑇 𝑘  
0.24 0.9 1800 1400 293 

The results of dissipation analysis based on the first law of thermodynamics are obtained and 
presented in Figure 1 for two different stress levels and R=0.1. The assumptions considered in 
heat dissipation analysis include constant thermal properties with respect to the temperature 
and fatigue damage, the isothermal surface temperature of the gage section, which linearly 
varies from the end of the gage section to the grips (for conduction), and finally constant 
ambient temperature [6]. Therefore, the heat dissipation energy through convection, 
conduction, and radiation is estimated according to Eq. (4) and the properties reported in Table 
1. Using the thermal capacity energy estimation (Eq. (3)) and the energy balance equation (Eq. 
(1)), the energy corresponding to the fatigue damage can be obtained by subtracting the energy 
associated to the thermal capacity and the heat dissipation from the hysteresis energy. The 
evolution of each term presented in the energy balance equation as a function of the normalized 
number of fatigue cycles (with respect to the fatigue life) is shown in Figure 1. 
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(a) (b) 

Figure 1. Energy dissipation analysis for R=0.1 and two maximum stress levels of (a) 70 MPa 
and (b) 58 MPa 

According to Figure 1, radiation and convection are the dominant heat dissipation processes 
compared to conduction for both stress levels. The dissipation of heat is negligible in the early 
fatigue cycles, and most of the mechanical input (hysteresis energy) is allocated to increasing 
the temperature of the laminate. With increasing loading cycles, the energy associated with the 
thermal capacity decreases, as the material is allowed to dissipate energy through different heat 
processes, and finally reaches a steady state for the higher stress level, while it almost vanishes 
at lower stress. Conversely, during the initial cycles, the damage energy increases, resulting from 
the initiation of matrix micro-cracks in the laminate. As shown in Figure 1, more cyclic hysteresis 
energy and consequently more thermal capacity and damage energy can be observed for a 
higher stress level compared to the lower one.  

The hysteresis energy, fatigue damage energy, and temperature profile are utilized to calculate 
the cyclic and accumulated entropy generation corresponding to hysteresis and damage 
energies based on Eqs. (7) and (8). The results of cyclic entropy generation for the same tests 
discussed earlier are plotted in Figure 2. The total cyclic entropy is the summation of the cyclic 
damage and the hysteresis entropy generation. The results show that the cyclic hysteresis 
entropy generation is increasing with fatigue cycles, as well as the cyclic damage entropy 
generation, except from a slight decrease during the early cycles due to the temperature rise 
under loading. The other component of the entropy generation resulting from the viscoelastic 
behavior is included for the estimation of the accumulated entropy generation. The mean stress 
evolution resulting from the creep behavior and that from the cyclic loading is used for the 
calculation of the creep energy storage. The resulting energy, which will be released at failure, 
is used to estimate the accumulated entropy generation due to creep deformation. The 
accumulated entropy generation due to hysteresis, fatigue damage, creep deformation, and the 
summation of all components is presented in Figure 4. The results show that the damage energy 
dissipated by different damage mechanisms resulting from fatigue loading is not negligible and 
can reach up to roughly 50% of the total accumulated entropy. Therefore, the total accumulated 
entropy can explain the long-term behavior of material more efficiently, considering all 
dissipation processes involved during loading and considering both creep and fatigue behaviors. 
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(a)  (b) 

Figure 2. The cyclic entropy generation for R=0.1 and two maximum stress levels of (a) 70 MPa 
and (b) 58 MPa 

 

(c)  (d) 

Figure 3. The accumulated entropy generation for R=0.1 and  two maximum stress levels of (a) 
70 MPa and (b) 58 MPa 

As depicted in Figure 3, the entropy generation due to creep deformation is negligible compared 
to the fatigue damage as expected since the R-ratio is low (R=0.1). For further evaluation, as 
shown in Figure 4-(a), the entropy generation per cycle is presented for all the specimens tested 
under R=0.1 with various maximum stress levels. For higher stress levels, the entropy generation 
per cycle is higher, resulting from more damage and hysteresis energy. However, according to 
Figure 4-(b), the accumulated entropy generation for lower stress levels is much more than that 
generated at higher stress levels showing a more severe damage state in these specimens at 
failure. This behavior can be explained by considering the fact that at lower stress levels, the 
material under cyclic loading could tolerate more damage, more evenly distributed through the 
specimen. Conversely, the damage grows more rapidly for higher stress levels and would 
concentrate in some parts of the specimen up to failure [7]. Therefore, the conventional 
consideration of constant entropy generation for different stress levels is not accurate enough. 
The different material damage states at failure could explain this dependency of entropy 
generation on stress levels. Also, as depicted in Figure 4-(c), the normalized accumulated 
entropy generation is a linear function of the normalized fatigue life which could be simply 
formulated and proposed as a failure criterion for fatigue life prediction. According to Figure 4-
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(d), the results obtained for all fatigue tests of R=0.1 are presented in comparison with the 
limited results provided for R=0.5. The evolution of the total accumulated entropy generation 
(black) and the contribution of creep (blue) and fatigue damage (red) are depicted with respect 
to the maximum stress level for both R-ratios of 0.1 (circle) and 0.5 (triangle). The accumulated 
entropy generation shows an exponential dependency to stress levels, indicating different 
damage states at the failure for different stress levels. Based on the results, the proposed 
entropy-based model can effectively quantify the contribution of fatigue damage and creep 
deformation to the final fatigue failure of GFRP composite laminates. The dependency of the 
creep and fatigue accumulated entropy generation on the stress level shows more contribution 
of creep compared to the fatigue damage for higher stress levels. Moreover, both trends show 
the convergence when stress level approaches the ultimate tensile stress (UTS), which could 
help interpreting different damage progress and failure modes resulting from different types of 
loading (fatigue, creep, and quasi-static loadings).  

 

 

 

(a)  (b) 

 

 

 

(c)  (d) 

Figure 4. The result of cyclic and accumulated entropy generation for various maximum stress 
levels (a) Cyclic entropy generation, (b) Accumulated entropy generation, (c) Normalized 

accumulated entropy generation, (d) Accumulated entropy generation due to creep and fatigue 
damage for R=0.1 and 0.5. 

4. Conclusions 

A thermodynamics-based damage model was proposed to evaluate the contribution of creep 
and fatigue damage in angle ply laminates under cyclic loading. The energy associated with 
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fatigue damage was obtained using the energy balance equation by applying the first law of 
thermodynamics. The creep contribution was evaluated by considering the mean strain 
evolution under mean stress and calculating the corresponding energy storage in the material. 
The stored energy will be dissipated at failure and causing the entropy generation due to creep 
behavior. The cyclic and accumulated entropy generation resulting from the different energy 
dissipation processes during loading was estimated as the metric for evaluating the FRP 
composite laminates. Therefore, the entropy generation due to hysteresis, fatigue damage, and 
creep energy were used to obtain the total accumulated entropy at failure. The fatigue tests for 
angle-ply GFRP laminates under R=0.1 and 0.5 were used to evaluate the performance of the 
model to interpret the degradation of FRP composite materials caused by creep and fatigue 
damage. By comparing the accumulated entropy generation results for low and high stress 
levels, it can be realized that contribution of creep entropy generation is much more at higher 
stress levels than at lower stress for both R-ratios. Therefore, entropy generation can be 
considered as a measure for the dependency of creep entropy on stress level for contribution 
to failure. Although the results show more contribution of creep damage for R=0.5 compared to 
R=0.1, the material’s behavior and the failure were still dominated by the fatigue damage in 
both cases. This analysis should be applied for more CA fatigue tests under higher R-ratios to 
futher evaluate the performance of the suggested model by considering both fatigue and creep 
behaviors.  
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Abstract: Increasing requirements with regard to emission reduction, material utilization and 

light weight lead to an increasing usage of 3D-printed structures. Especially for highly loaded 

parts, the use of fiber reinforced materials is of high interest. To use reinforced materials in 

structural applications efficiently, even under complex load conditions, it is indispensable to 

predict their mechanical behavior and in particular the fatigue behavior in an early stage of the 

development process. Since fiber reinforced 3D-printed materials are highly inhomogeneous and 

anisotropic, the local micro structure plays an important role. Especially temperature history and 

orientation influence the material behavior significantly. Therefore, a study to consider these 

aspects in a well-known simulation chain is presented in this work. Fatigue tests were performed 

to analyze the influence of process parameters and fiber orientation. Based on the material tests, 

models were developed to describe the effects of the deposition path and welding temperature. 

Keywords: fatigue life; additive manufacturing; 3D-printed parts; temperature history; 

continuous fiber reinforcement 

1. Introduction 

Material extrusion-based additive manufacturing (AM) also known as fused filament fabrication 

(FFF) or 3D-printing has become increasingly important in many areas in recent years. By now 

it’s a more or less established technology. Despite the high potential of this process, its use is 

mostly focused on prototyping and the home sector, which is partly due to a lack of knowledge 

regarding final properties. Furthermore, high strength and stiffness values are necessary for the 

application in structural applications. Thus, fiber-reinforced materials are increasingly being 

used. However, fiber reinforced materials place higher demands on the printing process. This in 

turn increases the necessity of reliable property predictions even more.  

In order to be able to transfer and apply life time estimation on components, the entire process 

must be mapped as a "digital twin" using advanced simulation methods. This twinning 

procedure starts with the melting of the material in the nozzle of the 3D printer and ends with 

the mechanical properties of the sample or component. In the end, users are able to analyze 

components, predict their properties and optimize them before going into actual printing. 

Similarly, an end-to-end simulation method (Figure 1) has been successfully developed and 

established in the past for the prediction of injection molded short fiber reinforced materials. A 
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comprehensive description of the method can be found in [1]. While there are mature routines 

regarding testing [2], [3] and simulation requirements [4] as available for injection molding, 

there are just a few for materials manufactured using AM. Existing customized tools for 

describing the process history of AM have so far been used for the prediction of shrinkage, 

warpage and stresses. The only missing link to meet the needs of the industry, and the clear goal 

of this work, is to combine the two available technologies in order to guarantee part 

performance over the entire or designated life time. 

 
Figure 1. Scheme of a simulation chain to cover local effects [1] 

As depicted in Figure 1, the actual material behavior strongly depends on the manufacturing 

process itself. During processing the material’s micro structure is formed, which has a direct 
influence on local properties, such as the strength of the material. This especially applies for the 

local orientation of fibers and the local temperature. For this study, the essential input 

parameters of endless fiber reinforced AM components are identified and put into the 

evaluation routine shown in Figure 1 and described in detail in [3], [5].  

2. Materials and methods 

2.1 Materials 

The investigated matrix material was PLA Luminy® L175 (TotalEnergies Corbion, The 

Netherlands), which is a homopolymer and has a glass transition temperature of approx. 60°C. 

Natural flax fibers were used as reinforcement material. This matrix/fiber combination was 

utilized to produce endless-fiber reinforced filaments, which were further processed during 3D-

printing.  

Viscosity curves of the matrix material were measured by cone-plate rheometry on the modular 

Compact Rheometer MCR 501 (Anton Paar GmbH, Austria) at temperatures of 190, 220 and 
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250°C. The temperature-dependent measurement was performed on Ø25 mm samples, which 

were punched from 2 mm plates. The viscosity measurements were then used to evaluate the 

activation energy ∆U (86.14 kJ/mol), which in turn is used to calculate the horizontal 

temperature shift factor aT according to the Arrhenius equation 𝑎𝑇(𝑇) = exp [∆UR (1𝑇 −  1𝑇𝑟𝑒𝑓)]        (1) 

with R being the molar gas constant, T the actual temperature and Tref the reference 

temperature (Tref = 190°C). This shift factor function is further used to evaluate the effective 

weld time during 3D-printing, which is described in section 3. 

2.2 Specimen dimensions and manufacturing 

Firstly, boxes with dimensions of (180x180x80) mm3 (Figure 2 a) were printed on an Original 

Prusa i3 MK3S (Prusa Research, Czech Republic) using neat PLA. The printer was equipped with 

a steel nozzle with a diameter of 0.6 mm. The slicing was performed with the PrusaSlicer 2.1.0 

(Prusa Research, Czech Republic) using spiral vase mode. Per print, one box was manufactured. 

The extrusion width was set to 0.675 mm and the extrusion multiplier to 1.0. The build platform 

was PEI-coated and heated to 60°C. The printing speed was 40 mm/s, and 20 mm/s for the first 

layer. The layer thickness was 0.25 mm; the first layer thickness 0.2 mm. The boxes were printed 

using five different nozzle temperatures: 180, 190, 210, 230 and 250°C. This is necessary to 

evaluate the temperature-dependent strength of the material. Furthermore, the boxes were 

only consisting of a single deposited strand per layer and dumbbell specimens were cut-out of 

the boxes in a way that the load acts perpendicular to the strands. By doing so the weld strength 

can be examined directly. When samples were produced from the 180°C boxes, it was found 

that the print quality was insufficient. Thus, this temperature was not used for further 

evaluations.  

In order to describe the influence of flax fiber reinforcement and fiber orientation, 

(100x100x4) mm³ plates were unidirectionally printed with flax-fiber reinforced PLA. The same 

printing conditions and configuration described above were applied, whereby a nozzle 

temperature of 210°C was used (Figure 2 b). Rectangular specimens ((10x100x4) mm³) were cut 

from the plate using a diamond saw in the direction of (UD0) and perpendicular to (UD90) the 

fiber orientation.  

 

Figure 2. Printed PLA box and specimen for mechanical testing (a) as well as printed flax fiber 

reinforced PLA plate and UD0 / UD90 specimens (b) 

2.3 Fatigue tests 
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Force controlled tests were performed on an electrodynamic testing machine ElectroPlusTM 

E3000 Linear-Torsion (Instron, US). The machine was equipped with a 3 kN load cell. All tests 

were performed at a constant temperature of 23°C and relative humidity of 50 %. During the 

whole test the temperature was monitored by a non-contact infrared sensor to check for 

hysteretic heating. A sinusoidal load with constant frequency of f = 5 Hz was used. Stress levels 

were defined to achieve a range of cycles to failure from N = 104 to N = 106. The total specimen 

separation, or exceeding a number of cycles of N = 106, were set as the abort criteria. For the 

temperature dependent tests on the pure matrix material, a load ratio (R = Fmin/Fmax) of 0.1 was 

applied to prevent buckling since only very thin specimens were used. In the case of fiber 

reinforced PLA, tests with R values of 0.1 as well as -1 were performed since data from different 

load cases are required for the life time estimation. The clamping length was set as 42 mm for R 

= 0.1 and reduced to 10 mm for R = -1 to avoid buckling. After the fatigue tests, the respective 

fracture surfaces (A) were evaluated with a SZX12 (Olympus, Germany) stereo-microscope 

under reflected light. The measured surface is used to calculate the fatigue limit Sa at N = 106 

cycles to failure. 

3. Process simulation 

As mentioned in section 1, the life time assessment of short fiber reinforced polymers can be 

done by the concept of local S/N-curves. However, to be able to predict the life time of 3D-

printed parts some extensions to the simulation approach, shown in Figure 1, have to be 

implemented. Erreur ! Source du renvoi introuvable. shows the principal approach to consider 

local orientation and thermal history for an AM process simulation.  

 

Figure 3. Scheme of necessary extensions for simulation chain 

First and foremost, the local orientation must be considered, as it has a great influence on the 

mechanical performance. To do so the local deposition path should be transferred to a local 

orientation. Therefore, a second order tensor according to Eq. 2 can be used. First the vector 

between two waypoints is calculated, which defines the orientation between two waypoints. 

This orientation is subsequently transformed into the second order tensor using general algebra. 

In the final step, the orientation is applied to each element of the finite element mesh along the 

path between two waypoints. 
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𝑎2 = 𝑎𝑖𝑗 = 𝑎𝑥𝑥 𝑎𝑥𝑦 𝑎𝑥𝑧𝑎𝑦𝑦 𝑎𝑦𝑧𝑠𝑦𝑚. 𝑎𝑧𝑧         (2) 

In a second step, the local welding temperature has to be considered since it has a great impact 

on the local material behavior. Therefore, the temperature history is stored for each node in the 

finite element mesh over all time steps. This leads to a continuous time-temperature history for 

each node from the first heating until the final temperature. From literature it is well known that 

the strength of 3D-printed materials depends strongly on the amount of interlayer bonding [6], 

which is directly connected to the molecular mobility. Hence, the glass transition temperature 

is set as the lower limit. To account for the highly non-isothermal welding process, an effective 

isothermal weld time (tw), based on a time-temperature superposition principle, is calculated by 

evaluating the area under the remaining temperature-time curve and weighting it with the 

temperature shift factor [7]. Erreur ! Source du renvoi introuvable. shows the model of a 3D-

printed wall and the temperature profile for three representative nodes. 

 

Figure 4. Local temperature evolution from a FE-model of a 3D-printed wall for three 

representative nodes 

4. Material models 

Based on the fatigue tests, material models to describe the influence of thermal history and 

orientation were derived. As mentioned before, tests on reinforced specimens, oriented 

transversal (UD90) and longitudinal (UD0) to the printing directions, were performed to describe 

the orientation influence. The fatigue limit Sa at N = 106 cycles to failure is then plotted against 

the first eigenvalue λ of the second order tensor aij, which is 0 for transversal and 1 for 

longitudinal oriented specimens. The relationship between Sa and λ is described by an 

exponential approach according to [8]:  𝑆𝑎(𝜆) = 𝑒𝑥𝑝(𝑚∗𝜆)         (3) 

Since mainly the matrix is influenced from the different processing temperatures due to 

enhanced molecular movement with increased temperature (temperature influence on natural 

fibers neglectable), the study on thermal history was performed on unreinforced PLA. To 

describe the influence of the nozzle temperature on the fatigue behavior, the bearable fatigue 

strength is plotted against the effective isothermal weld time tW. For the determination of tW for 

all investigated temperatures, the temperature history of one representative reference node is 

chosen in the simulation shown in Erreur ! Source du renvoi introuvable.. Since most of the 

welding took place during the first heating run, only the first heating cycle was used for 

calculation of tW. As the simulation is just available for 190°C at the moment, temperature 
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histories were shifted to higher starting temperatures for comparison. Once simulation of higher 

temperatures is available, tw will be recalculated. In Figure 5 a, the temperature profiles for all 

four printing temperatures are plotted. All curves were cut off by the Tg at 60°C (Limit). In the 

next step the temperature dependent horizontal temperature shift factor was evaluated for 

each temperature profile according to Eq. 1 and plotted reciprocally (Figure 5 b). This factor is 

used to relate welding temperatures with effective welding times [7]. 

 

Figure 5. Temperature history at reference node for four printing temperatures (a) and limited 

temperature profiles in comparison to weighting with the temperature shift factor aT (dashed 

lines) (b) 

The areas under the temperature profiles weighted by 1/aT were then approximated with 

trapezoids in an interval of 0.1 s. The effective isothermal weld time of each curve was calculated 

by adding up the individual areas. Subsequently, the effective isothermal weld time can be 

correlated with results from fatigue testing, which are currently still under evaluation.  

5. Lifetime estimation 

Following the approach shown in Figure 1, a dataset including all relevant material data and 

models has to be derived from the material tests. A detailed description of dataset 

determination and model calibration for fatigue life time estimation is given in [2] and [9]. 

Further material models, boundary conditions and loading have to be applied in a FE-analysis to 

calculate the resulting stress field. Once this is done, the stress results and material data sets 

can be loaded in a life time estimation tool, in this case FEMFAT®.  

6. Summary & Outlook 

Fatigue tests were performed on 3D-printed PLA specimens manufactured with different 

printing temperatures in order to evaluate the effect of thermal history on the fatigue weld 

strength. Furthermore, endless-flax-fiber reinforced PLA was tested longitudinal and transversal 

to the printing/fiber direction to describe the influence of fiber orientation. Based on the test 

results, a temperature and orientation dependent model was derived. In parallel, a thermo-

mechanical coupled process simulation is conducted for defined printing parameters. From this, 

a model parameter, the effective isothermal welding time, was evaluated. This was done by 

calculating the area under the temperature history developing during process simulation and 

weighting by the temperature shift factor. Based on this model and especially on the effective 

(a) (b) 
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welding time (tw), it is possible to determine the mechanical behavior for each node in a part 

volume. 

In order to further calibrate the temperature model different printing conditions will be 

validated via thermocouples in the future. Once fatigue tests are finalized, a data-set will be 

derived in the next step for use in the life time assessment software FEMFAT®. Once date-sets 

are available and calibrated on specimen level, the presented approach will be validated on 

component level. 

Acknowledgement 

This research was performed within the project eFAM4Ind (877409) which is funded by the 

Austrian funding agency association (FFG) and the federal ministry of climate action, 

environment, energy, mobility innovation and technology (BMK). The research work of this 

paper was performed at the Polymer Competence Center Leoben GmbH (PCCL) in collaboration 

with the Chair of Materials Science and Testing of Polymers at the Montanuniversiaet Leoben 

within the framework of the PdZ-program with contribution by Wood K plus, SinusPro GmbH 

and Head GmbH. The PCCL is founded by the Austrian Government and the State Governments 

of Styria, Lower and Upper Austria.  

 

7. References 

1. Primetzhofer A, Stadler G, Pinter G, Grün F, Lifetime assessment of anisotropic materials by 

the example short fibre reinforced plastic. International Journal of Fatigue 120 (2019); pp. 

294–302. 

2. Primetzhofer A, Stadler G, Pinter G, Grün F, Data set determination for lifetime assessment 

of short fibre reinforced polymers. Journal of Plastics Technology (2019) 15. 

3. Primetzhofer A, Stadler G, Pinter G, Grün F, Applicability of Strain Controlled Cyclic Tests for 

Short Fibre Reinforced Polymers. Materials Sciences and Applications 10 (2019) 08; pp. 568–
583. 

4. Guster C, Pinter G, Mösenbacher A and Eichlseder W, Evaluation of a Simulation Process for 

Fatigue Life Calculation of Short Fibre Reinforced Plastic Components. Procedia Engineering 

10 (2011) 0, pp. 2104–2109. 

5. Mösenbacher A, Brunbauer J, Pichler PF, Guster C et al. Modeling and validation of fatigue 

life calculation method for short fibre reinforced injection moulded parts. In 16th European 

Conference of Composite Materials (ECCM Ed.), 2014. 

6. Striemann P, Huelsbusch D, Niedermeier M, Walther F, Application-oriented assessment of 

the interlayer tensile strength of additively manufactured polymers. Additive Manufacturing 

46 (2021), p. 102095.  

7. Seppala J E, Hoon Han S, Hillgartner K E, Davis C S, Migler K B, Weld formation during material 

extrusion additive manufacturing. Soft Matter 38 (2017). 

8. Gaier C, Fischmeister S, Maier J, Pinter G, Fatigue Analysis of Continuously Carbon Fiber 

Reinforced Laminates, SAE International Journal of Engines 10 (2017) 2, pp. 305–315. 

9. Primetzhofer A, Stadler G, Pinter G, Grün F, Model Calibration and Data Set Determination 

Considering the Local Micro-Structure for Short Fiber Reinforced Polymers. Journal of 

Composites Science 5 (2021) 2, p. 40. 

797/1211 ©2022 Primetzhofer 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 

FATIGUE CHARACTERISATION AND MONITORING IN 3D PRINTED SHORT 

FIBRES REINFORCED POLYAMIDE 

Luca M. Martullia, Andrea Canegratia, Alessandra Paneraia, Milutin Kostovicb, Gennaro Rollob, 

Andrea Sorrentinob, Michele Carbonia, Andrea Bernasconia 

 

a: Politecnico di Milano, Via La Masa 1, I-20156 Milano, Italy 

andrea.bernasconi@polimi.it 

b: Polymer, Composites and Biomaterials Institute, National Research Council (CNR), Via 

Previati 1/E, 23900 Lecco (LC), Italy 

 

Abstract: 3D printed composites are rapidly gaining a growing interest in several industrial 

sectors. However, for their widespread adoption, it is necessary to characterise their fatigue 

response. In this work, several 3D printed Onyx specimens were tested under tension-tension 

fatigue load with two main objectives. The first one was the assessment of different monitoring 

techniques for the fatigue damage evolution in the Onyx specimens. It was observed that the 

strain calculations from the machine crosshead displacement led to better results than strains 

from digital image correlation or extensometers. The second objective was the characterisation 

of the fatigue response of the Onyx specimens: SEM fractography was able to identify the fatigue 

damage initiation and propagation regions.  Moreover, modulus and temperature trends were 

observed to assume a non-monotonic trend, which is unusual for composites. It was thus 

suggested that these quantities can be potential indicators of the fatigue damage in the 

specimens. 

Keywords: Short fibres; fatigue; 3D printed; damage monitoring; experimental mechanics. 

1. Introduction 

Fused filament fabrication (FFF), or fused deposition modelling, is one of the most popular 

additive manufacturing techniques for polymeric composites. Academic and industrial interest 

for FFF has recently increased, since this technology allows cheap manufacturing of light parts 

with complex geometries. Several studies have investigated the effects of the manufacturing 

parameters on the static behaviour of 3D printed composites [1]. Among these parameters, 

printing orientation has a high influence on the stiffness and strength, as it coincides with the 

fibre orientation [1].  

A few works have also investigated the fatigue response of 3D printed polymers [2] and 

continuous fibre reinforced polymers [3,4]. However, there is a striking lack of works 

investigating the fatigue performance of 3D printed short fibres reinforced composites. The 

topic is of great relevance considering the fast spread of materials like Onyx, a micro-carbon 

fibres reinforced polyamide developed by Markforged [5]. Moreover, Onyx and similar materials 

are also frequently used as matrix for continuous fibre reinforced polymers [3]: this makes the 

characterisation and understanding of their fatigue response even more critical, as it may affect 

also the higher performing continuous fibres composites. 

Given the importance of the topic, this work aims to evaluate different fatigue testing and 

fatigue damage monitoring techniques in 3D printed short fibres reinforced polymers. The work 

was performed on Onyx specimens, whose fatigue behaviour was therefore also studied. 
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Evaluating the possible monitoring techniques and establishing a proper one for 3D printed 

short fibres polymers will set the basis for future fatigue characterisations of 3D printed 

polymers and composites. 

2. Materials and methods 

2.1 Specimens fabrication 

All test specimens were additively manufactured in Onyx with a FFF printer, namely the 

Markforged Onyx Pro. The layer height and filament width were 0.1 mm and 0.4 mm, 

respectively.  

Since it was not possible to print unidirectional specimens, the specimens were fabricated by 

alternating layers with a 0° orientation and with a 90° orientation with respect to the 

longitudinal axis. Moreover, the printer also imposed a contour shell made of two concentric 

Onyx rings around the specimens. Overall, the final specimens’ dimensions were 140 mm x 30 

mm x 3.2 mm.  

Onyx end tabs were printed to be bonded to the specimens. These tabs had dimensions of 40 

mm x 30 mm x 2 mm. A commercially available bicomponent epoxy glue was used for their 

bonding. As a result, the gauge length of each specimen was 60 mm. 

A fatigue test campaign requires the knowledge of the static properties of the analysed 

specimens. A static characterisation was performed by the authors in another study [6], but the 

data useful for this study are reported in Table 1. 

Table 1 : Static properties of the Onyx specimens with a 0°/90° orientation from the static 

characterisation of [6] 

Young’s modulus (MPa)  Ultimate tensile stress (MPa) Strain at failure (%) 

967 23.7 11.8 

 

2.2 Fatigue tests and monitoring techniques 

Load-controlled cyclic tests were performed according to the ASTM D3479 standard [7]. The 

machine used was an MTS Landmark Stigma, equipped with a 100 kN load cell. The cyclic 

frequency was set to 2 Hz. The machine was set to acquire data for the first 100 cycles, then for 

every 10 cycles between 102 and 103 cycles, for every 100 cycles between 103 and 104 cycles and 

so on. Specimens that did not fail within one million cycles were considered runouts. R-ratio of 

minimum to maximum load was R=0.1. Crosshead displacement was available for all tested 

specimens. 

To evaluate different monitoring techniques, the specimens were equipped with several 

instruments. All the adopted techniques per each specimen are reported in Table 2, while each 

technique is described below.  

An MTS extensometer with a 20 mm gauge length was used for some specimens (EXT in Table 

2). The acquisition rate was 200 Hz. Extensometer data were acquired together with all the other 

tests data (e.g. load, displacement) in the same data file created by the test control software. 
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Digital Image Correlation (DIC in Table 2 and the rest of the paper) was also considered for some 

specimens. In particular, one of the surfaces of these specimens was spray painted with a white 

paint and then a black speckle was applied. The image acquisition was performed with a full 

frame Canon EOS-RP camera equipped with a Canon RF 85 mm F2 macro IS lens. The camera 

was mounted on a tripod and a remote control was used to acquire the pictures. The load history 

of these specimens was adjusted to allow image acquisition. In particular, at fixed number of 

cycles, tests were interrupted, and static load ramps were performed, ranging from 0 kN to the 

maximum applied level of fatigue load, at an applied speed of 5 mm/min. Load was then held, 

and a picture was taken at this maximum load. The load was then set back to zero and cycling 

could continue. These ramps were performed: 

• every 20 cycles in the first 200 cycles;  

• every 100 cycles from cycle 200 to cycle 103; 

• every 200 cycles from cycle 103 to cycle 104; 

• every 250 cycles from cycle 104 to cycle 7∙104; 

• every 103 cycles from cycle 7∙104 to cycle 105; 

• every 2∙103 cycles from cycle 105 until the end. 

GOM Correlate was used to post-process the images. 

Finally, some specimens were also equipped with a PT100 thermo-resistance (TEMP in Table 2) 

pressed with a clip on the analysed specimens. This device measured the temperature 

fluctuations in the specimens due to the cyclic loading. The tests were performed in a controlled 

environment, so that environmental conditions did not play a significant role in these 

measurements. 

Table 2: Monitoring techniques adopted for each tested specimen. 

Specimen number Load level (% of UTS) Monitoring techniques Cycles to failure 

1 85% EXT 246 

2 85% DIC 265 

3 70% EXT 234074 

4 70% EXT 26740 

5 70% EXT 220572 

6 70% EXT + TEMP 160081 

7 70% DIC 241334 

8 60% EXT + TEMP Runout 

 

2.3 Microscopy 

The fracture surface of four specimens, two EXT and two DIC, was observed on a Zeiss EVO 

50XVP Scanning Electron Microscope (SEM). Due to their length, the specimens were cut to fit 

into the SEM. A minimum distance of 10 mm between the cut and the fracture surface was 
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maintained to avoid altering the fracture features. A gold coating was applied prior to the 

scanning. Moreover, a ZEISS Stereo Discovery V12 microscope was also used in the analysis. 

 

3. Results and discussion 

3.1 Fatigue response of Onyx specimens 

Figure 1 shows the results of the specimens tested with the different monitoring techniques. 

The figure is meant as an overview of the tests results: since the specimens featured different 

measuring equipment (extensometers, DIC, etc.), results cannot be used to derive a stress-

number of cycles relationship useful for the durability of the material. 

 

Figure 1: Results of the different fatigue tests 

Nevertheless, valuable information was obtained on the fatigue failure behaviour of the tested 

specimens. In particular, the SEM fractography of the analysed specimens revealed the presence 

of two different micro-mechanical behaviours in the same fracture surface: a micro-ductile and 

a micro-brittle failure behaviour. The entire cross-section of specimen 7 is shown in Figure 2a, 

as an example, with close-ups on micro-brittle and micro-ductile region shown respectively in 

Figure 2b and Figure 2c. As shown, the micro-ductile fractured surface is identifiable by the 

presence of high plastic deformation, with strong presence of polymeric “filaments”; on the 
other hand, the micro-brittle fractured surface presents significantly lower deformation. Using 

DIC, the strain distribution along the fracture surface at 99.4% of the specimen’s life was 

obtained and reported in Figure 2a. As shown, the region with the higher strain corresponds to 

the micro-ductile region in the fracture surface. It seems likely that, in this area, fatigue damage 

nucleated and propagated, as it is the case for injection moulded composites [9]. Fatigue 

damage thus seems to occur in a ductile fashion. Once the remaining cross section can no longer 

sustain the applied load, static failure occurs abruptly: this high-strain-rate failure causes the 

micro-brittleness in the remaining region. This behaviour was also observed under static load 

conditions [6]. 
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Figure 2: a) Fracture surface of specimen 7 with DIC strain measurement and detail of b) the 

micro-brittle region and c) the micro-ductile region. 

 3.2 Displacement and strain measurement during cyclic load 

The stiffness evolution during the cyclic load is usually considered an important indicator of the 

fatigue damage in composite materials [8]. It is therefore crucial to adopt an adequate strain 

monitoring technique that does not affect the fatigue response of the tested material. In this 

work, strains were measured or calculated using DIC, extensometer and the crosshead 

displacement. These techniques are here compared and evaluated.  

Figure 3a shows a comparison of the maximum and minimum measured strains via crosshead 

displacement and extensometer for specimen 3. As shown, the two measurements are initially 

very close and coherent with each other. However, after several cycles, the two measured 

trends diverge and are not correlated anymore. This behaviour was observed for all specimens 

equipped with the extensometer. Considering the accurate initial performance, it is unlikely that 

this was caused by an intrinsic difference between the two measuring techniques. It is arguable 

that the crosshead displacement is usually affected by the compliance of the machine itself, and 

thus often considered an unreliable strain measuring technique. However, in this case the low 

stiffness of the material (around 1 GPa) makes this error negligible, as confirmed by the initial 

accurate estimation. More likely, the difference arises when diffused fatigue damage reduces 

the material stiffness also outside the shorter gauge length of the extensometer. This is also 

coherent with the lower measured strain by the extensometer. Moreover, Figure 3b shows a 

microscopic magnification of the region close to the extensometer’s arms of one of the 
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specimens: as shown, these arms left an imprint on the surface of the specimen. These imprints 

were observed in all specimens equipped with extensometer; moreover; all these specimens 

failed very close to these imprints and in the extensometer’s arms area. This failure behaviour 

strongly supports the fact that strain calculated via crosshead displacement is to be preferred to 

extensometer measurements. 

 

Figure 3: a) Maximum and minimum strain measured by the extensometer and calculated via 

crosshead displacement for specimen 3 and b) imprints of the extensometers’ arms 

DIC is not at risk of influencing the local failure behaviour of the specimens, thanks to its 

contactless nature. However, this technique is affected by two major issues. The first one is the 

need for a modified load history that includes static ramps for a correct image acquisition. 

Especially for higher loads (like for specimen 2), the holding time required to acquire the picture 

was long enough for the material to be subjected to creep. This is shown in Figure 4a, where 

strain increase is clearly visible in the ramps. This significantly affected the stiffness monitoring, 

as explained in section 3.3. In addition, the white paint used for the speckle was observed to 

penetrate several layers of specimen 2. This was observed via SEM of the fracture surface, of 

which Figure 4b reports a close-up. This likely influenced the fatigue response of the Onyx 

specimens, although a deeper investigation is required to assess how. While this is not 

necessarily a consistent phenomenon (it was not observed for specimen 8), the intrinsic 

discontinuous and porous morphology of 3D printed composite specimens makes this risk non 

negligible.  

Overall, both extensometer and DIC are likely to affect the mechanical performance and/or 

fatigue failure behaviour of the specimens. Therefore, they both proved to be inadequate 

measuring techniques for the 3D printed Onyx specimens undergoing fatigue loads. On the other 

hand, the crosshead displacement led to more reliable strain calculations, also due to the high 

compliance of the Onyx material. 
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Figure 4: a) DIC and crosshead comparison on specimen 2 and b) detail of the SEM fracture 

surface of the same specimen 

3.3 Modulus and temperature trends 

Figure 5a shows the modulus trends for the tested specimens. As explained in section 3.2, these 

were obtained with the strain calculated via crosshead displacement; moreover, the trends of 

the specimens on which DIC measurements were performed were heavily affected by the 

different load history and were thus not included. Interestingly, all moduli do not decrease 

monotonically due to damage, but start to increase after around 103 cycles. A similar trend 

change is observed in the temperature measured on the specimens. As shown in Figure 5b, the 

temperature increases due to the cyclic loading until 103 cycles, after which it starts to decrease 

(fluctuations of the measured temperature in the high-cycle part of the load history are 

attributed to large period fluctuations in the room temperature). 

 

Figure 5: a) Modulus and b) temperature trends 

This behaviour is highly unusual for short fibre reinforced composites, that simply show a 

modulus decrease due to damage [8]. The modulus and temperature trends seem to be highly 

correlated, although a deeper investigation is necessary to fully understand this correlation. 

Nevertheless, both the specimens’ stiffness and temperature were successfully measured 

during the tests. The results suggest that these quantities may be used to monitor damage in 3D 

printed Onyx, although not as straightforwardly as done for injection moulded composites [8]. 
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4. Conclusions and future works 

3D printed Onyx specimens with a 0°/90° raster orientation were tested under tension-tension 

fatigue load. Several monitoring techniques were adopted for different specimens to assess 

their applicability to this material. It was shown that both extensometer and DIC likely alter the 

fatigue response of the Onyx specimens. Therefore, it was suggested to calculate strains from 

the crosshead displacement of the testing machine. Regarding the fatigue response of the 

material, fatigue damage initiates and propagates in a micro-ductile manner. This makes it easier 

to identify the fatigue initiation and propagation regions by SEM fractography. Moreover, the 

stiffness of the specimens was shown to have a non-monotonic behaviour, with a first 

decreasing part followed by an increasing one. A strong inverse correlation was found between 

modulus and specimens’ temperature, with the latter increasing and decreasing accordingly. 

This work is therefore a useful guide for fatigue testing of short fibres 3D printed short fibre 

reinforced polymers.  

Moreover, it also highlighted important open questions regarding the fatigue response of these 

materials. In particular, the modulus and temperature trends shown by the specimens has still 

to be fully understood, as well as their relationship. This work thus set some basis for a full 

characterisation of the fatigue response of 3D printed short fibres reinforced polymers, that will 

also require the testing of specimens with different raster orientation and under different 

loading and environmental conditions. 
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Abstract: The present work aims at investigating the progressive damage accumulation process 

of CFRP laminates in an interactive scheme, with a special focus on the early fatigue life where 

mainly matrix-dominant damage accumulates and stiffness degrades significantly. An in-situ 

damage monitoring system, containing edge observation, digital image correlation and acoustic 

emission techniques, was established to characterize and quantify the accumulation of 

transverse cracks and delamination. Two cross-ply configurations ([0/902]s and [02/904]s) and 

different stress levels were involved in the experimental campaign. Dependent crack ratio was 

proposed to reflect the interaction among transverse cracks, and saturated crack density was 

used to represent the interactive level between transverse cracks and delamination. Results 

showed that generation of transverse cracks and their interaction govern the early fatigue 

damage accumulation of the [0/902]s laminates, while not only the interaction among cracks but 

also the interaction between both damage mechanisms were observed for the [02/904]s 

laminates.  

Keywords: Delamination; Fatigue damage; Stiffness degradation; Transverse crack 

1. Introduction 

When subjected to fatigue loading, composite laminates have been recognized to experience a 

progressive damage accumulation process, which is initially dominant by off-axis cracking, then 

followed by delamination and finally ended by fiber breakage. Accordingly, a three-stage 

stiffness degradation is presented in a rapid-slow-rapid manner, and each stage is dominated by 

one damage mechanism: Stage I - off-axis cracks; Stage II - delamination, Stage III - fiber damage. 

Based on this non-interactive damage scheme, a gradual stiffness degradation of 90 plies was 

performed to reflect the transverse crack evolution of cross-ply laminates within Stage I, which 

was then terminated by a sudden 90-ply discount when reaching the saturation of transverse 

cracks in the progressive damage model established by Shokrieh and Taheri-Behrooz [1]. Also,  

Pakdel and Mohammadi [2,3] regard the moment of the onset of matrix crack saturation as the 

moment of the initiation of delamination when higher energy is released by the growth of 

delamination than the multiplication of matrix cracks; then, they formulated a competition 

criterion considering different damage modes to predict the saturated crack density of 

laminates. 

As extensive efforts have been put on the in-situ damage monitoring through experiments, it is 

found that multiple mechanisms could coexist and interact in a synergistic or competitive way. 

For instance, delamination could initiate within Stage I, even before the initiation of off-axis 
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cracks [4–6]; both delamination and fiber damage could occur within Stage III which may form 

either delamination dominant or fiber dominant damage state [7]. Besides the interaction 

between different damage mechanisms, the interaction within the same damage mechanism, 

like matrix cracks, could also be significant for laminates [8]. Therefore, an interactive damage 

scheme, considering the above-mentioned damage interaction, should be proposed for 

characterizing the progressive damage accumulation process of laminates under fatigue loading.  

In view that cross-ply laminates usually show the most of stiffness degradation within Stage I, 

the focus of present study is their interactive damage accumulation process during the early 

fatigue life. Around 30 specimens with two ply configurations, [0/902]s and [02/904]s, were tested 

under tension-tension fatigue loading at different stress levels. An in-situ damage monitoring 

system which contains edge observation by digital cameras, digital image correlation and 

acoustic emission techniques was used to investigate the accumulation of transverse cracks and 

delamination, the interaction among transverse cracks, and the interaction between transverse 

cracks and delamination for both ply-configurations. 

2. Experimental methods 

2.1 Material and specimen design 

Unidirectional (UD) Prepreg, named Hexply® F6376C-HTS(12K)-5–35%, with a nominal thickness 

of 0.125 mm, was used to fabricate cross-ply laminates in the dimension of 250 × 25 mm 

according to ASTM D3479/D3479M-19 standard [9]. Thick paper tabs were glued on the 

clamping region of the specimen with a 50 mm length, using cyanoacrylate adhesive. Details 

about the material properties of UD lamina and manufacturing process can be found in [5,6]. 

2.2 Test set-up and load conditions 

Figure 1 shows the experimental set-up: a 60 kN fatigue machine, two pairs of cameras and 

acoustic emission sensors. One pair of cameras in the front is to obtain the strain field of the 

gauge region (~80 mm) using digital image correlation (DIC) methods. Another pair of cameras 

at left and right sides is to monitor transverse cracks at 90 plies and interlaminar cracks at 0/90 

interfaces from the edge view, which was later quantified or localized by an image processing 

algorithm [10]. Delamination area can be obtained by the area of transverse strain concentration 

from DIC, which shows the potential to reflect the separation between 0 and 90 plies [5]. 

 

Figure 1. Test set-up. 

Cyclic loading with a constant stress amplitude was applied on the specimen with a stress ratio 

0.1 and frequency 5 Hz. Every 500 cycles, an unloading-loading tensile ramp in two seconds was 

performed where the image acquisition of both pairs of cameras was triggered. For the [0/902]s 
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laminates, maximum stress levels at 77%, 70% and 63% of ultimate tensile strength (UTS) were 

applied, and tests executed till the evolution of transverse cracks reached a saturated state. For 

the [02/904]s laminates, 74%, 70%, 66% and 63% of UTS were selected as the maximum stresses 

and tests stopped when the stiffness degradation approached the stable phase of the second 

stage. The run-off of all fatigue tests was set to ∼1e6 cycles. 

3. Results  

3.1 [0/902]s laminate 

As shown in Figure 2, almost no delamination was detected at the region between two tabs in 

comparison with the intact one, according to the C-scan results after tests. Besides, no 

significant interlaminar cracks were observed from images captured at the edge view. 

Apparently, thin 90 plies with 0.5 mm thickness restrain the growth of delamination, and 

transverse cracks were the only dominant damage mechanism in the early fatigue life.  

 

Figure 2. C-scan results for the [0/902]s laminates. 

A bi-linear trend of stiffness degradation and crack density as a function of fatigue cycles were 

observed, as an example of the stress level at the 70% of UTS plotted in Figure 3. A considerable 

reduction of both the growth rate of crack density and the degrading rate of stiffness occurs 

when the crack density is relatively high ( ~ 0.8 mm-1). This phenomenon should be attributed 

to the significant interaction among transverse cracks that the stress redistribution around prior 

cracks increased the resistance for the formation of new cracks. 

 

Figure 3. History of stiffness degradation and crack density evolution for the [0/902]s laminates. 
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3.2 [02/904]s laminate 

Different form the [0/902]s laminates, significant delamination growth was observed during the 

early fatigue life of [02/904]s laminates. For an example of the specimens which shared a similar 

stiffness degrading trend at 70% of UTS, Figure 4 presents the accumulation of transverse cracks, 

delamination growth along edges and within the specimen as a function of fatigue cycles.  

Instead of the moment after the saturation of transverse cracks, delamination initiated and 

started to grow significantly at the very early fatigue life when a low crack density was presented 

(~0.05 - 0.2 mm-1). The saturation of transverse cracks, known as the characteristic damage 

state, occurred before the stiffness degradation reached a stable phrase, where the mean value 

of fatigue cycles at the end of Stage I among specimens is marked as a dash line in Figure 4. At 

CDS, delamination grew considerably along the edges, while it seldom propagated within the 

specimens in view that the delamination area is less than 10% (see Figure 4(d)).  

From the initiation of delamination to the saturation of transverse cracks, the interactive period 

occupied about the half of fatigue cycles at Stage I, which shows a remarkable degradation of 

stiffness. After the saturation of transverse cracks, delamination growth along the edges became 

slow and gradually approached a fully delaminated state; however, delamination growth with 

the specimens kept a seemingly linear increase till the end of Stage I. 

 

Figure 4.  History of stiffness degradation (a), delamination growth along the edge(b), crack 

density evolution(c) and delamination growth within the specimen (d). (DI - delamination 

initiation; CDS - characteristic damage state) 

4. Discussions 

4.1 Interaction between dependent and independent cracks 
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To investigate the interaction among transverse cracks, dependent and independent cracks are 

classified by whether they occurred at a stress redistributed region, according to a critical crack 

spacing from 2D finite element modelling. This model implements two seam creak to simulate 

the stress sate of cracked region at the maximum cyclic stress, as an example of the [0/902]s 

laminates shown in Figure 5. By changing the crack spacing d, it is found that the axial stress of 

90 plies remains the applied level at the middle of two seam cracks when d is larger than 2.5 

mm and 4.5 mm for the [0/902]s and the [02/904]s laminates respectively. Therefore, the 

minimum or critical crack spacing for a new independent crack to be generated between these 

two seam cracks should be 2.5/2 = 1.25 mm and 4.5/2 = 2.25 mm at the [0/902]s and the [02/904]s 

laminates respectively. 

 

Figure 5. Finite element model for the cracked [0/902]s laminate, including boundary and 

loading conditions, and geometry dimensions. 

After classifying the type of cracks based on the critical crack spacing, the maximum number of 

independent cracks at CDS for the [0/902]s laminates is about twice of that for the [02/904]s 

laminates. Besides, a dependent crack ratio rd can be obtained which is the ratio of the maximum 

number of dependent cracks to the maximum number of independent cracks at CDS. rd ranges 

approximately from 1.2 to 1.6 and from 0.1 to 0.7 for the [0/902]s laminates and the [02/904]s 

laminates respectively. This indicates more dependent cracks were generated than the 

independent cracks for thin 90 plies, as a result of severer interaction among transverse cracks. 

4.2 Interaction between transverse cracks and delamination 

Competitive relation between transverse crack generation and delamination propagation is 

found for the [02/904]s laminates, as specimens with a low saturated crack density usually 

presents a larger delamination growth. To further understand interaction between both damage 

mechanisms, Figure 6 plots delamination growth along the edge when crack density increases.  

 

Figure 6. Interlaminar crack ratio (a) & normalised delamination area (b) versus crack density. 
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In Figure 6, specimens presenting a similar saturated crack density were grouped for all stress 

levels, and it shows that a faster growth of delamination with the increase of crack density 

occurs for specimens with a low saturated crack density. This further indicates that saturated 

crack density can be used to represent the interactive level between transverse cracks and 

delamination. 

5. Conclusions  

The progressive damage accumulation process under tension-tension fatigue loading is 

characterized and investigated for two types of cross-ply laminates, considering the interaction 

among transverse cracks and interaction between transverse cracks and delamination. The main 

conclusions are listed as follows: 

• Dependent crack ratio can be used to reflect the interaction among transverse cracks, 

and it is severer at thin 90 plies than thick 90 plies for cross-ply laminates. 

• Transverse cracks and delamination interact each other in a competitive way, which is 

more significant for cross-ply laminates with thick 90 plies; saturated crack density can 

represent the interactive level between both damage mechanisms. 

• An interactive damage scheme is needed for describing the progressive damage 

accumulation of laminates under fatigue loading. 
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Abstract: One of the main challenges, which has emerged in the last couple of years for high 

performances industries, lies in efficiently designing lighter and energy-sufficient structures, 

while still being competitive by ensuring optimum performances, short lead times, and the 

necessary level of safety. For these reasons, the use of composite materials has kept increasing, 

and with it the need for a fatigue lifetime prediction model with a harnessed complexity, which 

would be able to (i) help cut experimental costs, (ii) reduce design delays and (iii) enable the use 

of appropriate safety coefficients to avoid oversizing the structures. To answer that need, we 

propose a damage model able predict, thanks to its incremental formulation, the density of 

transverse cracks in the different plies of a laminate under complex fatigue loadings.   

Keywords: Fatigue lifetime; laminate; polymer matrix composite; damage model; crack density 

1. Introduction 

With nearly 50 billion of tons of greenhouse gas emission every year, leading to climate change 

and threatening an important loss of biodiversity, the environmental stakes have reached a 

critical point. To maintain the temperature increase below 2°C, reducing the emissions has 

become a necessity, and with nearly one billion ton of greenhouse gas emitted each year, 

greener means of aerial transportation are needed.  

The aeronautical industry has since been faced with a rising challenge: efficiently making lighter, 

less consuming structures, with improved performances and increased lifetime, while 

guarantying their safety and staying competitive on the market.  

For this reason, composite materials have been increasingly used, and now make up for about 

50% of all materials found in some aircrafts. However, they still lack predictive fatigue damage 

models, which would require fewer and simpler tests to obtain the same level of information, 

thus leading to a reduction of experimental costs.  

Therefore, we have set ourselves the following objectives: (i) building a model able to describe 

both static and fatigue behaviors, with a balance between accuracy and complexity to make it 

an accessible tool in industrial design offices, (ii) validating our approach with available material 

data, and then (iii) define and carry out an experimental campaign on a new generation of 

Carbon/Epoxy composite material.  

2. Incremental damage model 

2.1. Fatigue damage models 
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In the literature, two different kinds of fatigue damage models can be found: cyclic ones, driven 

by the number of cycles, where a counting scheme is usually used to reduce complex irregular 

loading history into a series of constant amplitude events, and time-based incremental models, 

where all the cycles of a real loading, however complex, are simulated.  

Most models focus first on the prediction of damage for static loadings. They are usually based 

on continuum damage mechanics, and consider either damage variables defined by their effects 

on the behavior (1,2), or directly on the measured crack density in each ply (3,4), thus 

considering an observable damage variable. Then, for the fatigue loading, some models propose 

modifying material parameters of the static damage evolution law for fatigue loadings as a 

function of the number of cycles (2), or propose a specific damage evolution law for fatigue 

loading as a function of cycles, considering for few of them observable damage variables in static 

and in fatigue (3). However, when it comes to incremental damage model with observable 

variables, to the best of our knowledge, damage models as proposed in (4) for static loadings, 

have not been extended to fatigue yet.  

By combining observable variables and an incremental formulation, this new kind of fatigue 

damage model obtained enables the description of real, complex loadings, such as those 

encountered in the industry, while directly linking the state of damage to the experimental 

information obtained. We will present this kind of model in the following work.  

2.2. The proposed incremental damage model 

This model is based on the work initiated by Germain (4), where he proposed a complete 

mesoscopic modeling dedicated to static loadings, using two observable variables, the mean 

crack density and the associated length of microdelamination at the cracks’ tips. We also worked 

on the methodology proposed by Angrand (5), where an incremental fatigue damage approach 

is used for 3D woven composites. The approach proposed here is defined at the unidirectional 

(UD) ply level in order to predict the fatigue lifetime of laminates with different stacking 

sequences subjected to both quasi-static or fatigue in-plane loadings. From the behavior law 

presented in Eq. (1), we define 𝑄𝑚𝑎𝑡 as the elastic rigidity matrix, and 𝜀∗ as the strain taking into 

account the residual thermal stresses. 𝜎 = 𝑄𝑚𝑎𝑡: 𝜀∗  

with 𝜀∗ = 𝜀 − 𝜀𝑡ℎ  

(1) 

Indeed, because the oriented plies have different thermal dilatation coefficients, there is an 

initial stress state within the laminates’ plies, prior to any mechanical loading due to the cooling 
in the manufacturing process. In order to refine the model’s damage onset, this has been taken 
into account by introducing a thermal strain, of which the expression can be found in Eq. (2). 

While 𝑇 represents the test temperature, 𝑇0 is the identified stress free temperature. 

𝜀𝑡ℎ = ( 𝛼𝐿𝛼𝑇𝛼𝐿𝑇) (𝑇 − 𝑇0)   
(2) 

The damage onset 𝑦𝑠𝑡𝑎𝑡0  is then further refined by adding a double criterion, taking into account 

the influence of the ply thickness as well as its position inside the laminate (6,7). A new static 

damage threshold is therefore defined in strain, as shown below in Eq. (3), according to the so-

called in situ strength 𝑌𝑇𝜀𝑖𝑠 . This implemented double criterion considers that the creation of new 
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cracks must answer to two different criteria: one formulated in energy, and one expressed in 

strain. This enables us to obtain different damage thresholds depending on the ply thickness, as 

it is experimentally observed. 𝑦𝑠𝑡𝑎𝑡0 = 12 (𝑌𝑇𝜀𝑖𝑠 2𝑆220 )    
with 𝑌𝑇𝜀𝑖𝑠 = max(𝜀22𝑅𝑒 ,  𝜀22𝑅 )                  = max ( 1𝑄22𝑚𝑎𝑡 √ 8𝐺𝐼𝑐𝜋ℎΛ220 − 𝑄12𝑚𝑎𝑡𝑄22𝑚𝑎𝑡 𝜀12∗ , 𝜀22𝑅 ) for inner plies,  

or             = max ( 1𝑄22𝑚𝑎𝑡 √ 4𝐺𝐼𝑐𝜋ℎΛ220 − 𝑄12𝑚𝑎𝑡𝑄22𝑚𝑎𝑡 𝜀12∗ , 𝜀22𝑅 ) for outer plies 

(3) 

In these equations, 𝐺𝐼𝑐 corresponds to the critical energy restitution rate in mode I, and Λ220  to 

the inverse of the coefficient 𝑄22. 

From there, a damage driving force is defined, as presented in Eq. (4): 𝑦 = 12 (𝑄2,2𝑚𝑎𝑡𝜀2∗+2 + 𝑎66𝑄6,6𝑚𝑎𝑡𝜀6∗+2)   (4) 

With 𝜀∗+ the positive part of the strain inside the ply, as defined in (8), and 𝑎66 a model 

parameter to identify in order to enable a coupling with the shear loading. 

The static crack density expression proposed by Germain [4] has then been integrated, before 

being generalized using [5], to obtain the cracking kinetics evolution �̇̅� presented in Eq. (5). �̇̅� = 𝑓𝑠𝑡𝑎𝑡(�̅�)𝑔𝑠𝑡𝑎𝑡(𝑦)�̇�𝑚𝑎𝑥 + 𝑓𝑐𝑦𝑐𝑙(�̅�)𝑔𝑐𝑦𝑐𝑙(𝑦)[〈�̇�〉+ − �̇�𝑚𝑎𝑥]   
with �̅� = 𝑁𝑐𝑟𝑎𝑐𝑘𝑠𝐿𝑜𝑏𝑠 ∗ ℎ𝑝𝑙𝑦 

(5) 

where �̅� is the normalized crack density, defined according to the number of cracks 𝑁𝑐𝑟𝑎𝑐𝑘𝑠, the 

observation length 𝐿𝑜𝑏𝑠 and the ply thickness ℎ𝑝𝑙𝑦. It can be noticed that this damage evolution 

law is written into two different parts. The first one in static is activated whenever �̇�𝑚𝑎𝑥 = �̇�, 

and has two different functions with three parameters left to identify: �̅�𝑐, the saturated crack 

density, and 𝑦𝑠𝑡𝑎𝑡𝑐  and 𝑝𝑠𝑡𝑎𝑡, which are both kinetic parameters found in Eq. (6) and Eq. (7).  

The second part in fatigue is activated whenever �̇�𝑚𝑎𝑥 = 0, and is also made of two different 

functions, with four parameters to identify: 𝑦𝑐𝑦𝑐𝑙0 , which is the fatigue damage threshold and 

needs to be inferior to the static one as observed experimentally, and 𝑦𝑐𝑦𝑐𝑙𝑐 , 𝑝𝑐𝑦𝑐𝑙  and 𝑛𝑐𝑦𝑐𝑙 
which are kinetic parameters found in Eq. (8) and Eq. (9). 

Table 1: Damage evolution law's functions 

Static 
 

Fatigue 
 𝑓𝑠𝑡𝑎𝑡(�̅�) = �̅�𝑐(1 − �̅��̅�𝑐)   (6) 𝑓𝑐𝑦𝑐𝑙(�̅�) = �̅�𝑐 (1 − 𝜌�̅��̅�)𝑛𝑐𝑦𝑐𝑙

  
(8) 

𝑔𝑠𝑡𝑎𝑡(𝑦) = 𝑝𝑠𝑡𝑎𝑡2√𝑦𝑠𝑡𝑎𝑡𝑐 √𝑦 ⟨√𝑦𝑚𝑎𝑥−√𝑦𝑠𝑡𝑎𝑡0√𝑦𝑠𝑡𝑎𝑡𝑐 ⟩
+

𝑝𝑠𝑡𝑎𝑡−1
  (7) 𝑔𝑐𝑦𝑐𝑙(𝑦) = 𝑝𝑐𝑦𝑐𝑙2√𝑦𝑐𝑦𝑐𝑙𝑐 √𝑦 ⟨√𝑦−√𝑦𝑐𝑦𝑐𝑙0

√𝑦𝑐𝑦𝑐𝑙𝑐 ⟩
+

𝑝𝑐𝑦𝑐𝑙−1
  (9) 
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Then, by initially making the assumption that the laminate’s behavior is macroscopically linear 

and that the loading is cyclic with a constant amplitude, we are able to perform an analytic 

resolution by integration, and to obtain two different crack density expressions from the same 

damage evolution law: one in static and one in fatigue, as presented below in Eq. (10) and 

Eq. (11). 

�̅�𝑠𝑡𝑎𝑡 = �̅�𝑐  [1 − exp (− ⟨√𝑦𝑚𝑎𝑥−√𝑦𝑠𝑡𝑎𝑡0√𝑦𝑠𝑡𝑎𝑡𝑐 ⟩+
𝑝𝑠𝑡𝑎𝑡)]  

(10) 

�̅�𝑐𝑦𝑐𝑙  (𝑁) = �̅�𝑐[1 − [(𝑛 − 1)(𝑓�̅�𝑠𝑡𝑎𝑡 + (𝑁 − 1)𝐼𝑔)] 11−𝑛 ]  
with 𝑓�̅�𝑠𝑡𝑎𝑡 = 1𝑛−1 (1 − �̅�𝑠𝑡𝑎𝑡�̅�𝑐 )1−𝑛

 and 𝐼𝑔 = ⟨√𝑦𝑚𝑎𝑥−√𝑦𝑐𝑦𝑐𝑙0
√𝑦𝑐𝑦𝑐𝑙𝑐 ⟩+

𝑝𝑐𝑦𝑐𝑙 ⟨√𝑦𝑚𝑖𝑛−√𝑦𝑐𝑦𝑐𝑙0
√𝑦𝑐𝑦𝑐𝑙𝑐 ⟩+

𝑝𝑐𝑦𝑐𝑙
 

(11) 

This model has been written with the intent of keeping a harnessed complexity, to limit the 

calculation costs. For this reason, strong hypotheses have been made here for now: we consider 

that the thermodynamic forces are driven by the total strain, and that the laminate’s 
macroscopic behavior remains linear, which is verified for the majority of materials used today 

in the aeronautical industry. 

2.3. The identification process  

To keep the identification process accessible, we have defined two protocols with different 

optimization tools, one for the static part, and one for the fatigue part. In static, three 

parameters are left to identify manually on 90° plies, by taking into consideration the crack 

density value at saturation, the shape of the curve at the onset of damage, and the rate at which 

the asymptote is reached. This step is then followed by the use of a simplex algorithm, to 

minimize the distance (RMSE) between the experimental data and the theoretical one. As this 

method is highly sensitive to local minima, it is only to be used after performing a manual 

identification. Then, the 𝑎66 coefficient can be identified on 45° plies by doing an inverse 

identification of the damage threshold from a tensile test on a quasi-isotropic stacking sequence. 

Finally, the fatigue part is identified by defining a sweeping range of some parameters, coupled 

with the use, once again, of a simplex algorithm. 

3. The experimental part 

3.1. Materials and instrumentation 

Two different aeronautical composite materials, made of epoxy resin and continuous carbon 

fibers, were used: the T700GC/M21 and the IMA/M21ev. The latter presents the particularity of 

having an increased number of thermoplastic nodulii at the interface to limit delamination.  

Both materials were tested in static and in fatigue on an INSTRON machine with a maximal 

capacity of 100kN. The tests were highly instrumented, using Acoustic Emission sensors, Digital 

Images Correlation cameras, extensometers and optical microscopy. The latter was used to take 
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pictures along the specimen’s edge during the test at different monitoring level, in order to 
analyze them later on with an automated crack detection tool (9).  

3.2. Tests performed 

A first experimental campaign was conducted at ONERA. The quasi-static tensile tests were 

performed for different monitoring load levels on quasi-isotropic stacking sequences. The 

fatigue tests were conducted for 100 000 cycles at a frequency of 5 Hz and different load stress 

ratios, respectively 0,1 and 0,05 for the T700GC/M21 and the IMA/M21ev. Monitoring levels 

were observed at defined number of cycles, for both the quasi-isotropic and cross-ply laminates 

tested. The stacking sequences considered in this study are [45/90/−45/0/45/90/−45/0]𝑠 for 

the quasi-isotropic in T700GC/M21, [(0/45/90/−45)2]𝑠 and [(90/−45/0/45)2]𝑠 for the quasi-

isotropic in IMA/M21ev, and [02/903/0]𝑠 for the cross-ply in IMA/M21ev. 

4. Results and discussion 

4.1. Model’s predictive abilities  

The model has been able to describe the static results obtained on the T700GC/M21, as well as 

on the IMA/M21ev, as illustrated below in Figure 1 and Figure 2. The first results obtained in 

static on different quasi-isotropic stacking sequences of IMA/M21ev showed an unusual 

behavior for this kind of material: the outer plies did not seem to undergo more damage than 

inner ones, as can be seen in Figure 2. It can also be seen on Figure 2 that the ply thickness effect 

has been taken into account, for both the damage threshold and the saturation value, for double 

and triple 90° plies. 

 
Figure 1: Experimental and numerical results 

for a quasi-static tensile test on the 

T700GC/M21 in 90° plies 

 
Figure 2: Experimental and numerical 

results for a tensile test on the IMA/M21ev 

in 90° double and triple plies 

Furthermore, fatigue damage has also been predicted on the T700GC/M21 quasi-isotropic 

laminate, for different maximum stress levels, even well below the static damage threshold, as 

can be seen in Figure 3.  
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Figure 3: Experimental and numerical results for a fatigue test on the T700GC/M21 in 90° plies, 

with gray curves as a prediction 

Likewise, the model has also been able to describe the state of damage in fatigue of both the 

90° and 45° plies of a quasi-isotropic stacking sequence, as shown in Erreur ! Source du renvoi 

introuvable.. From the first experimental campaign conducted, it appears that the specimens 

have reached a higher saturation value in fatigue than in static, hence their differentiation in 

those figures. This result will be verified with the next upcoming experimental campaign.   

 
Figure 4:Experimental and numerical results for a fatigue test on the IMA/M21ev in 90 and 45° 

plies 

During post-treatment, all the acoustic emission data have been analyzed, as well as the 

macroscopic modulus evolution, in order to compare it to the normalized mean crack density 

throughout the test. The automated crack detection tool has proven to be very relevant in the 

post-treating process. Overall, this model has proven to be highly efficient to describe constant 

amplitude fatigue loadings, while keeping a low computational cost (only a few seconds on a 

laptop).  
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4.2. Model’s limitations 

However, some strong hypotheses have been made on this model until now. For instance, we 

consider that the out-of-plane stresses can be neglected and that the material’s behavior is 
linear. We have also not added the damage effect on the material’s behavior yet, nor 
implemented sources of non-linearity such as viscosity and non-linear elasticity. Those are 

included in Germain’s model [4], and their importance remains to be estimated for the 

simulation of fatigue tests. 

5. Conclusion and perspectives 

The model we have proposed here is able to describe both static and fatigue behaviors, while 

keeping a low complexity and low computational times. It allies both the benefits of an 

incremental writing with an observable variables formulation: the ability of representing 

complex loadings, and of directly linking damage to its effect.  

It still has some limitations, and work perspectives have been defined to reach our initial 

objectives: (i) enhancing the model to add the damage effect on the material’s behavior, as well 
as nonlinear phenomena such as viscosity and non-linear elasticity. In a second time, the 

cumulated damage effect and the mean stress effect will be added, and innovative numerical 

methods such as the cycle-jump method will be implemented, in order to accelerate the 

simulation times (10). (ii) Further experimental tests will be conducted to build and validate 

specific parts of the model, with a second campaign about to begin on a hundred of available 

specimens, until (iii) it can finally be implemented into a commercial Finite Element code. 
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Abstract: The tension-tension fatigue behavior of angle-ply GFRP laminate is studied in this 

work. The main objective is to develop an efficient methodology to obtain time- and cycle-

dependent properties considering their interaction. Different aspects of time-dependent 

deformation on fatigue behavior are discussed. The S-N curves are adjusted according to the true 

stress state resulting from large creep deformation under fatigue loading. Moreover, the effect 

of fiber orientation on fatigue stiffness evolution is investigated. A simple analysis is performed 

to exclude the stiffening effect due to fiber orientation from the monitored fatigue stiffness 

evolution, which provides the fatigue stiffness evolution due to pure fatigue damage. An 

experimental methodology is proposed for time-dependent properties to evaluate the effect of 

fatigue damage on viscoelastic properties. DMA experiments were used to obtain the time-

dependent properties of the fatigue-damaged specimen. Finally, this work presents the feasibility 

of extending the time-temperature superposition principle to time-temperature-fatigue damage 

superposition, aiming to predict the viscoelastic properties depending on the fatigue damage 

level.  

Keywords: Fatigue, composites, Creep-fatigue interaction; Residual stiffness; DMA; TTSP. 

1. Introduction 

Polymer matrix composites are widely used in numerous engineering fields such as aerospace, 

wind energy, automotive, and civil engineering as a primary component due to their high specific 

strength and stiffness. Engineering structures experience different loading types, such as creep, 

fatigue, and impact, during their lifetime. Nowadays, it is widely accepted that FRP composite's 

long-term behavior should be evaluated for their application in different engineering domains, 

especially in load-bearing parts of structures. Investigation of FRP composites' fatigue and creep 

behavior has already been examined since the 1940s, when these materials were firstly 

introduced in different engineering applications [1, 2]. Since the polymeric matrices possess 

inherent viscoelastic properties, they are expected to show time-dependent viscoelastic 

behavior. Therefore, the viscoelastic behavior of polymeric matrices used in structural 

components can significantly affect FRP composites' failure response under loading. Due to this 

inherent viscoelastic nature of polymer matrix composite, time-dependent phenomena such as 

creep, recovery, and relaxation should be considered to evaluate composite laminates' long-

term behavior. 

In most of the works that already exist in the literature, creep and fatigue behavior have been 

studied separately for FRP composites' long-term behavior. However, the FRP composite 

materials undergo time-dependent deformation (creep deformation) even under constant 
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amplitude (CA) fatigue loading with non-zero mean stress. Therefore, under fatigue loading, 

time-dependent behavior would affect the cycle-dependent properties and the 'materials' 

response, e.g., strength, stiffness, and failure modes. As a result, FRP composites' viscoelastic 

behavior should be considered for accurate evaluation and prediction of cycle-dependent 

properties. On the other side, investigation of the effect of fatigue damage on the viscoelastic 

properties could be more challenging as reported in many works in the literature, i.e., some 

related research reviewed in [2]. There is a lack of an efficient methodology to investigate the 

evolution of viscoelastic properties during fatigue loading. The available experimental 

methodologies to obtain the viscoelastic properties, like those described in  [3, 4] suggesting the 

application of an Interrupted creep-fatigue loading pattern, can affect the fatigue behavior and 

lifetime of GFRP composites. Therefore, the fatigue life prediction models proposed in the 

literature, considering the viscoelastic behavior, are developed using the time-dependent 

properties of undamaged material, directly obtained by conducting creep tests [5].  

Based on the challenges discussed above, this work aims to study the fatigue behavior of GFRP 

composites considering both time- and cycle-dependent behavior as well as their interaction. 

For this purpose, a robust experimental and analysis methodology is presented to investigate 

the creep-fatigue interaction under fatigue loading. Angle ply [±45]2𝑠𝑠 GFRP laminates have 

been fabricated and used in this work to discuss the presented methodology's performance. 

Quasi-static experiments have been performed to obtain the GFRP laminate's mechanical 

properties, i.e., ultimate strength and stiffness, while CA fatigue experiments were performed 

under different maximum stress levels and three R-ratios of 0.1, 0.5, and 0.8 to investigate the 

material’s fatigue performance. The DIC method has been used for strain measurements as well 

as for studying comparatively the distribution and evolution of the fatigue damage under 

different loading conditions. The Dynamic Mechanical Analysis (DMA) was used to obtain the 

viscoelastic properties of damaged material (cut from failed specimen) as well as properties of 

undamaged ones. The creep master curves were obtained by adopting the time-temperature 

superposition principle (TTSP) and conducting short-term creep tests at several temperatures 

[6]. The feasibility of using TTSP on a damaged specimen under fatigue loading was studied 

based on the limited DMA tests performed and presented in this work. As a result, this work can 

potentially introduce an extension to the TTSP, the "time-temperature-fatigue damage 

superposition principle" (TTFDSP). The analysis part is also separated to discuss the evolution of 

cycle- and time-dependent properties. The effect of relatively large strain resulting from 

viscoelastic behavior has been addressed for cycle-dependent properties. The effect of fiber-

reorientation, which results from the creep deformation, has been also studied. The fiber 

reorientation during loading was obtained using the DIC measurements for longitudinal and 

transverse strain. Accordingly, a simple analysis based on the classical laminate theory (CLT) is 

proposed to exclude the effect of fiber reorientation's stiffness increase [7]. For time-dependent 

properties, the results obtained by DMA tests on the fatigue-damaged sample were compared 

to the undamaged one to illustrate the effect of fatigue on viscoelastic properties. In the last 

part, the DIC results for different stress levels and R-ratios are presented to comparatively 

discuss the damage distribution and evolution for different loading conditions.  
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2. Experimental procedure 

2.1 Material fabrication and test setup 

Unidirectional E-glass fiber fabrics (EC 9-68) with an area density of 425 gr/m2 and ply thickness 

of 0.45 mm were impregnated by the low viscosity resin, Biresin® CR83, mixed with the hardener 

Sika CH83-2, in the ratio of 10:3, to fabricate the [±45]2𝑠𝑠 GFRP laminates. As depicted in Figure 

1-a, the vacuum infusion method was used to fabricate GFRP laminates with dimensions of 

40×40 cm2 using a vacuum pump with a pressure of 0.95 bar. The laminate was kept in the 

vacuum for 24 hours at laboratory conditions (22±2 oC, 40±10 % RH) and afterward was put in 

an oven at 70oC for 8 hours for post-curing. Specimens with 250 × 25 mm2 (length × width) were 

cut from the laminates by a water-jet cutting machine, and two aluminum tabs with the 

dimensions of 40 × 25 mm2 were glued to each specimen end, according to the ASTM D3039. 

Specimens have been sprayed to make speckle patterns for DIC measurements, as illustrated in 

Figure 1-b. The Quasi-static and CA fatigue experiments were conducted at an Instron 8800 

hydraulic universal testing rig of 100-kN capacity with an accuracy of ±0.01 kN. The test setup 

for CA fatigue experiments is shown in Figure 1-c. For DIC measurements, a camera Point Grey 

- Grasshopper3 with a resolution of 2.2 Mpixels and a Fujinon HF35SA-1 35mm F/1.4 lens are 

used. An infrared (IR) thermal camera with an accuracy of 0.1°C and optical resolution of 

160x120 pixels was also employed during the fatigue experiments to record the evolution of the 

specimen's surface temperature. 

2.2 Quasi-static and fatigue Tests  

Quasi-static tests have been conducted on several samples to obtain the ultimate tensile 

strength of material with the same loading rate as fatigue tests. Based on the static results, 

different maximum stress levels are considered for CA tests. Fatigue tests have been conducted 

under three R-ratios of 0.1, 0.5 and 0.8 considered. The loading rate of 10 kN/sec was chosen to 

avoid significant self-generated temperature.  

 

  

(a) 

 

(b) (c) (d) 

Figure 1. (a) Fabrication Process (Vacuum Infusion), (b) Sprayed specimen for DIC, (c) Fatigue 
test setup, (d) Cutting sample for DMA tests based on DIC results 
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2.3 DMA experiments  

The DMA experiments were performed using a TA Instruments Q800 dynamic mechanical 

analyzer to obtain the viscoelastic properties of damaged and undamaged GFRP specimens. The 

single cantilever fixture has been used for performing the DMA tests. As shown in Figure 1-d, 

specimens with dimensions of 35.0 × 10.0 mm2 (length × width) were cut from failed specimens 

for DMA tests according to the DIC results (to cut samples with different damage states). The 

creep-recovery tests were carried out for 60 and 120 minutes for each loading  part, respectively. 

In order to apply the TTSP for obtaining the viscoelastic properties, creep-recovery tests were 

performed in the temperature range of 25–75°C with 10°C intervals. The same testing 

configuration was considered for the undamaged GFRP specimens to compare the viscoelastic 

properties. 

3. Analysis and discussion 

3.1 Cycle-dependent properties 

The results of the quasi-static experiments are shown in Figure 2-a. The ultimate tensile strength 

(UTS) was estimated as 157 ± 9 MPa. The fatigue test results were used to obtain the S-N curves 

for different R-ratios. The S-N curves were obtained by normalizing the maximum stress by the 

UTS resulting from quasi-static tests to exclude the scattering resulting from the ultimate 

strength of GFRP laminate. As shown in Figure 2-b, the S-N curves for different R-ratio presented 

with dashed lines and the fatigue experimental data shown by open symbols. As a result of the 

relatively large deformation of the [±45]2𝑠𝑠 GFRP laminates under fatigue loading, the level of 

true stress applied during loading will increase. The effect of the true stress state on S-N curves 

is investigated by adjusting the stress level based on the strain evolution monitored during 

loading. The adjusted experimental data are presented by filled symbols and the corresponding 

S-N curves by solid lines in Figure 2-b. By comparison of S-N curves, it can be realized the 

underestimation of S-N curves, especially at higher R-ratios and stress levels, where creep 

deformation would be more considerable. As a result, the underestimation of S-N curves can 

lead to overdesigning of FRP composites' structures. Therefore, it is suggested to consider the 

true stress levels applying for fatigue tests analysis, i.e., especially to obtain the in-plane shear 

properties using [±45]2𝑠𝑠 laminates for designing and also numerical modeling purposes. 

  
(a) (b) 

Figure 2. (a) Stress-strain for same the GFRP laminates fabricated (b) S-N curves for R-ratio of 
0.1, 0.5, and 0.8, before (dashed lines and unfilled shapes) and after (solid lines and filled 

shapes) stress adjustment due to large deformation 
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In the next step, the effect of fiber reorientation on the evolution of fatigue stiffness during 

loading has been studied. The fiber reorientation as a result of the cyclic creep (time-dependent 

deformation) can be estimated from the measurements of the longitudinal and traverse strains. 

Therefore, the average fiber reorientation in each cycle can be calculated directly by using the 

DIC measurements for strains in both directions. Based on the results obtained in this work, the 

fiber reorientation could increase up to 10 degrees for fatigue tests with the R-ratio of 0.8. At a 

higher R-ratio and higher maximum stress levels, the material undergoes more creep 

deformation, and consequently, more fiber reorientation can be experienced. Using the fiber 

reorientation evolution obtained during fatigue testing, the fatigue stiffness increase due to 

fiber reorientation can be estimated by CLT. Finally, the normalized fatigue stiffness monitored 

during the loading can be decomposed to the fatigue stiffness degradation due to fatigue 

damage and stiffening caused by fiber reorientation. The results of fatigue experiments for high 

and low maximum stress levels and for R-ratio of 0.1, 0.5 and 0.8 are shown in Figure 3. The 

evolution of normalized fatigue stiffness, degradation due to fatigue damage, and stiffening 

resulting from fiber reorientation are depicted in black, red, and blue colors, respectively. The 

selected fatigue tests represented high and low maximum stress levels are compared in Figure 

3-a, Figure 3-b, and Figure 3-c for R=0.1, 0.5, and 0.8, respectively. The Fatigue tests reported 

are named with the stress level ratio (S, maximum stress level/UTS) and R-ratio (R). According 

to Figure 3-c, at a higher R-ratio and higher stress level (S0.71_R0.8), more effects of stiffening 

due to fiber reorientation can be observed. This actually results from more creep deformation, 

which could increase the stiffness up to 60%. 

  

(a) (b) 

 

(c) 

Figure 3. Decomposition of fatigue stiffness evolution due to fiber reorientation and fatigue 
damage for high and low maximum stress levels at different R-ratio (a) R=0.1, (b) R=0.5, and (c) 
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Considering the fatigue stiffness evolution due to only fatigue damage, the residual stiffness 

model can be developed to interpret pure fatigue damage evolution. As shown in Figure 3, the 

stiffness evolution due to fatigue damage is decreasing for all fatigue tests. According to Figure 

3-a, at the lower R-ratio of 0.1 and at higher stress level (S0.52_R0.1), where fatigue damage 

dominates the material behavior, the fatigue stiffness decreased, due to fatigue damage, to ca. 

50%, while the decrease was less for higher R-ratios (See Figs3-b, 3-c), and it almost vanishes for 

R=0.8, where the creep dominates the material behavior.  

3.2 Time-dependent properties 

The results obtained from DMA experiments conducted on a limited amount of damaged and 

undamaged specimens. According to Figure 4-a, the creep strain curves were obtained for the 

undamaged specimen at temperatures in the range of 25–75 °C. The same DMA experimental 

procedure has been performed on the sample cut from the specimen that failed in the fatigue 

experiment of "S0.46_R0.1."  The result shown in Figure 4-b corresponds to the top-left located 

sample (cut according to the DIC result in Figure 4-c). The creep strain curves for each damaged 

and undamaged test have been used to obtain the creep strain master curves using the TTSP. 

The shift factors have been obtained by adopting the Williams-Landel-Ferry (WLF) model [8]. 

The results show the feasibility of applying TTSP on damaged GFRP material to obtain the 

viscoelastic properties depending on the damage level caused during fatigue loading. As shown 

in Figure 4-c, applying TTSP on a fatigue-damaged specimen provides a smooth master curve to 

predict creep strain for a longer time period. As seen in Figure 4-c, the creep master curves of 

the damaged and undamaged specimens are comparable, with the master curve for the 

damaged material shifted upward at the early stages due to fatigue stiffness degradation, which 

affects the instantaneous strain. Besides mentioned shifting, the fatigue damage alters the 

viscoelastic behavior for longer periods, as the master curve diverges more from the one for the 

undamaged sample. As a result of this observation, extending the TTSP to the time-temperature-

fatigue damage superposition principle would be suggested to predict viscoelastic properties 

depending on the damage level caused during loading. To validate the proposed methodology, 

more DMA experiments are needed for various fatigue tests performed at different stress levels 

and R-ratios. Finally, it will be possible to establish the novel creep master curves depending on 

the different loading conditions and the level of fatigue damage. Therefore, the proposed 

master curve would be used for more accurate modeling and to predict the long-term behavior 

of FRP composites considering both fatigue damage and creep deformation. 

3.3 Damage propagation and failure modes 

The DIC measurements were post-processed using the VIC-2D software (from Correlated 

Solutions, Inc). A field size (160 mm × 25 mm) was defined on each initial image of the samples 

to capture the specimen's strain field under loading. The most important parameters related to 

post-processing using DIC software are the subset and step size, as well as the interpolation 

type. The parameters were tuned effectively, corresponding to the speckle pattern created by 

spraying.  
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(a) (b) 

  

(c) 

Figure 4. (a) Creep strain curves obtained from creep-recovery tests for temperatures in the 
range of 25–75 °C on (a) undamaged [±45]2𝑠𝑠 GFRP, (b) Damaged specimens cut from fatigue 

test of S0.46_R0.1 (The top-left position in the DIC image), (c) Comparison of creep master 
curves obtained by TTSP for damaged (S0.46_R0.1, top-left) and undamaged material 

As a result of relatively large deformation, the Hencky strain (logarithmic) was used to consider 

true strain. Finally, the DIC results for longitudinal strain (loading direction) are presented in 

Figure 5 to qualitatively compare the damage initiation and propagation under different loading 

conditions. First of all, compared to the IR thermography results, which are not presented here, 

the DIC method would provide a higher resolution to monitor different damage modes initiated 

and propagated during the loading. In Figure 5, the longitudinal strain field at different fractions 

of life is presented for R-ratios of 0.1 (top), 0.5 (middle) and 0.8 (bottom). For each R-ratio, two 

test results represent high (left) and low (right) stress levels. By comparing the longitudinal strain 

distribution, it can be realized that under a lower R-ratio (0.1), where fatigue dominates the 

material behavior, the damage is more concentrated. However, under the R-ratio of 0.8 (creep-

dominated), the strain distribution and damage distribution are more uniform throughout the 

specimen. The damage was initiated mainly by matrix cracking at the free edges at the early 

stages of fatigue loading. In the next stage, the micro-cracks initiated could be propagated 

parallel to the fiber directions as macro matrix cracks or fiber/matrix debonding. Finally, the 

propagated damages would mostly lead to delamination and fiber breakage causing the failure 

of the laminate. Selected images of failure surfaces for different R-ratios are presented in Figure 

6. The results show different failure modes as fiber breakage, mixed fiber breakage/pull-out, 

and fiber pull-out for R-ratios of 0.1, 0.5 and 0.8, respectively.  
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S0.52_R0.1 S0.46_R0.1 

1% 50% 75% 99% 100%  1% 50% 75% 99% 100%  

           
 

S0.63_R0.5 S0.57_R0.5 

1% 50% 75% 99% 100%  1% 50% 75% 99% 100%  

     
 

     
 

S0.71_R0.8 S0.65_R0.8 

1% 50% 75% 99% 100%  1% 50% 75% 99% 100%  

            

Figure 5. The DIC measurements for longitudinal strain during fatigue tests for R-ratios of 0.1 
(top), 0.5 (middle) and 0.8 (bottom), and under high (left) and low (right) stress levels 
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(a) S0.52_R0.1: Fiber breakage (b) S0.57_R0.5: fiber breakage/pull-out (c) S0.71_R0.8: Fiber pull-out 

Figure 6. The dominant failure modes under different R-ratios: (a) 0.1, (b) 0.5, (c) 0.8 

4. Conclusion 

The fatigue behavior of angle-ply GFRP laminates was studied considering time- and cycle-

dependent behaviors. Different aspects of their interactions under tension-tension CA fatigue 

loading were addressed. For cycle-dependent properties, it has been shown that the S-N curves 

were underestimated due to the increasing stress state under fatigue loading, i.e., resulting from 

large creep deformation, especially for higher R-ratio and stress levels. Moreover, the effect of 

fiber orientation on fatigue stiffness evolution was investigated. A simple analysis was 

performed to decompose the stiffening effect due to fiber orientation from the fatigue damage 

stiffness evolution, which provides more accurate residual stiffness models representing the 

pure fatigue degradation. An experimental methodology using DMA testing was suggested to 

evaluate the effect of fatigue damage on viscoelastic properties. The results have shown the 

feasibility of using the time-temperature superposition principle for damaged material, which 

can provide viscoelastic properties depending on the fatigue damage level. Since limited results 

were used in this work, the DMA testing should be performed for more damaged specimens 

under different loading conditions to evaluate the performance of the proposed methodology. 

Finally, the evolution of DIC measurements and failure surfaces have been discussed for 

different loading conditions. As a result, it can be concluded that depending on the R-ratio, the 

damage distribution and failure modes could differ, resulting from different inherent behavior 

of FRP composite materials under creep and fatigue loading. 
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Abstract: A probabilistic model for estimating the fatigue life of composite laminas is developed 
in this paper. Based on the statistical characteristics of the fatigue life (mean value and standard 
deviation), a linear probabilistic model is proposed along with the statistical uncertainty, which 
allows for efficiently predicting the distribution of fatigue life at any stress levels for a constant 
stress ratio. By comparing predicted and experimental results for several composite materials, 
the proposed model is validated and its accuracy is further evaluated through the use of 
goodness-of-fit statistical tests. In addition, with a second-order polynomial model, the 
probabilistic constant life diagrams for different combinations of stress level and stress ratio are 
developed. Meanwhile, the probabilistic S-N curves for any stress level and stress ratio without 
experimental measurements are derived, and it is demonstrated that the probabilistic S-N curves 
agree well with the validation data, which could greatly save the cost of extra fatigue tests. 

Keywords: Fatigue; Composites; Probabilistic modeling; Statistical analysis.  

1. Introduction 

Fatigue failures occur very often in composite structures [1-3]. A large scatter in the fatigue 
properties has been observed during experimental investigations on fibrous composite 
materials [1], [4]. This kind of variability can be attributed to defects induced during manufacture 
and the inhomogeneity of composite materials. One of the most common approaches to 
calculate the fatigue strengths is using S-N curves [5, 6], which is a deterministic equation 
obtained by fitting the measured fatigue life data. Early in 1910, Basquin [7] suggested a power-
law equation between fatigue strength and cycles to failure, which is still used by many 
researchers today. Generally, the fatigue performance of a transversely isotropic composite 
lamina can be revealed by the S-N curves established in the three principal directions of the 
materials, which is also an indispensable step in determining the fatigue life of the off-axis 
lamina [8-9]. Experimental tests on various stress levels are essential to derive the S-N curves, 
and to further consider the mean stress effect in fatigue life predictions, fatigue data for several 
R (R=Smin/Smax) values should be measured to construct the well-known constant life diagrams 
(CLD) [10-12]. However, to cope with the uncertainties introduced in the fatigue properties and 
derive a rational model of the fatigue life, statistical methods should be applied. 

Statistical treatment of the fatigue strength and the developed stresses as random variables is 
suggested in probabilistic consideration of several fatigue failure criterions [8, 9]. Several 
stochastic variables, such as the elastic properties of the composite material, the geometrical 
characteristics and the applied loads, have been defined [13, 14] and introduced in a functional 
formulation that provides statistical descriptions of the developed stresses, which can be found 
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in several works [15, 16]. However, despite a number of probabilistic fatigue life models have 
been proposed, very few works exist on the formulation of probabilistic CLD and even fewer for 
the probabilistic modeling of fatigue life with statistical characteristics of experimental data. 

To deal with the problem at hand, a parameterization of the statistical characteristics of the 
fatigue life (mean value and standard deviation) with respect to the stress level Sa, and the ratio 
R based on experimental evidence is proposed in this work. Empirical models are developed 
including the statistical characteristics of fatigue life in closed-form equations, which is able to 
estimate the distribution of fatigue life for every combination of Sa and R and obtain 
probabilistic S-N curves as well as CLD diagrams.  

2. Probabilistic fatigue life model 

2.1 Linear probabilistic fatigue model 

One of the most popular probabilistic models for the fatigue life data is the Lognormal 
distribution. Assuming that the fatigue life is described by the same type of parametric 
distribution independently of the applied stress amplitude Sa and the ratio R, for the Lognormal 
distribution, the fatigue life model can be written as 𝑙𝑛 𝑁 = 𝑚 + 𝑠𝑍,                                                                      (1) 

where N is the allowable number of cycles at the stress amplitude Sa in a specific ratio R, m and 
s are the parameters of the Lognormal distribution, and Ζ is a random variable with the standard 
normal distribution. The mean value, α1, and standard deviation, α2, of the allowable number of 
cycles Ν can be expressed in terms of the parameters m and s [17] 𝛼 = 𝑒 ,                                                                                 (2) 𝛼 = 𝑒 − 1 𝑒 .                                                          (3) 

Due to the limited number of experimental data, statistical uncertainty inserts in the model of 
Eq. (1). Thus, the variables α1, α2 can be thought of as random variables themselves. The interest 
is mainly focused to express α1, α2 (or their statistical characteristics, mean value E(αi) and 
standard deviation D(αi), if statistical uncertainty is considered) by means of simple algebraic 
equations with respect to the applied stress amplitude Sa and ratio R based on available 
experimental data.   

For constant ratio R, a linear relation between the natural logarithm of αi and the natural 
logarithm of the applied stress amplitude Sa is assumed as 𝑙𝑛 𝛼 = 𝐸(𝑙𝑛 𝛼 ) + 𝐷(𝑙𝑛 𝛼 )𝑍 ,  𝑖 = 1,2,                                (4) 

where 𝐸(𝑙𝑛 𝛼 ) = 𝑐 𝑙𝑛 𝑆 + 𝑑 ,  𝑖 = 1,2,                                            (5) 

where Zi denotes random variables with the standard normal distribution, ci and di are the 
regression coefficients. As lnαi are direct statistical characteristics of testing data, they may be 
correlated variables. If they are correlated, accordingly the Zi are also correlated ones with a 
correlation coefficient ρ.  
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Combining Eq. (4) and Eq. (5), we get 𝑙𝑛 𝛼 = 𝑐 𝑙𝑛 𝑆 + 𝑑 + 𝐷(𝑙𝑛 𝛼 )𝑍 ,  𝑖 = 1,2,                             (6) 

where the term D(lnαi)Zi represents the random error accounting for the statistical uncertainty. 
Both α1 and α2 are random variables following the same distribution as N while the random 
component Zi represents the statistical uncertainty inserted by the limited number of the 
experimental data. Ignoring the statistical uncertainty, the Eqs. (4)-(5) are greatly simplified and 
become 𝑙𝑛 𝛼 = 𝑐 𝑙𝑛 𝑆 + 𝑑 ,  𝑖 = 1,2.                                                (7) 

When the statistical uncertainty is not considered, Eq. (7) can be used to determine the relation 
between lnαi and lnSa. Once the linear relation is determined, the distribution of the fatigue life 
can be estimated by inserting Eq. (6) or Eq. (7) into Eqs. (1)-(3). 

Through linear regression, we can easily obtain the slope and intercept of the proposed model 
in Eq. (7) (or Eq. (6) if considering the statistical uncertainty). Thus, for the case that the statistical 
uncertainty is omitted, the value of αi for a specific stress level Sa can be directly computed using 
the proposed linear model, and then the parameters of the distribution can be further obtained. 
For Lognormal distribution, by solving Eqs. (2)-(3), the parameters m and s can be expressed as 
functions of αi 

𝑚 = ln ,                                                                     (8) 

𝑠 = ln (1 + ).                                                                      (9) 

Once the parameters of a distribution are determined, the cumulative distribution function (CDF) 
of the fatigue life N can be thereby obtained.  

If the statistical uncertainty is considered, Eq. (6) is used for generating random numbers of αi. 
As α1 and α2 are correlated variables, a covariance matrix (Cov) is required to generate random 
samples of αi 𝐶𝑜𝑣 = 𝐷(𝑙𝑛𝛼 ) 𝜌𝐷(𝑙𝑛𝛼 )𝐷(𝑙𝑛𝛼 )𝜌𝐷(𝑙𝑛𝛼 )𝐷(𝑙𝑛𝛼 ) 𝐷(𝑙𝑛𝛼 ) .                           (10) 

The value of D(lnαi) can be determined as the mean error of linear regression for each stress 
ratio, and the value of ρ can be estimated by bootstrap method. With these values, random 
samples for [α1, α2] with a given size of s1 are generated. Then the parameters of Lognormal 
distribution and Weibull distribution corresponding to each pair of α1 and α2 are calculated by 
Eqs. (8)-(10). For each pair of obtained parameters ([m, s]), random numbers in the size of s2 
from the Lognormal distribution are generated with corresponding distribution parameters, 
which brings a group of random variables with the total size of s1* s2. By calculating the mean 
value and standard deviation of all generated random numbers of N, re-estimation of αi is 
achieved on amplified samples where the statistical uncertainty is included. Then the 
parameters of distribution can be determined following Eqs. (8)-(9), on the basis of estimated 
values of αi. In this way, the cumulative distribution function (CDF) of the fatigue life N, where 
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the statistical uncertainty is considered, is obtained with calculated values of distribution 
parameters.  

2.2 Probabilistic constant life model 

To derive a general probabilistic constant life model, a second-order polynomial model is 
established to describe each curve in the probabilistic CLD graphs. For constant values of lnαi (or 
E(lnαi) if statistical uncertainty is considered), it can be written as 𝑆 = 𝑒 𝑅 + 𝑓 𝑅 + 𝑔 , 𝑖 = 1,2,                                                  (11) 

The parameters in Eq. (11) are also assumed to be well described by second-order polynomial 
models in the following form: 𝑒 = 𝑚 𝑌 + 𝑛 𝑌 + 𝑝𝑓 = 𝑠 𝑌 + 𝑡 𝑌 + 𝑟𝑔 = 𝑢 𝑌 + 𝑣 𝑌 + 𝑤 ,   𝑖 = 1,2.                                               (12) 

When omitting the statistical uncertainty, 

 𝑌 = 𝑙𝑛𝛼 , 𝑖 = 1,2,                                                                       (13) 

and for the case that the statistical uncertainty is considered 𝑌 = 𝐸(𝑙𝑛𝛼 ), 𝑖 = 1,2.                                                                 (14) 

Assuming that N obeys the lognormal distribution, the term (ln(N)-m)/s satisfies the standard 
normal distribution, which is  ( ) ~𝑁(0,1).                                                                        (15) 

By means of the inverse relation of the standard normal cumulative distribution function, the 
Pth percentile point of fatigue data r can be calculated using the following formula: 𝑟 = Φ (𝑃) = ( ) ,                                                              (16) 

where Φ (𝑃)   is the inverse of standard normal distribution for a certain probability P. The 
distribution parameters m and s can be expressed as functions of the stress level Sa, which are 𝑚 = 𝐹(𝑆 ) = ln ( )( ) ( ) ,                            (17) 

𝑠 = 𝐺(𝑆 ) = ln(1 + 𝑒 ( )).                       (18) 

Substituting Eq.(17) and Eq. (18) into Eq. (16), there is ln(𝑁) = 𝐹(𝑆 ) + 𝐺(𝑆 ) ∗ 𝑟.                                                    (19) 

For a given value of N and failure probability P, the value of r can be obtained through Eq. (16), 
and the corresponding stress level Sa can be obtained by solving Eq. (19).  

Furthermore, a probabilistic approach is introduced here to derive probabilistic S-N curves for a 
specific ratio R without experimental measurements including the statistical uncertainty. As the 
fatigue life N is assumed to satisfy Lognormal distribution, it should be pointed out that the 
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distribution parameters m and s refer to the mean value and standard deviation of a normal 
distribution which lnN satisfies. With the properties of normal distribution, the probabilistic S-N 
curves can be derived once the distribution parameters m and s for each stress level are 
determined. For the case when omitting statistical uncertainty, the values of m and s can be 
directly derived once the coefficients of Eq. (12) are obtained through fitting. If the statistical 
uncertainty is considered, statistical methods proposed in the previous section should be 
conducted to generate random samples, and the values of m and s can be determined after re-
estimation of αi. 

3. Validation of the proposed model 

Experimental data on GFRP multidirectional laminate with a stacking sequence of [90/0/±45/0]S 
from the DOE/MSU database [18] are used for validation. First, the proposed model was 
examined on the tension-tension testing data of material DD16 for R=0.5, where data in three 
stress levels are used for fitting.  Fig. 1(a) displays linear fitting results of this dataset, and the 
predicted distribution of fatigue life in the second stress level (marked red in Fig. 1(a)) was 
plotted in Fig. 1(b). Obviously, almost all the curves in Fig. 1(b) fit well with the experimental 
data, indicating the proposed model is capable of predicting the fatigue life distribution in the 
stress level without experimental measurement. 

 
(a)                                                             (b) 

Figure 1. Fitting results on testing data of material DD16 for R=0.5: (a) linear regression results; 
(b) CDF assuming Lognormal distribution. 

Fig. 2 presents the established probabilistic CLD model in and Sm-Sa plane. With the proposed 
second-order polynomial model, the fatigue behavior for any ratio R in the range of measured 
data (e.g., 0.1<R<0.9 for this dataset) can be described, and the mean stress effect on the fatigue 
behavior of the examined material can be reflected as well. Fig. 3 displays the probabilistic S-N 
curves for R=0.8, with the failure probability ranging from 2.28% to 97.72%. As most datapoints 
fall into the predicted band, the developed P-S-N curves are quite accurate. Besides, when 
considering statistical uncertainty, the derived S-N curves exhibits more variation and the 
observed wider range between the upper and lower bonds provides better predictions. 
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(a)                                  (b) 

Figure 2 Probabilistic CLD in in Sm- Sa plane of constant N for 0.1<R<0.9 under the failure 
probability: (a) P=50%; (b) P=90%. 

 

Fig. 3 Probabilistic S-N curves in a ln-ln plot for R=0.8: (a)omitting statistical uncertainty, (b) 
considering statistical uncertainty. 

4. Conclusions 

A probabilistic fatigue life model was proposed based on the statistical characteristics (mean 
value and the standard deviation) of the number of cycles to failure with respect to the applied 
stress level, S and stress ratio, R. The results obtained from this study can be summarized as 
follows:  

• The relation between statistical characteristics of experimental data and the applied 
stress level was well described by the linear model. Statistical procedures of deriving the 
fatigue life distribution in certain stress level without measured data were suggested based 
on the proposed linear model, where the statistical uncertainty was included. 

• By comparing predicted distributions with experimental data, it was concluded that both 
the quantity and the quality of used data have an impact on the performance of the 
proposed model. 
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• A probabilistic CLD model was developed without considering the statistical uncertainty, 
and proved quite successful for the estimation of the fatigue life under a certain failure 
probability, for different stress levels Sa and stress ratio R within the range of measured 
data.  

• A probabilistic approach was introduced to develop probabilistic S-N curves for specific 
R-ratios considering the statistical uncertainty. The derived probabilistic S-N curves are well 
corroborated by the experimental data, while it was shown that the impact of data quantity 
and quality was reduced when the statistical uncertainty was included. 
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Abstract: In this work, hybrid sheet molding compound composites consisting of a 

discontinuous glass fiber-reinforced core and continuous carbon fiber-reinforced face plies were 

analyzed regarding their bending fatigue behavior at different frequencies and temperatures 

relevant for automotive applications. While the ultimate flexural strength at fatigue strain rate 

(UFSF) of the hybrid composite was only 59 % higher than that of discontinuous SMC, flexural 

fatigue strength at 3.6 ∙ 105 cycles increased by 260 % due to hybridization. At ambient 

temperature, fatigue strength of continuous-discontinuous SMC decreased by less than 

5 % UFSF per decade of cycles, whereas that of discontinuous SMC decreased by 10 % UFSF per 

decade of cycles. While excellent fatigue properties were determined at ambient temperature, 

the hybrid composite was sensitive to a temperature increase. This behavior was a result of early 

kinking of the continuous carbon fiber-reinforced ply on the compression loaded side. 

 Keywords: Hybrid composites; Fatigue; Sheet Molding Compound; Bending; Effects of 

Hybridization 

1. Introduction 

Discontinuous (DiCo) glass fiber-reinforced sheet molding compounds (SMC) are widely used as 

non-structural and semi-structural components in the automotive industry. However, due to the 

limited fiber length and a lack of fiber orientation, their mechanical properties are too low for the 

material to be used as structural components. One approach to increase the mechanical 

performance of DiCo SMC is locally reinforcing components with load-optimized continuous carbon 

fiber tape [1]. Preliminary works have shown that such continuous-discontinuous (CoDiCo) sheet 

molding compounds show excellent mechanical properties under quasi-static loading conditions, 

especially under bending load [2], with the continuous fiber reinforcement having maximum 

distance to the neutral axis. Since structural components are usually subject to cyclic loading, it is 

important to also study the material behavior under fatigue loading. Furthermore, automotive 

components are loaded at different temperatures with changing frequencies. Unidirectional carbon 

fiber-reinforced composites are known to be largely insensitive to temperature and frequency 

changes under tensile load, where the material behavior is mainly fiber-dominated [3,4]. However, 

a temperature dependence is observed under off-axis loading [3]. The influence of loading 

frequency on the fatigue behavior of conventional DiCo SMC composites was also found to be 

minor [5], however, stress-life data show a clear temperature-dependence [6,7]. Whether a hybrid 

composite combining both types of reinforcement exhibits frequency- and temperature dependent 

fatigue properties has not yet been investigated.  
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In this work, the bending fatigue behavior of hybrid CoDiCo SMC is studied and compared to that 

of DiCo SMC without continuous reinforcement. The focus is particularly on the effect of 

temperature and frequency on the stress-life behavior.   

2. Materials and Manufacturing 

The SMC composites investigated in this study were manufactured at the Fraunhofer Institute of 

Chemical Technology (Pfinztal, Germany) and consist of a two-step curing unsaturated polyester 

polyurethane hybrid resin system [8] and either discontinuous glass fiber reinforcement or a hybrid 

reinforcement with discontinuous glass fibers in the core and unidirectional continuous carbon 

fibers in the surface layers. Discontinuous SMC was manufactured on a conventional conveyor plant 

type HM-LB-800 by Schmidt&Heinzmann (Bruchsal, Germany) with a nominal fiber volume content 

of 26 %. The fiber length was 25.4 mm. The semi-finished product was stored to mature for several 

days at approximately 30 °C after manufacturing. Continuous semi-finished material with a nominal 

fiber volume content of 64 % was manufactured by feeding unidirectional carbon fiber non-crimp 

fabric to the conveyor plant. Additional heating and cooling sections were installed at the end of 

the manufacturing line to start the first curing reaction by increasing the temperature to 80 °C 

and then stop the cross-linking by cooling the material to room temperature again. This step 

was necessary to increase the viscosity of the continuously reinforced semi-finished material, 

which allowed for better handling and cutting. Both semi-finished materials were cut into 

sheets, stacked and molded into plaques of 800 mm x 250 mm on a hydraulic press type 

COMPRESS PLUS DCP-G 3600/3200 AS by Dieffenbacher (Eppingen, Germany) at 125 bar, 

approximately 145 °C and 112s mold closing time. DiCo SMC was manufactured with 50 % mold 

coverage. The semi-finished sheet of 400 mm length and 250 mm width were positioned in the 

center of the mold to enforce a one-dimensional flow during compression molding. The one-

dimensional flow resulted in a preferential fiber orientation. Hybrid CoDiCo SMC was molded in 

one step, by placing one continuous semi-finished sheet into the mold (100 % mold coverage), 

followed by a stack of discontinuous material (50 % mold coverage) and another continuous 

sheet (100 % mold coverage). The direction of the continuous carbon fibers corresponded to the 

direction of flow of the discontinuous material. A schematic of the compression molding process 

of CoDiCo SMC is depicted in Figure 1.  

 

Figure 1 : Manufacturing of CoDiCo SMC plaques in one-step compression molding process. The 

discontinuous semi-finished material flows in one direction between the two continuous semi-

finished plies. 

Specimens were extracted from the plaques via waterjet cutting. The thickness of the specimens is 

depicted in Figure 2. The length was 60 mm and 100 mm for DiCo and CoDiCo SMC, respectively. 

The width was 15 mm for both materials.  
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Figure 2: Dimensions of DiCo SMC and CoDiCo SMC specimens. 

3. Experimental methods 

3-point bending and bending fatigue tests were carried out on an all-electric fatigue test machine 

type ElectroPuls E3000 by Instron according to ISO 13003 [9] and DIN EN ISO 14125 [10]. The 

test machine was equipped with a 5 kN load cell. A temperature chamber was installed, which 

allowed testing at -20 °C, 21 °C and 80 °C. Friction was reduced by applying 

polytetrafluoroethylene tape onto the lower supports and the loading nose. The span length 

was 48 mm and 80 mm for DiCo and CoDiCo SMC, respectively. The span lengths were chosen 

depending on the specimen thicknesses to obtain a constant span-to-thickness ratio of 

approximately 1:28. Bending tests were carried out under displacement control at fatigue strain 

rate with a crosshead velocity of 90 mm/s for DiCo SMC and 180 mm/s for the hybrid composite 

to obtain final failure after around 0.1 s (half a period duration when performing fatigue tests at 

a frequency of 5 Hz) according to ISO 13003. Bending fatigue tests were carried out under load 

control with a load ratio of 0.1. The considered loading frequencies were 1 Hz, 5 Hz and 10 Hz. 

The maximum numbers of cycles was 3.6 ∙ 105, which was due to the size of the liquid nitrogen 

container that was used for cooling, and due to the long test durations at 1 Hz. 

Flexural stresses were determined according to DIN EN ISO 14125 by 𝜎 =  3𝐹𝐿2𝑏ℎ2          (1)  

with the force F, specimen width b, specimen thickness h and span length L. It should be noted, 

that the hybrid composite is largely inhomogeneous and the values calculated using Eq. 1 do not 

represent actual stresses in the plies. These values should only be used to compare the 

mechanical performance of the different material systems on a macroscopic scale.  

4. Results and discussion 

4.1 Ultimate flexural strength 

The ultimate flexural strength at fatigue strain rate UFSF of DiCo and CoDiCo SMC are given in 

Table 1. UFSF was increased by 76 %, 59 % and 64 % at -20 °C, 21 °C and 80 °C, respectively, due to 

hybridization. 

Table 1: Ultimate flexural strength UFSF of DiCo and CoDiCo SMC at different temperatures.  

 UFSF (T = -20 °C) UFSF (T = 21 °C)  UFSF (T = 80 °C) 

DiCo SMC 438 MPa ± 60 MPa 425 MPa ± 30 MPa 366 MPa ± 49 MPa 

CoDiCo SMC  771 MPa ± 161 MPa 678 MPa ± 81 MPa 602 MPa ± 55 MPa 
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4.2 Stress-life data  

Stress-life data of DiCo SMC at different temperatures is depicted in Figure 3. The maximum stress 

is given in MPa on the left y-axis and in percent of UFSF at 21 °C on the right y-axis. Runouts are 

marked with arrows and the numbers behind the arrows indicate the number of runouts at -20 °C 

(blue), 21 °C (yellow) and 80 °C (red). The colored areas are laterally bounded by 10 %- and 90 %-P-

S-N curves and shall indicate the scatter range of the data at the different test temperatures.  

 

Figure 3: S-N data of DiCo SMC at different temperatures. 

The maximum stress, at which no fatigue failure occurred within 3.6 ∙ 105 cycles was 232 MPa 

(55 % UFSF) at -20 °C and 132 MPa (31 % UFSF) at 21 °C and 80 °C. The results at 21 °C and 80 °C 

are largely similar, with the fatigue strength decreasing by approximately 10 % UFSF per decade 

of cycles. The decrease of the fatigue strength per decade of cycles is slightly smaller at -20 °C. 

The specimens failed due to matrix cracking and pseudo-delamination on the tensile loaded side. 

Figure 4 shows the stress-life data of CoDiCo SMC at different temperatures. At 21 °C, fatigue 

strength decreased by less than 5 % UFSF per decade of cycles. The material therefore shows a 

more favorable fatigue behavior than DiCo SMC without continuous reinforcement. However, 

temperature had a far stronger effect on the fatigue behavior of the hybrid composite than on 

the fatigue behavior of DiCo SMC. Furthermore, the fatigue behavior of CoDiCo SMC was 

stronger influenced by temperature than the ultimate flexural strength under monotonic 

loading. The maximum stress, at which no fatigue failure occurred within 3.6 ∙ 105 cycles was 

577 MPa (85 % UFSF), 475 MPa (70 % UFSF) and 305 MPa (45 % UFSF) at -20 °C, 21 °C and 80 °C, 

respectively. Compared to DiCo SMC, the fatigue strength at 3.6 ∙ 105 cycles has been increased 

by 149 %, 260 % and 130 % at -20 °C, 21 °C and 80 °C, respectively. The effect of hybridization 

was therefore higher under fatigue loading than under monotonic loading. The specimens failed 

due to kinking of the continuous carbon fibers on the compression loaded side. At -20 °C and 

21 °C, fracture of the continuous fibers on the tension loaded side followed immediately after 

the compression loaded ply failed. At 80 °C, the tension loaded ply was still intact after the 

compression loaded ply failed. However, a stiffness drop of approximately 60 % occurred. 
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Figure 4: S-N data of CoDiCo SMC at different temperatures. 

The influence of frequency on the stress-life data of DiCo and CoDiCo SMC is depicted in Figure 5 

and Figure 6, respectively. For both material systems, the fatigue behavior at 1 Hz, 5 Hz and 

10 Hz was largely similar. A small effect could be observed in the low cycle fatigue range. One 

reason for this behavior is the visco-damage behavior of DiCo SMC [11], which results in a higher 

damage threshold at increased strain rate. This effect is noticeable at short test duration and 

does not have an effect on the fatigue life in the high cycle fatigue range. It should be noted that 

the considered frequency range was comparatively small. Especially for the hybrid composite, a 

frequency dependence is expected at very high frequencies, which would lead to heating of the 

specimens. 

 

Figure 5: S-N data of DiCo SMC at different loading frequencies. 
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Figure 6: S-N data of CoDiCo SMC at different loading frequencies. 

5. Summary and Conclusions 

Hybrid CoDiCo SMC showed excellent fatigue properties under bending fatigue load. At a ratio 

of DiCo glass fiber SMC to continuous carbon fiber SMC of approximately 3:1, the fatigue 

strength at 3.6 ∙ 105 increased by 260 % compared to DiCo SMC without continuous 

reinforcement. Positive effects of hybridization were higher under fatigue loading than under 

monotonic loading. No significant frequency dependence could be observed in the considered 

range between 1 Hz and 10 Hz for both DiCo and CoDiCo SMC. While the effect of temperature 

on the fatigue behavior of DiCo SMC was small, the hybrid composite showed a pronounced 

temperature dependence. This behavior must be considered for potential applications. Since 

failure of the hybrid composite was characterized by kinking of the continuous carbon fiber ply 

on the compression loaded side, the influence of temperature is expected to be smaller, if 

continuous reinforcement is implemented only on the tension loaded side. 
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Abstract: Our proposed accelerated testing methodology (ATM) was applied to the prediction 

of fatigue strength of unidirectional CF/PP composites (UD-CF/PP) with polypropylene matrix 

under tension and bending loads. The effects of viscoelastic behavior of matrix resin and 

repeated loading on the fatigue strength were evaluated. It was found that the fatigue strength 

of UD-CF/PP showed characteristic behavior depending on the loading direction of tension and 

bending. 

Keywords: CF/PP; durability; fatigue strength; viscoelasticity; accelerated testing 

1. Introduction 

Carbon fiber reinforced plastics (CFRP) have been used for primary structural members of 

airplanes, ships, automobiles, and other vehicles, for which high reliability must be maintained 

during long-term operation. Therefore, an accelerated testing methodology (ATM) is anticipated 

strongly for long-term life prediction of CFRP structures exposed to actual environmental 

temperatures, water, and other influences.  

Our earlier reports presented the ATM for predicting the long-term life of CFRP based on the 

time-temperature superposition principle which holds for matrix resin viscoelasticity [1]. 

Statistical formulations for scattered time-dependent and temperature-dependent static, creep, 

and fatigue strengths of CFRP were done based on Christensen’s viscoelastic crack kinetics [2]. 

Recently, Mitsui Chemicals, Inc. has developed a carbon fiber/polypropylene unidirectional 

sheet (CF/PP UD sheet) using a polyolefin-based sizing agent for carbon fiber. Its effective PP 

modification provides good compatibility with PP and improves the fiber matrix adhesion. The 

validity of formulation for the statistical time-dependent and temperature-dependent static and 

creep strengths was clarified experimentally for tension loading along the longitudinal direction 

of CF/PP tape. Results clarified that the long-term creep failure time under tension loading can 

be readily inferred statistically using results obtained from static tests conducted at various 

temperatures [3]. 

In this paper, the ATM was applied to the prediction of fatigue strength of unidirectional CF/PP 

composites (UD-CF/PP) with polypropylene matrix under tension and bending loads. The effects 

of the number of cycles to failure, temperature, and frequency on the prediction of fatigue 

strength were evaluated. First, UD-CF/PP tapes and UD-CF/PP laminates made from CF/PP UD 

sheet as the tension and bending test specimens, respectively. Second, the relaxation moduli of 

845/1211 ©2022 Nonaka 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:b1709856@planet.kanazawa-it.ac.jp
https://doi.org/


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

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

the PP matrix resin were measured at various temperatures, and long-term relaxation modulus 

was obtained based on the time-temperature superposition principle. Third, the static and 

fatigue strengths were measured under tension and bending loadings at various temperatures. 

Finally, the viscoelasticity of the matrix resin and the static and fatigue strengths of UD-CF/PP 

were substituted into the ATM formulation, and the predictions are revealed. 

 

2. Formulations 

The formulation of statistical static strength s of CFRP based on the matrix resin viscoelasticity, 

was presented in an equation in our earlier paper [4], as shown below. log𝜎s = log𝜎0 + 1𝛼 log[−ln(1 − 𝑃f)] + 𝑛Rlog [ 𝐸s∗(𝑡, 𝑇)𝐸r(𝑡0, 𝑇0)] (1) 

Therein, Pf signifies the failure probability, t denotes the failure time, t0 represents the reference 

time, T stands for the temperature, T0 stands for the reference temperature, 0 and  

respectively denote the scale parameter and the shape parameter on the Weibull distribution 

of static strength. In addition, nR is the viscoelastic parameter. Therein, Er and Es
* respectively 

represent the relaxation and viscoelastic moduli of matrix resin. The viscoelastic modulus Es
* for 

the static load with a constant strain rate is calculated as presented below. 𝐸s∗(𝑡, 𝑇) = 𝐸r(𝑡 2⁄ , 𝑇) (2) 

Statistical creep strength σc can be ascertained by shifting the master curve of static strength 

with log A based on Christensen’s theory for viscoelastic crack kinetics [5]. Therefore, the master 

curve of creep strength can be presented as the following equation [4]. 

log𝜎c = log𝜎0 + 1𝛼 log[−ln(1 − 𝑃f)] + 𝑛Rlog [ 𝐸c∗(𝑡, 𝑇)𝐸r(𝑡0, 𝑇0)] (3) 

In this equation, Ec
* represents the viscoelastic modulus for a constant stress. 𝐸c∗(𝑡, 𝑇) = 𝐸s∗(𝐴𝑡, 𝑇) = 𝐸r(𝐴𝑡 2⁄ , 𝑇) (4) 

The shifting amount log A, as ascertained from slope kR of logarithmic static strength against the 

logarithmic failure time curve, is calculated using the following equation. log𝐴 = log (1 + 1𝑘R),              𝑘R = 𝑛R𝑚R (5) 

Therein, mR represents the slope of logarithmic relaxation modulus of matrix resin against the 

logarithmic time curve. 

All of parameters for the statistical creep strengths of CFRP shown in Eq. (3) are determined 

from the viscoelasticity of matrix resin and the statistical static strengths of CFRP and the creep 

tests are not needed. The failure probability Pf in the case that an arbitrary constant creep stress 

c0 is applied at a constant temperature increases monotonically with increasing of the elapsed 

failure time from Eq. (3) and the scatter of failure time is uniquely determined. 
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We proposed the formulation of statistical fatigue strength of CFRP, f, based on the matrix resin 

viscoelasticity, as shown below. The fourth paragraph of right side of this equation is an 

additional paragraph for considering the damage accumulation by cyclic loading which is 

determined experimentally log𝜎f = log𝜎0 + 1𝛼 log[−ln(1 − 𝑃f)] 

               +𝑛Rlog [ 𝐸f∗(𝑡, 𝑇)𝐸r(𝑡0, 𝑇0)] −  𝐹f[log(2𝑁f)] (6) 

The viscoelastic modulus Ef
* is calculated using the following equation for the cyclic load for the 

case in which the stress ratio of the minimum stress/the maximum stress is zero, assuming that 

the matrix resin deformation in CFRP during cyclic loading is constrained perfectly by carbon 

fiber rigidity 𝐸f∗(𝑡, 𝑇) = 12 [𝐸r ( 14𝑓 , 𝑇) + 𝐸r (𝑁f𝑓  −  14𝑓 , 𝑇)] ,      𝑁f = 𝑓𝑡 (7) 

The fatigue degradation parameter Ff, as a function of the number of cycles to failure Nf, is 

obtainable by the following polynomial function of log(2Nf), which is determined based on 

experimentation 𝐹f[log(2𝑁f)] = 𝑎[log(2𝑁f)] + 𝑏[log(2𝑁f)]2 +  𝑐[log(2𝑁f)]3 (8) 

The fatigue strength at Nf = 1/2 is equal to the static strength when failure time t is equal to 

1/(2f). All of the parameters for the statistical fatigue strengths of CFRP shown in Eq. (6) are 

determined from the viscoelasticity of matrix resin and the statistical static and fatigue strengths 

of CFRP. The failure probability Pf in the case that an arbitrary constant maximum stress fo is 

applied at a constant temperature and a constant frequency increases monotonically with 

increasing of the elapsed failure time or the number of cycles to failure from Eq. (6) and the 

scatter of failure time is uniquely determined. 

 

3. Testing methods 

CF/PP UD sheets with 0.16 mm thick were cut into 2 mm wide and 500 mm long as the tension 

test specimens. The gage length of tension test specimen is 300 mm. For the bending test, 12 

CF/PP UD sheets were stacked to form a 2 mm thick laminate, and then cut into 15 mm wide 

and 100 mm long specimens. The span of the three-point bending is 80 mm. Both tension and 

bending tests were performed under various temperatures at a displacement rate of 2 mm/min 

for static tests and at a frequency of 2 Hz and a stress ratio of 0.1 for fatigue tests. 

 

4. Results and discussion 

4.1 Relaxation modulus of matrix resin 

Relaxation modulus of polypropylene (PP) was measured at various temperature. Figure 1 shows 

the long-term relaxation modulus for PP which were obtained by shifting measured data at 
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various temperatures along the log scale of time and log scale of relaxation modulus until they 

overlapped each other based on the time-temperature superposition principle. Figure 2 shows 

the time-temperature shift factor (horizontal shift) and temperature shift factor (vertical shift) 

for the master curve of relaxation modulus. 

 

 

Figure 1. Master curve of relaxation modulus for PP 

 

   

Figure 2. Time-temperature shift factor and temperature shift factor 

 

4.2 Determination of strength parameters of CFRP composites by static tests 

Static tension and bending tests for UD-CF/PP were conducted at various temperatures. Figure 

3 shows the static strength versus temperature. The static strengths decrease markedly with 

increasing temperature. The temperature dependence on static strength is different with 

loading type, tension and bending. 

The Weibull distributions for static strength at various temperatures are depicted in Fig.4 for the 

UD-CF/PP. In this figure,  is the shape parameter and  is the scale parameter. Although the 

scale parameter decreases according to the temperature rise, the shape parameter maintains 

an almost constant value for the UD-CF/PP to the temperature rise. Shape parameter  and 

scale parameter  at temperature T = 25oC in this figure can be inferred as shape parameter , 

scale parameter 0 of static strength at the reference temperature T0 = 25oC, and the reference 

failure time t0 = 1 min used in Eq. (1).  
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Figure 5 portrays the dimensionless static strengths of UD-CF/PP s0 against the dimensionless 

viscoelastic modulus of PP Es
*∕Er0. The relation of s/0 against Es

*∕Er0 can be represented as a 

straight line with slope of nR, which is the viscoelastic parameter in Eq. (1). The parameter nR is 

different with loading type, tension and bending. 

 

 

Figure 3. Static strength of UD-CF/PP against temperature 

 

  

(a) Tension                                           (b) Bending 

Figure 4. Weibull distribution for static strength of UD-CF/PP 

 

 

Figure 5. Determination of viscoelastic parameter nR 
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4.3 Fatigue strengths of CF/PP composites 

Fatigue tests of UD-CF/PP were conducted for several constant stress levels, at a constant 

temperature and at a constant frequency, respectively. Figure 6 shows the fatigue strength 

against number of cycles to failure under tension and bending load. There is no decrease in 

strength with changes in temperature and frequency under tension load. On the other hand, the 

strength decreases with changes in temperature and frequency under bending load. 

 

  

(a) Tension                                                             (b) Bending 

Figure 6. Fatigue strength against number of cycles to failure of UD-CF/PP 

 

The dimensionless fatigue strength defined by the following equation can be easily derived from 

Eq. (6). log 𝑆f = log 𝜎f𝜎0 − 𝑛Rlog [ 𝐸f∗(𝑡, 𝑇)𝐸r(𝑡0, 𝑇0)] = 1𝛼 log[−ln(1 − 𝑃f)] − 𝐹f[log(2𝑁f)] (9) 

This equation means that the relations between the dimensionless fatigue strengths 𝑆f and the 

number of cycles to failure 𝑁f obtained by substituting the measured data into the middle side 

of this equation constitutes the dimensionless statistical S-N master curve shown in the right 

side of this equation. 

Figure 7 presents the relation between the dimensionless fatigue strength 𝑆f  and the number 

of cycles to failure 𝑁f. This relation clarifies only one curve that is independent of temperature 

and frequency for tension load. However, for bending load, the dimensionless fatigue strength 

depends on temperature and frequency. 
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(a) Tension                                                                 (b) Bending 

Figure 7. Non-dimensional fatigue strength against number of cycles to failure of UD-CF/PP 

 

4.4 Prediction of fatigue strength for CF/PP composites  

The strength reduction that appears in fatigue strength includes several factors. Figure 8 

represents those strength reductions. Strength reduction A is attributed to viscoelasticity under 

tension and bending loadings, while strength reduction B is attributed to cyclic loading as 

obtained from fatigue test results at a test temperature of 25oC and a frequency of 2 Hz. From 

this figure, it can be found that the effect of viscoelasticity is small under tensile loading and the 

effect of cyclic loading is large. On the other hand, under bending load, the effect of 

viscoelasticity is large and the effect of cyclic loading is small. It can be inferred that the 

difference in strength reduction with loading direction shown in Fig.8 is due to the difference in 

fracture mechanism. Under tension loading, the failure is the accumulation of fiber breakage, 

and under bending loading, the failure is triggered by micro-buckling of carbon fibers. By 

substituting the parameters calculated from each test into Eq (6), the fatigue life at 25oC can be 

represented as shown in Fig.9. 

 

 

Figure 8. Effects of viscoelasticity and repeated loading on fatigue strength of UD-CF/PP 
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Figure 9. Prediction of fatigue strength of UD-CF/PP 

 

5. Conclusion 

In this study, fatigue tests of unidirectional CF/PP composites under tension and bending 

loadings were conducted to investigate fatigue life prediction of unidirectional CF/PP 

composites. Long-term fatigue life was determined from the viscoelastic properties of the 

polypropylene neat resin and the static and fatigue strengths of the unidirectional CF/PP 

composite. It was found that the fatigue strength of unidirectional CF/PP composites showed 

characteristic behavior depending on the loading direction in tension and bending due to the 

fracture mechanism. 
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Abstract: In this study, open-hole tensile fatigue tests are conducted on CFRP laminates with 

different ply thicknesses (thin- and thick-ply) to investigate the effects of ply thickness. Fatigue 

tests are conducted at several stress levels, and fatigue damage growth around a circular hole 

was examined by evaluating the stiffness degradation and observing the internal damage via X-

ray radiography. In addition, static tensile tests were conducted on the fatigued specimens to 

evaluate the effects of the fatigue damage on the residual strength after fatigue. The evaluation 

of fatigue damage growth and residual strength indicated that the thin-ply composites have 

suppressed the fatigue damage in the stress concentration region, and maintained the open-hole 

tensile strength even though the multiple cracks occurred in the circular hole. 

Keywords: Thin-ply composites; Fatigue; Damage observation; Residual strength after fatigue 

1. Introduction 

In recent years, thin-ply carbon fiber reinforced polymer (CFRP) prepregs manufactured using 

tow-spreading technology [1] are increasingly investigated as a structural material for future 

aircraft owing to their ability to improve design flexibility in composite structures. Thinning a 

single layer of a composite laminate increases the number of layers, facilitating the selection of 

ply thicknesses and fiber orientations that were previously unavailable, thereby increasing the 

degree of design freedom. In the future, the combination of thin-ply and automated fiber 

placement technologies is expected to enable designs with continuously varying ply thicknesses, 

fiber orientation, and other factors. 

Thin-ply CFRP laminates are known to improve non-hole tensile (NHT), non-hole compressive, 

and open-hole compressive strengths owing to the suppression of cracking and delamination 

[1–7]. However, studies have reported that the use of thin-ply materials decreases the strength 

in open-hole tensile (OHT) tests [1,2,4,5,8]. As the impact of ply thickness on damage 

accumulation (cracks and delamination) and the ultimate strength of laminates is significant, it 

should be considered for the analysis. Additionally, the effect of ply thickness on fatigue damage 

growth should be examined because aircraft structures are subjected to cyclic loading during 

long-term operations. Sihn et al. [1] and Amacher et al. [4] have reported that OHT specimens 

with thin-ply can effectively suppress damage under fatigue loading. Although the evaluation of 

the degree of strength loss after fatigue is essential for long-term operations, the residual 

strength of thin CFRP laminates has not been investigated sufficiently. Therefore, the effect of 
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ply thickness on damage propagation under fatigue loading and the residual strength after 

fatigue requires further analysis. 

In this study, fatigue tests were performed on two types of open-hole CFRP laminates with 

different ply thicknesses to experimentally evaluate the effect of ply thickness on fatigue 

damage propagation caused by circular holes. Quasi-isotropic (QI) laminates with ply thicknesses 

of 0.05 and 0.2 mm were subjected to OHT fatigue tests. Internal damage at each fatigue cycle 

was observed using X-ray radiography to evaluate the effect of ply thickness on the amount of 

stiffness reduction. Additionally, fatigue tests were performed at several stress levels to 

compare the crack and delamination propagation under each condition. Residual strength 

evaluation tests were performed on specimens that did not fail despite the maximum fatigue 

cycle. Furthermore, quasi-static loading was applied to the specimens to evaluate the effect of 

fatigue damage in the circular hole on the OHT strength. 

2. Open-hole tensile fatigue tests 

2.1 Test procedure 

Figure 1 shows the schematic of the OHT specimens used in this study: Aluminum tabs 45 mm 

long and 2 mm thick were used for fatigue tests. As shown in Table 1, the specimens were 

fabricated using 0.05 mm-thick thin-ply prepregs, and two types of QI laminates with different 

ply thicknesses of 0.05 mm and 0.2 mm were prepared, as listed in Table 1. Static strengths 

previously obtained by the authors [8] are also shown in Table 1. 

Tensile fatigue tests were performed under load control using the hydraulically driven testing 

machine Instron 8802. The maximum load of fatigue loading Pmax is determined by setting the 

stress level based on the static strength in Table 1. Table 2 summarizes the stress levels and the 

maximum stresses for the fatigue tests conducted in this study. The stress ratio (R = Pmin/Pmax) 

and frequency of the fatigue waveform were set to 0.1 and 5 Hz, respectively. The maximum 

number of cycles of fatigue loading was set to 500,000 cycles, and fatigue loading was applied 

until failure or reaching maximum cycles. 

Two fatigue tests were conducted at each stress level: one of which was an interrupted test for 

damage observation, and the other was continuously subjected to fatigue loading up to the 

maximum cycles. In the interrupted test, the fatigue test was stopped after each predetermined 

cycle, and then the specimen was unloaded. After the specimen was removed from the testing 

machine, X-ray images were acquired using a soft X-ray radiography system. A zinc iodide 

penetrant was inserted into the circular hole of the specimen. After the X-ray images were 

obtained, the specimens were mounted on the testing machine and subjected to fatigue loading 

again. 

This study evaluates the degradation in laminate stiffness due to accumulated fatigue damage 

in OHT specimens, and the difference in stiffness reduction with ply thickness is discussed. The 

stiffness of the laminate to be evaluated is defined as follows, using the maximum and minimum 

fatigue loads Pmax and Pmin and the corresponding displacements δmax and δmin, respectively. 

max min

max min

Stiffness
P P

δ δ





                  (1) 

854/1211 ©2022 Ryoma 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. Schematic of open-hole specimen for fatigue tests. 

 

Table 1: Lists of laminate layups: ply thickness and static strength [8]. 

Type Layup Ply thickness [mm]  Static strength [MPa] 

QI-1 [45/0/-45/90]8S 0.05 490.1 

QI-4 [454/04/-454/904]2S 0.2 532.4 

 

Table 2: Lists of fatigue test conditions. 

Type Target stress level, applied maximum stress 

QI-1 80%, 392 MPa 70%, 343 MPa 50%, 245 MPa 

QI-4 80%, 426 MPa 70%, 373 MPa 50%, 266 MPa 

 

2.2 Fatigue test results: Stiffness degradation behavior 

The stiffness obtained from the fatigue tests on QI laminates with ply thicknesses of 0.05 mm 

and 0.2 mm is shown in Figure 2. The stiffness values are plotted as normalized stiffness by the 

initial stiffness of the first cycle. In the case of laminate QI-1 with a ply thickness of 0.05 mm, 

stiffness decreased from 50,000 to 100,000 cycles under three stress level conditions, with little 

decrease in stiffness thereafter. The specimen did not fail by the maximum number of cycles in 

all conditions, and the amount of stiffness reduction was approximately 5% at the maximum 

cycles. 

In the case of laminate QI-4 with a ply thickness of 0.2 mm, one of the two specimens failed after 

350,000 cycles at a stress level of 80%. In the 50% condition, stiffness decreased until 50,000 

cycles, and the stiffness degradation was saturated thereafter. Conversely, in the 80% condition, 

stiffness decreased rapidly up to 100,000 cycles and then decreased slowly thereafter until final 

failure. The stiffness at the maximum cycles was 30% lower than the initial stiffness in the 70% 

and 80% conditions. It was confirmed that the stiffness reduction behavior changes significantly 

with stress level in the case of thick-ply composite laminates. 
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Figure 2. Typical stiffness degradation of open-hole specimens: ply thickness (a) 0.05 mm and 

(b) 0.2mm. 

2.3 Fatigue test results: Damage observation 

Figures 3 and 4 depict X-ray images of laminates QI-1 and QI-4, respectively. In the case of a ply 

thickness of 0.05 mm shown in Figure 3, no cracks or delamination occurred during the first cycle. 

At 50,000 cycles, multiple cracks occurred in the 90° and ±45°-layers and the 0°-layer splitting 

also developed. From 50,000 cycles to 500,000 cycles, there was little increase in the number of 

cracks, with only a slight extension of the cracks occurring at 50,000 cycles, and the cracks were 

generated only from the edge of the circular hole. 

In the case of a ply thickness of 0.2 mm, several 90°-layer cracks were observed from the circular 

hole during the first cycle. At stress levels of 70% and 80%, ±45°-layer cracks and 0°-layer splitting 

were also observed to occur significantly. At the 50% stress level, the cracks were distributed in 

adjacent layers along with the extension of one crack. On the other hand, at the 80% stress level, 

where the stiffness decreases rapidly by 100,000 cycles, the cracks and delamination propagated 

to the edges in the width direction at the 50,000 cycles. At maximum cycles, 0°-layer splitting 

and delamination had propagated from the circular hole to the edges of the specimen, the cracks 

were almost fully penetrated. 

Finally, Figure 5 shows an X-ray image of the entire specimen of laminate QI-4 with a ply 

thickness of 0.2 mm at the maximum cycles. As shown in the figure, at a stress level of 50%, 

cracks and delamination originating from the circular hole did not reach the edges of the 

specimen and remain in the circular hole. In addition to the circular hole, cracks and 

delamination in the 90-degree layer from the free edge can also be observed. On the other hand, 

under the 70% and 80% stress level conditions, the cracks and delamination propagated over 

the entire specimen, indicating that the 0°-layer splitting reaches the tabs of the specimen. In 

addition to the splitting extending from the circular hole, there were also numerous longitudinal 

cracks in the 0°-layers. These numerous cracks in the 0°-layers and delamination throughout the 

specimen were considered to lead to the rapid stiffness reduction observed in Figure 2 

. 

856/1211 ©2022 Ryoma 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. X-ray images of laminate QI-1 at 1, 50,000, and 500,000 cycles under 50%, 70%, and 

80% conditions. 

 

 

Figure 4. X-ray images of laminate QI-4 at 1, 50,000, and 500,000 cycles under 50%, 70%, and 

80% conditions. 
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Figure 5. X-ray images of entire specimens of laminate QI-4. 

3. Evaluation of residual strength after fatigue 

3.1 Test procedure 

To evaluate the residual strength after fatigue, the OHT tensile test was conducted in accordance 

with JIS K7094 [9]. OHT specimens after fatigue testing were subjected to quasi-static tensile 

loading at a constant displacement rate of 1.0 mm/min until failure using Instron 8802.  

3.2 Results and discussion 

The residual strength values obtained from the tensile tests on laminates with ply thicknesses 

of 0.05 mm and 0.2 mm are shown in Figure 6, with the static strength. As shown in Figure 6(a), 

the residual strength of the laminate with a ply thickness of 0.05 mm was comparable to the 

static tensile strength at all stress levels after fatigue. The failure mode was a brittle failure 

without cracks or delamination except at the failed region, which was similar to the static failure 

without fatigue. These fatigue cracks did not essentially alter the OHT strength or failure modes. 

Therefore, it is considered that fatigue damage in the circular hole did not have enough effect 

to alleviate the stress concentration and increase the OHT strength in the thin-ply composites. 

In the case of a ply thickness of 0.2 mm, the residual strength after fatigue increased for the 50% 

stress level condition, was similar for the 70%, and decreased for the 80% condition, compared 

to the static strength values, as shown in Figure 6(b). The failure mode for the 50% condition 

was similar to those in the static test: failure with cracks and delamination at the circular hole. 

However, the entire specimen failed in the 70% and 80% conditions. The residual strength at the 

50% stress level exceeding the static strength is presumably the result that the fatigue-induced-

cracks relieved the stress concentration in the circular hole. The fatigue cracks propagated 

further than the cracks just before failure in the static test, resulting in delayed failure and 

increased OHT strength. Under the 80% stress level condition, cracks on the ±45° and 90°-layers 

propagated throughout the specimen after the fatigue test, and delamination had developed to 

the entire specimen, suggesting that almost only the 0° layer was capable of carrying the load. 

In addition, as shown in Figure 5, many longitudinal cracks in the 0°-layer induced the 

degradation of the 0°-layer tensile strength after fatigue, which is the reason why the residual 

strength after fatigue was lower than the static strength. 
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Figure 6. Residual strength after fatigue: (a) laminate QI-1 and (b) QI-4. 

4. Concluding remarks 

In this study, OHT fatigue tests were conducted on two types of CFRP laminates with different 

ply thicknesses to experimentally investigate the effect of ply thickness on fatigue damage 

growth. fatigue tests were performed under three different stress levels to evaluate the stiffness 

degradation due to fatigue loading, and internal damage was observed by X-ray radiography. 

The differences in fatigue damage growth due to ply thickness were compared and discussed. 

Fatigue test results showed that the thin-ply case (0.05 mm ply thickness) resulted in a stiffness 

loss of about 5% at the maximum fatigue cycles, even under high-stress level conditions, and 

that the cracks that occurred were confined to the circular hole. On the other hand, for the thick-

ply case (0.2 mm ply thickness), cracks and delamination were observed throughout the 

specimen under the high-stress level condition, and a significant decrease in stiffness was 

observed. 

Evaluation tests for residual strength after fatigue showed that for the ply thickness of 0.2 mm, 

the residual strength increased after fatigue at low-stress levels, but decreased after high fatigue 

loading. In the case of the ply thickness of 0.05 mm, the residual strength was maintained even 

at high-stress levels, confirming the superiority of thin-ply CFRP in fatigue damage suppression 

and residual strength properties. 
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Abstract: To realize lightweight vehicles, a wider portfolio of materials is necessary, including 

different types of short fibre reinforced polymers. These polymers are (depending on the 

application) high performance polymers, like PEEK, construction polymers, like PPA or standard 

polymers like PP. All of these materials are exposed to fatigue and static loads during their service 

life. Since static loads have a main share during a service life, these loads and their influences 

should be considered in lifetime estimation. To investigate this behaviour, the specimens have 

been loaded with a sequence of static and fatigue loads. These tests have been performed on 

short fibre reinforced PP and PEEK to get the influence of viscoelasticity on the fatigue behaviour 

for different types of polymers, including fibre orientation and mean stress. The results show an 

influence of the fibre orientation as well as mean stress on the fatigue behaviour depending on 

the static loads. 

Keywords: fatigue; short fibre reinforced polymers; viscoelasticity; mean stress; fibre 

orientation  

1. Introduction 

Changing technologies, like electro mobility offer a lot of possibilities for a novel idea of a 

vehicle. This idea includes power transmission systems as well as new materials for different 

applications. But also, combustion engine powered vehicles are need to be improved in the near 

future. One action for such an optimisation is to build lightweight cars. Therefore, a specific use 

of materials is necessary. So, a focus is on lightweight materials, like short fibre reinforced 

polymers and their performance. Especially, a knowledge about the fatigue behaviour is 

important to estimate a service life under common operational conditions. The fatigue 

behaviour has been investigated previously and published several times. These investigations 

dealt mainly with influence factors like, temperature [1], mean stress [2], notches [3] and fibre 

orientation [4]. However, none of them captured viscoelasticity and the influence on the fatigue 

behaviour. There are publications available, which treat with the development of the 

viscoelastic material behaviour during cyclic loading [5, 6]. Since viscoelasticity has also a main 

influence on the lifetime, this material behaviour should be considered in the lifetime estimation 

[7].   
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2. Test methodology 

2.1 Specimens and materials 

For these tests, PEEK with 30% of short carbon fibre by weight (VESTAKEEP® 2000 CF30) and PP 

with 40% of short glass fibre were investigated. These materials were chosen to get mainly the 

influence of the matrix beneath and above the glass transition temperature. Moreover, different 

types of fibres were used to increase the gap between these materials in material stiffness and 

strength. For the PEEK material, bone shaped specimens were milled out of the plates (Figure 1 

(left)). So, two different fibre orientations can be captured. For the PP-GF40, a rotating bending 

specimen was used (Figure 1 (right)). These specimens were produced by injection moulding and  

were used previously for similar investigations [8, 9] and serve as a reference [7].  

   

 
 

Figure 1. Illustration of short specimen and rotating bending specimen   

 

 

2.2 Test machines and load sequences 

The PP-GF40 specimens were tested on a hydraulic test rig MTS 810 and the PEEK-CF30 

specimens on an electrodynamic test rig BOSE AT3550. A temperature of 23°C and a relative 

humidity of 50% were the ambient conditions for these tests. The load sequence was a 

combination of cyclic loads at a specific R-ratios and static loads. A schematic load course is 

shown in Figure 2.  The load time was divided into 50% static load and 50% cyclic load. Similar 

load sequences were used for long fibre reinforced polymers, previously [10].  The frequency for 

the cyclic part of the load sequence was set to 3Hz for both materials. The static load level was 

set to the mean or minimum or maximum stress of the cyclic loads. 
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Figure 2. Schematic stress course of combined tests according to [7] 

For the investigation of the fibre orientation influence, only one R-ratio was chosen, whereby 

for mean stress influence, three different stress ratios were tested. The R-ratio is the relationship 

between the minimum (σmin) and the maximum stress (σmax) of a cyclic load sequence and can 

be described with equation (1).  

 𝑅 = 𝜎𝑚𝑖𝑛𝜎𝑚𝑎𝑥  (1) 

 

The performed test sequences for PP-GF40 including the R-ratios and the constant load level as 

well as the constant load shares are shown in Table 1.  

Table 1: Tests for PP-GF40 at room temperature. 

ID Test type R-ratio [-]  Constant load shares     Constant load level  

1 Fatigue -1 0%                                     no constant load 

2 Combined  -1 50%                                   max. load 

3 Fatigue 0.1 0%                                     no constant load 

4 Combined 0.1 50%                                   max. load 

5 Combined 0.1 50%                                   mean. load 

6 Combined 0.1 50%                                   min. load 

7 Fatigue 0.5 0%                                     no constant load 

8 Combined 0.5 50%                                   max. load 
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A summary of the performed tests on PEEK-CF30 with different fibre orientations are shown in 

Table 2.  

Table 2: Tests sequences for PEEK-CF30 at room temperature 

ID  Test type    R-ratio [-] Constant load shares     Constant load level   Fibre orientation 

1 Fatigue       0.1 0%                                     no constant load        longitudinal 

2 Combined        0.1 50%                                   max. load                     longitudinal 

3 Fatigue       0.1 0%                                      no constant load        transversal  

4 Combined        0.1 50%                                    max. load                     transversal 

 

This sequence was repeated until a cycle number of N=106 was reached or failure occured.  

3. Results and discussion 

3.1 Test results 

For PP-GF40 the tests results show a main influence of the mean stress on the fatigue lifetime 

depending on the static load share. Figure 3 illustrates the influence of the R-ratios and the 

investigated constant load levels on the resulting S/N-curves. All the results are normalized to 

the stress at N=106. 

 

Figure 3. S/N-curves of PP-GF40 at different R-ratios 

 

Moreover, the mean stress influences the effect of constant loads on the resulting lifetime. So, 

a constant load at maximum stress of the cyclic load reduces the number of bearable stress 

cycles with an R-ratio of R=-1 by more than a decade. This effect is extenuated with higher R-
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ratios and higher load levels. As a result, there is an effect on the slopes of the S/N-curves. The 

reduction of the lifetime is evoked by creep damage and fatigue. Additionally, the strain of the 

material increases with the creep load, leading to a higher strain level for each cyclic block 

compared to pure cyclic load. As a result, the damage from the cyclic load block is increased. 

This effect is also illustrated in [7]. Further, the effect of constant loads on the mean stress 

sensitivity has been investigated. The mean stress sensitivity M is calculated with equation (2) 

and represents the relationship between the stress amplitudes (σa,R=-1, σa,R=0.1) and the mean 

stresses (σm,R=-1, σm,R=0.1) of the stress ratio R=-1 and R=0.1 in that case.  

 𝑀 = 𝜎𝑎,𝑅=−1 − 𝜎𝑎,𝑅=0.1𝜎𝑚,𝑅=0.1 − 𝜎𝑚,𝑅=−1  
It can be shown, that there is hardly any effect of the static loads on the mean stress sensitivity 

with a maximum load level. Table 3 contains the mean stress sensitivity for pure fatigue and 

combined loads.  

Table 3: Mean stress sensitivity of PP-GF40 at room temperature depending on load sequence 

ID number Test type Mean stress sensitivity [-]    Constant load shares     Constant load level  

1 Fatigue                0.39                     0%                 no constant load 

2 Combined                  0.4                    50%                   max. load 

 

Since the combined tests for R=-1 were just  performed at a constant load level of maximum 

load, only these results are used for the calculation of the mean stress sensitivity. As a 

consequence, the constant load has the same (reducing) impact on the lifetime for every R-ratio. 

So, creep failure is getting more dominant with a higher R-ratio at a stress level for bearable 

number of N=106 cycles. Figure 4 illustrates the influence of constant loads for the investigated 

R-ratios in a Haigh diagram for N=106 cycles.  

 

 

Figure 4. Haigh diagram depending on the load share for N=106 

(2) 
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By observation of the points in the Haigh diagram, it is to recognize that the path of the pure 

fatigue loads is nearly in a straight line, whereas the course of the maximum constant load 

points follows the shape of a parabola.  This parabola will cut the abscissas at a point, which 

may be the static strength for N=106 (The static strength can’t be dedicated by definition to a 

number of bearable load cycles but the time to failure can be calculated with the test 

frequency). 

The tests of the short carbon fibre reinforced PEEK-materials showed a nearly neglectable 

influence of constant load shares on the S/N-results (Figure 5).  

 

Figure 2. S/N curve PEEK longitudinal constant load at maximum load 

There is a small effect on the lifetime with the transversal fibre orientation. Especially at low 

numbers of cycles, the effect is more pronounced (Figure 6).   
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Figure 3. S/N curve PEEK transversal constant load at maximum load 

Since the PEEK material is tested beneath the glass transition temperature, the viscoelasticity is 

much less pronounced compared to PP-GF40, even with a lower fibre content.  

Therefore, a consideration of the viscoelasticity depends strongly on the matrix material and on 

the ambient temperature.  

 

4. Summary and outlook 

Combined test sequences were used to capture the effect of viscoelasticity on the fatigue 

behaviour. Additionally, different mean stresses and fibre orientations were investigated to 

get the effect of these influence factors on the combined test results. The test results show an 

influence of static loads on the bearable number of cycles. Moreover, the influence is 

dependent on the static load level. But there is hardly any effect of the static creep load on the 

mean stress effect.  The effect of viscoelasticity is also more pronounced for PP-GF40 

compared to PEEK-CF30, where only minor effects could be measured in the specimens with 

transversal fibre orientation However, the investigated effect depending on the fibre 

orientation can be shown with PEEK-CF30.  The next steps for these investigations are to test 

the influence of the fibre orientation on PP materials. Additionally, tests with PEEK above the 

glass transition temperature are necessary to get also information about the behaviour at 

these temperatures.  
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Abstract: Thermoplastic-based hybrid laminates offer the advantage of formability and 

recyclability, making them particularly attractive for mass production applications. In aircraft 

applications, hybrid laminates are subjected to notch effects. In this study, the fatigue crack 

initiation and propagation are investigated with regard to drill hole and double-edge notches 

using constant amplitude tests. The investigated hybrid laminates consist of 2/1‑layer 

(metal/FRP) and 3/2‑layer configurations, containing aluminum alloy AA6082‑T4, glass and 

carbon fiber-reinforced polyamide 6. Electrical resistance measurement and digital image 

correlation are applied for condition monitoring under fatigue load to characterize the damage 

behavior. Results show that the applied measurement technologies enable monitoring of the 

fatigue-induced crack initiation as well as propagation qualitatively and quantitively. The 3/2 

configuration with lower metal volume content was affected more by the double-edge notch 

compared to the 2/1 configuration while showing better fatigue performance overall. 

Keywords: hybrid laminate; thermoplastic; fatigue crack; electrical resistance measurement; DIC 

1. Introduction 

Hybrid laminates in most cases contain fiber-reinforced polymers (FRP) based on thermoset 

matrix systems. ARALL (aramid fiber-reinforced epoxy [1]), GLARE (glass fiber-reinforced epoxy, 

GFRP [2]) and CARALL (carbon fiber-reinforced epoxy, CFRP [3]) are some of the more prominent 

examples considering aluminum-based laminates, which have proven their fatigue performance 

[4,5] for applications like the aircraft industry. 

Investigations of crack initiation and propagation in hybrid laminates usually rely on electrical 

measurement of cross-sectional reduction [3,6] or tracking of crack growth using optical 

measurement devices like cameras [7,8] or microscopes [1,8-10]. Compared to the electrical 

measurement of crack length, the optical does not rely on the calibration of voltage/crack length 

relation, can be applied to any specimen geometry, and enables the investigation of multiple 

cracks at the same time. Disadvantages are the need for optical crack visibility, excluding 

measurements of hidden layers, and the necessity of a distinguishable pattern for deformation 

analysis. The accuracy of both, voltage measurement and optical detection, can reach sufficient 

levels for the discussed tasks with current technology. 

For hybrid laminates based on aluminum and thermoset GFRP, like GLARE, many investigations 

regarding the influence of notches on fatigue properties have been conducted, covering mostly 
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drill holes and saw-cuts [7,8,10,11]. In general, for crack growth initiating from notches, 

progressive development is observed [9], which depending on the applied load and width of the 

specimen may also contain a linear segment in the beginning. A reliable indicator of unstable 

crack development can be the crack growth rate [9], which also affects the adjacent 

delamination. Compared to GFRP-based laminates, CFRP-based ones [3,12,13] can significantly 

improve the laminate’s resilience against crack growth but they suffer from galvanic corrosion. 

Thermoplastic-based hybrid laminates, like CAPAAL, offer shaping and shorter consolidation 

cycle times through thermoforming and enhance recyclability. Only a few results are available 

for such regarding their mechanical capability [14-16]. The focus of this study lies in analyzing 

the crack development for notched specimens (drill hole or double-edge notch) based on the 

stated laminate using electrical resistance measurement and digital image correlation. 

2. Materials and experimental methods 

2.1 Thermoplastic-based hybrid laminate and specimen 

The thermoplastic-based hybrid laminate consists of three laminate components: AA6082-T4 

(0.5 mm sheet thickness) sheets and unidirectional glass (GFR-PA6) as well as carbon fiber-

reinforced polyamide 6 (CFR-PA6). This improves the laminate’s tolerance against aluminum 

failure [12], while the implementation of GFRP helps prevent direct contact between the carbon 

and aluminum for increased corrosion resistance, and compensates for the mismatch in thermal 

expansion coefficient between aluminum and CFRP. A 2/1 and a 3/2 metal-to-FRP layer structure 

are investigated (Figure 1). 

 

(a)  (b)  

Figure 1. Hybrid laminate structures: (a) 2/1 (GC) with four FRP layers and (b) 3/2 (GC) with 

2x four FRP layers between aluminum sheets 

The FRP layers are arranged as a symmetrical build-up made of pre-consolidated thermoplastic 

prepreg tapes, called Ce-Preg® (Cetex Institut gGmbH, Chemnitz, Germany) with a calculated 

fiber volume fraction of 0.5. The GFR-PA6 consists of two 40 µm thick polyamide 6 (PA6) foils 

and TURov 4588 (Nippon Electric Glass Co. Ltd., Tokyo, Japan) fibers. The CFR-PA6 contains 

ZOLTEK PX35 50K (ZOLTEK Corporation, Bridgeton, NJ, USA) fibers. 

Table 1 shows a short notation, the composition, and a description for each laminate structure 

considering the material, quantity, and orientation of the used FRP as well as the included metal. 

The metal volume content (MVC) describes the volumetric amount of metal using the number 

of metal layers and layer thickness of the metal and hybrid laminate [16]. 
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Table 1: Layer structures of thermoplastic-based hybrid laminates made 

Short notation 
Composition 

[FRP Orientation] 
Description 

Thickness 

(mm) 

MVC 

(%) 

2/1 (GC) 
Al/GCCG/Al 

Al/[04° ]/Al 
[Al/G10°C10°]S 1.64 61 

3/2 (GC) 
Al/GCCG/Al/GCCG/Al 

Al/[04° ]/Al/[04° ]/Al 
[Al/G10°C20°G10°/Al̅]S 2.78 54 

Before laminate consolidation, the aluminum sheet surfaces are mechanically blasted to 

improve polymer adhesion [15]. The laminate consolidation is carried out by thermal pressing 

using a laboratory platen press Collin PM300 (Collin Lab & Pilot Solutions GmbH, Maitenbeth, 

Germany) with a 260 × 260 mm2 dipping-edge tool. Before processing, the FRP tapes and PA6 

foils are dried in an oven at 80 °C for one hour. The consolidation process cycle is described in 

detail in [15,16]. Specimens based on geometry DIN EN 527-5 type A (Figure 2) are cut out of 

the laminate sheets using a micro water-jet and the following notches are introduced: a drill 

hole (hereafter referred to as DH5) and a double-edge notch (hereafter referred to as DEN5), 

representing the inverse case. Protective tabs are applied in the specimen’s clamping area and 

the surface is speckled with a stochastic pattern for optical deformation measurements. 

 

Figure 2. Prepared specimen with speckle pattern for DIC measurement and adhesively bonded 

protective tabs, showing the central 5 mm drill hole and 2.5 mm radius double-edge notch 

2.2 Fatigue testing method and monitoring equipment 

Fatigue tests were conducted up to high cycle fatigue regime on a servo-hydraulic testing system 

EHF-EV50 (Shimadzu Corp., Kyoto, Japan, maximum force Fmax = ±50 kN). Constant amplitude 

tests (CAT) were performed under ambient temperature with a sinusoidal load-time function at 

a stress ratio R = 0.1 (tension/tension loading). The testing frequency was kept at f = 10 Hz and 

according to ISO 13003 did not increase the specimen temperature significantly.  

For condition monitoring using electrical resistance measurement, a high-precision Keithley 

system (Tektronix Inc., Beaverton, USA) was applied, containing a 2601B source measure unit 

connected via R232 null modem cable to a 2182A nanovoltmeter. The system was operated in 

delta mode for the compensation of thermoelectric voltages. To correlate the change in 

electrical resistance to deformation and damage events a Limess Q400 digital image correlation 

(DIC) system (Limess Messtechnik und Software GmbH, Krefeld, Germany) was used. For 

temperature measurements, a Micro-Epsilon TIM 400 thermography camera (Micro-Epsilon 

Messtechnik GmbH & Co. KG, Ortenburg, Germany) recorded the front aluminum surface 
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temperature. Additionally, the machine piston displacement (s) was recorded by a linear 

variable differential transformer for stress-displacement hysteresis values to reflect on integral 

damage within the laminate. One used value is the dynamic stiffness (Cdyn), representing the 

change of stress divided through the change of piston displacement: (σmax – σmin)/(smax – smin). 

The metrology setup for the fatigue investigations is shown in Figure 3a. 3D-DIC measurements 

for strain analysis on the front aluminum sheet were executed with two 5 Megapixel cameras 

(optics: Ricoh TV lens FL-CC7528-2M - 75 mm focal length, 10 mm extension tube). For the 

electrical resistance measurement, 50 mm markers were applied and used for the voltage drop 

clamp placement (Figure 2a,3b) to ensure reproducible measurement results, and the current 

in/out clamps were placed adjacent. The clamps were contacted electrically conductive only to 

the front sheet. Further, a reference target, which underlies the same environmental changes 

in temperature as the tested specimen, was placed directly to the tested specimen to deduce 

on the testing and damage induced changes in temperature (Figure 3b). 

  
(a) (b) 

Figure 3. Condition monitoring setup for fatigue testing: (a) servo-hydraulic testing system with 

front instrumented DIC cameras and thermographic camera; (b) electrically contacted,  

clamped specimen (DEN5) with reference target for temperature measurements 

3. Results 

3.1 Condition monitoring during fatigue load 

Figure 4 shows the result of a CAT carried out on a 2/1 (GC) DH5 specimen, visualizing the 

development of electrical resistance, crack growth, change in dynamic stiffness, and 

temperature for condition monitoring. As expected, a change in electrical resistance is recorded 

with the initiation of aluminum cracks, which simultaneously lead to a stiffness decrease. No 

change in temperature, which could affect the material-dependent electrical resistance, was 

recorded, showing that a suitable testing frequency was chosen for the applied load spectrum. 

With crack development the electric resistance increases, following a hyperbole function. The 

progress shows accelerated crack development just before full tear (crack extension until the 

borders) of the right side of the aluminum sheet, leading to a steep increase in resistance. In the 

following the crack in the left side of the aluminum sheet develops further, leading to an 

ultimate resistance increase at tearing. After tearing, no immediate decrease in stiffness is 

visible, highlighting the good interface capabilities for stress transfer. It should be noted that the 

stiffness indicates the time of crack initiation, but does not pinpoint further events, rather 

showing a continuous decrease, making the benefits of the used metrologies obvious. 
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Figure 4. Constant amplitude test for 2/1 (GC) DH5, tested at maximum stress of 100 MPa. 

Selected states of crack growth are shown in the DIC deformation images. 

But the application of electrical resistance measurement for crack detection also has limits. 

Figure 5 shows the electrical resistance development for CAT with 2/1 (GC) DH5 specimens at 

several maximum stress levels. Also, DIC deformation images are attached, showing the 

developed cracks just before the final steep resistance increase. With increasing load, the 

occurrence of cracks and therefore the electrical resistance changes. At stresses including and 

above 150 MPa, multiple cracks initiate, leading to a multiplication (150 MPa) or even a change 

in development (175 and 200 MPa) of the electrical resistance due to multiple parallel 

developing cracks. A limit value for the change in electrical resistance, until which the conductive 

capabilities of the hybrid laminate remain, could exemplary be defined as 300 µΩ. 

 

Figure 5. Electrical resistance during constant amplitude tests under varying maximum stresses 

for 2/1 (GC) DH5. Corresponding states of crack growth before the final pronounced resistance 

increase are shown in the DIC deformation images. 

The influence of notch geometry has to be taken into account since it can affect the 

measurements immensely (Figure 6). As far as cracks initiate and develop perpendicular to the 

applied load, the change in resistance is occurring as expected. When cracks pass each other, 

for example due to lower maximum stress (here 100 instead of 150 MPa) where crack closure 

does not necessarily occur, the change in resistance takes a different course, and without DIC 

measurements only estimations regarding the possible crack state can be made. 
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Figure 6. Constant amplitude test for 2/1 (GC) DEN5, tested at maximum stress of 150 and 100 

MPa. Selected states of crack growth are shown in the DIC deformation images. 

3.2 Influence of notch geometry on fatigue life 

The following results regarding crack initiation time and fatigue life until total tear (crack 

extension until the borders) of the aluminum sheet were determined for the hybrid laminate 

configurations 2/1 (GC) and 3/2 (GC) and both notch geometries (Figure 7). For detection of first 

crack initiation, the dynamic stiffness decrease and electrical resistance increase proved to be 

more viable due to DIC analysis limitations. These include spray pattern quality at the specimen 

edges, as well as its software recognizability, leading to possible errors considering detection 

precision. Monitoring the crack propagation, on the other hand, is more accurate using DIC 

analysis since it enables observation of any local crack formation, rather than the total, which 

especially for DEN5 is superior and needed to determine when the aluminum cracks reach or 

surpass each other. If they surpass each other, the number of cycles at the time of surpassing is 

recorded as the time of the tear. The lifetimes until crack initiation and tear of the front 

aluminum sheet are shown as circles and triangles. In general, the lifetime until aluminum crack 

initiation is within a 10 % window of the lifetime until tear of the sheet. 

  
 (a) (b)  

Figure 7. Crack initiation time and lifetime until total tear of the aluminum sheets for the hybrid 

laminate configurations 2/1 (GC) and 3/2 (GC) with notch geometries DH5 (a) and DEN5 (b). 
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Correlating to the ultimate fatigue lifetime of all laminate partners [16], tear of the aluminum 

sheet occurs, in general, later for 3/2 (GC) than for 2/1 (GC), leading to the conclusion of a higher 

aluminum lifetime with less MVC. This is contradictory to the observations of [11] on 

aluminum/GFRP-based laminates with similar configurations, where at higher loads the 2/1 

configuration yields later aluminum tear than 3/2. Considering the notch geometries, 3/2 (GC) 

seems to be more affected by DEN5 since the crack initiation in the aluminum sheet is reduced 

compared to DH5. The performance of 2/1 (GC) between DH5 and DEN5 is comparable. 

4. Conclusions and Outlook 

The condition monitoring investigations on thermoplastic-based hybrid laminates, made of 

aluminum alloy AA6082-T4 and unidirectional GFRP and CFRP, showed that during fatigue 

testing a precise crack state monitoring is possible via electrical resistance measurement, as long 

as cracks develop as intended by the notch. Higher loads may lead to multiple, and not to the 

load perpendicular crack initiations, impacting the change in electrical resistance significantly. 

Here the digital image correlation acquired crack lengths, which can directly be correlated to the 

change in electrical resistance, are more conclusive.  

For the two notch geometries (drill hole and double-edge notch) differences considering 

monitorability, as well as the impact on fatigue life of the aluminum sheets, were determined. 

While crack initiation and propagation can be similar for both notch geometries, the double-

edge notch cracks tend to pass each other, rather than connect. This leads to a different 

development of electrical resistance and impedes monitorability with only electrical resistance 

measurement, while DIC detects the cracks and displacement between them accurately. With 

regard to crack initiation time and fatigue life until total tear of the aluminum sheet, it was 

found, that lower metal volume content leads to postponed crack initiation and tear. Further, 

the investigated 3/2 configuration was affected more by the double-edge notch compared to 

the 2/1 configuration. 

In future investigations the simultaneous monitoring of multiple aluminum sheets, as well as the 

carbon fibers, should be addressed, enabling a complete monitoring of the laminate and 

validation of the gathered results. Further, an in-depth study of the hybrid laminate’s crack 
evolution on e.g., a statistical basis, to be able to make accurate load-dependent predictions of 

the laminate’s condition using the electrical resistance alone, is a valuable aspect to be 

approached. 
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Abstract: The quality of fibre-matrix interphase is commonly characterised via microscale 

testing methods that show good sensitivity for differences in properties of the interphase. Most 

approaches focus on quasi-static performance, which while valuable, does not provide all the 

necessary information needed for characterising the performance of the interphase in real use 

cases. This paper presents a novel cyclic test approach based on the microbond test concept that 

provides statistically reliable fatigue data from micro-composite samples. A reasonable 

throughput is achieved by using relatively high strain rates, which needs to be considered in the 

analysis. This paper offers insights into the advantages and disadvantages of the approach 

through comparison with quasi-static experiments. As expected, the results show a clear strain 

rate dependence but otherwise fit the expected behaviour of a fatigue test. More than 30 

droplets were measured per sample for varying number of cycles ranging from 1 to 106. Based 

on the results, the method offers a novel, relatively high throughput approach for dynamic 

testing of microcomposite samples with applications for studying the dynamic behaviour of the 

composite interphase. 

Keywords: Micro-scale testing; Interface/Interphase ; Fatigue testing ; Dynamic testing 

1. Introduction 

Fibre-reinforced composites are only as good as the interfaces as the stress transfer from the 

matrix to the fibres is crucial for the overall properties. Quasi-static micro composite 

experiments, such as the pull-out [1] and microbond tests [2], are well established and used to 

determine the local interfacial parameters such as shear strength and energy release rate of the 

interface. However, unstable crack propagation is difficult to measure using quasi-static 

destructive tests and a detailed analysis of the dissipative and non-dissipative energy 

contributions is not possible. Dynamic tests can reveal these properties and can also provide 

valuable information on the role of fibre sizing [3]. Despite these advantages, very few studies 

on fatigue testing of a single fibre/matrix system are available and the behaviour of 

microcomposite samples in such measurements is therefore not well known. This is likely a 

result of both the complexity of the test and the uncertainty of the results, the latter a common 

problem in all fatigue testing. 

Cyclic loading with an experimental setup based on the microbond test has been tried only for 

high stress and low cycles count (up to 20 cycles) [4], which cannot accurately characterise 

fatigue behaviour of the interface. For efficient life prediction of the interface, the test must be 

carried out from low to high stress levels and up to a few millions of cycles. More success has 
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been documented with a test system utilising cyclic loading in the pull-out method [5]. The 

method is, however, limited to the measurement of large embedded lengths. 

Here, we present an efficient high throughput micro-fatigue test based on the microbond 

concept that provides force and fibre strain as efficient outputs during the test. This novel test 

allows droplets with varying embedded lengths to be tested, enabling the collection a large 

range of data to analyse the fatigue properties of the interface. Multiple droplets are measured 

from each filament, and an effort is made critically analyse the role of fibre sizing.  Each test is 

performed with a constant peak force for the cyclic loading until the droplet is completely 

sheared from the fibre. The crack propagation at the interface during cyclic loading and the 

contributions of dissipative and non-dissipative energies are evaluated. 

2. Experimental 

The micro-fatigue tests utilised the FIBRObond device (Fibrobotics Oy, Finland) [6]. Data has 

been collected at different stages of development to evaluate the reproducibility and robustness 

of the data to variations in parameters and the experimental setup. To enable the high-rate 

cyclic testing the newest prototype is fitted with a magnetic linear actuator for displacement (𝛿) 

during the test. The actuator moves the microtome blades at a rate of 2.0 mm/s with the 

displacement amplitudes (𝛿𝑎) varying based on the embedded length and the desired force (𝐹) 

level. This results in slight variation of test frequency: between 6 – 10 Hz. This variation should 

not significantly affect the results. A graphical overview of the device is presented in Figure 1. 

 

Figure 1. Schematic overview of the experimental setup. 

To ensure a steady force (𝐹) level during the test, a compensation algorithm was added to the 

software. This algorithm monitors changes in peak force (𝐹𝑝𝑒𝑎𝑘) levels and shifts the zero 

position of the displacement to incrementally increase the 𝐹 level to keep it as constant as 

possible with the starting level. Without such compensations, the 𝐹 level would change 

significantly during the test. This phenomenon is mainly attributed to the plastic deformation of 
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the droplet and the damage propagation at the interphase. The compensation aims to ensure 

that the loading of the droplet is as constant as possible throughout the test. 

The tested samples were studied with scanning electron microscope (SEM, Zeiss ULTRAplus, 

Germany). Prior to the imaging, they were coated with a thin Pt/Pd layer to ensure their 

conductivity. 

The preliminary testing was done on an old batch of industrially sized E-CR glass fibres with a 

nominal diameter of 17 µm. A batch of the same fibres was washed in piranha solution to 

remove the original aged sizing to provide an approximation of an unsized glass fibre sample. 

Microdroplets were prepared using the resin Araldite LY 5052 and hardener Aradur LY 5052 with 

a mix ratio of 100:38 (mass/mass). The samples were then cured for 8 hours at 80 °C after the 

droplet deposition. The droplets were deposited on the fibres with the FIBROdrop system 

(Fibrobotics Oy, Finland). 

3. Results and Discussion 

Due to the high sampling rate and long test duration, effective and robust data reduction is key 

to the analysis and visualization of the experimental data. Figure 3 presents an example of the 

dataset for a measurement lasting about 2200 loading cycles.  

 

Figure 3. Force data during a micro-fatigue experiment (displacement speed 2.0 mm/s). 

Compensation events are visible as “steps” in the average 𝐹𝑝𝑒𝑎𝑘  and sample debonding is 

visible as a sudden drop in 𝐹𝑝𝑒𝑎𝑘 level. The 𝐹𝑝𝑒𝑎𝑘  values for each cycle are highlighted in black. 

Some notable deviations, from the average 𝐹𝑝𝑒𝑎𝑘  level, are highlighted with arrows (see text). 
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As seen in Figure 3, the compensation algorithm maintains an even peak load level. The 

occasional higher peaks arise from noise in the electronics, which affects the average 𝐹𝑝𝑒𝑎𝑘 level 

very little but is worth noting as source of experimental uncertainty. The highest 𝐹𝑝𝑒𝑎𝑘 is, 

however, measured with the very first impact and the sudden drop in loading level is due to the 

plastic deformation of the droplet meniscus. Figure 2 presents an SEM image of the measured 

droplets. The droplet meniscus area has undergone significant plastic deformation, which 

highlights the need for the compensations. 

 

Figure 2. SEM image showing the deformation of the droplets after testing. The microtome 

blade contact is on the right side of the droplet. 

First impacts with significantly higher than the average 𝐹 values are noted frequently when 

attempting to measure droplets with higher average 𝐹𝑝𝑒𝑎𝑘  levels (i.e., shorter experiments). 

These experiments also frequently lead to fibre breakages. The main issue is the fact that the 

loading level was selected with a displacement amplitude (𝛿𝑎) guess, aiming for a specific 𝐹𝑝𝑒𝑎𝑘  

level, that is then used throughout the experiment. To mitigate the problems this causes, the 

following addition to the functionality was added: the loading level will be selected based on the 

combination of an initial estimate of 𝛿𝑎 and a target load value. If the loading level based on the 

initial 𝛿𝑎 does not reach the desired target value or the load peak load values decrease below it 

due to the early plastic deformation, the 𝛿𝑎 will be adjusted incrementally until the target peak 

load level is reached. This allows for far more moderate initial 𝛿𝑎guesses, while still enabling 

shorter tests (high 𝐹𝑝𝑒𝑎𝑘  level) and reducing the risk of fibre breakage. 
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The standard output of fatigue testing is an S/N-curve comparing the stress level and number or 

cycles needed for the sample to break. Figure 4 presents the approximate S/N-curves for the 

preliminary tests done with the old batch of E-CR fibres and the piranha solution washed fibres, 

measured with the final experimental setup (a) and b) respectively). The stress level is an 

approximation because the droplet dimensions and embedded area can change quite 

significantly during the test. The stress 𝑆𝑎𝑝𝑝𝑟𝑜𝑥. is calculated from the average 𝐹𝑝𝑒𝑎𝑘  and the 

initial embedded area. 

 

Figure 4. Fatigue test results from a) preliminary tests for old industrially sized glass fibres with 

crosshead speed set to 1.5 mm/s b) results with the final experimental setup (crosshead speed 

2.0 mm/s) for piranha washed fibres with the same resin. 

Based on these preliminary results, the fatigue test seems sensitive to changes to the fibre-resin 

interphase, as expected, and provides valuable information on the behaviour of the interphase 

not available through quasi-static experimental methods. It is, however, worth noting that the 

comparison between these presented datasets has significant uncertainty due to the differences 

in displacement speed and the limited size of the older dataset, which does not extend to low 

cycle counts. The process of gathering a better dataset for sized fibres is underway and the 

results are planned for a future publication. 

The scatter of the data appears high, but it is comparable to the general trend in fatigue testing 

i.e., the scatter tends to be quite high even for macroscale testing of homogeneous materials 

[7]. The testing system seems to therefore provide reliable dynamic test data from a 

microcomposite system. The major advantages of the method are a relatively high throughput 

from the high frequency displacement and the ability to measure several droplets from a single 

filament sample. As an additional note, the experimental setup is identical to the one used for 

quasi-static microbond experiment [6] and the change from quasi-static to dynamic testing 

requires only software level operations enabling the collection of comparison data from the 

same filament sample with both experimental approaches. 
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4. Conclusions 

In this study, we present a novel experimental approach for dynamic microcomposite testing, 

which can provide valuable information about interfacial performance that is complementary to 

the results of well-established microcomposite methods such as the microbond test. Steady 

force levels are achieved through a compensation algorithm in the measuring software, which 

is also used to improve the initial 𝛿𝑎guess to match specific loading levels. The latter is important 

for the measurement of a suitably wide range in the number of loading cycles from single loading 

cycles corresponding to high strain rate quasi-static experiments to dynamic tests lasting even 

over a million loading cycles. The current device fulfils these requirements and a more detailed 

study on the observable interfacial phenomena is underway. 
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Abstract: Waste polyethylene terephthalate (PET) in the atmosphere creates an environmental 

concern. The use of waste PET as a matrix material in composite materials not only lowers 

material cost but also has a lower environmental impact. For the fabrication of composite 

laminate, the unsaturated polyester resin (rPET-UPR) is extracted from waste PET through the 

chemical recycling route (glycolysis). Glass fiber composites of stacking sequence [0/(±45)2/0]T 

were fabricated with unsaturated polyester resin. Vacuum infusion technique was used for the 

fabrication of composites. Fatigue tests were performed at the stress ratio of 0.1, where the 

stress level varied from 45-80% of ultimate tensile strength. The fatigue S-N curve of composite 

materials fabricated with rPET-UPR was compared with composite materials based on virgin 

polyester. The results of fatigue tests showed that the fatigue life of composites based on rPET-

UPR was lower than that of virgin polyester composites. At low-stress levels, Initially, local 

damage was observed in composite laminates which is observed to progress gradually and 

uniformly with increasing number of loading cycles. 

Keywords: Fatigue properties; Glass fiber reinforced composite; Vacuum infusion; Recycled 

PET. 

1. Introduction 

Polyethylene terephthalate (PET) is a semicrystalline and transparent thermoplastic having good 

mechanical properties and chemical resistance, used for making various components especially 

soft drinks and water bottles [1–3]. The consumption of PET-based products mainly PET bottles 

increased every year [4]. After the use, the disposal of PET in the atmosphere creates 

environmental problems as it takes around more than a hundred years to decompose naturally 

[5,6]. Waste PET in natural weathering does not affect the environment directly. PET has low 

biodegradability and high resistance to atmospheric degradation. Due to this, a large volume 

fraction of waste PET in the stream seems as a noxious material [1,7]. Recycling of waste PET is 

the scientific technique to reduce the detrimental effect on the environment [8,9] [10] and 

embodied energy [11]. The waste PET is converted into matrix materials for glass fiber reinforced 

composite materials via chemical (thermosetting matrix) or mechanical recycling 

(thermoplastics matrix).  

The recycled polymer-based composite materials are well suited in numerous engineering and 

industrial applications such as in aerospace, automotive, construction, etc. [12]. Glass fiber is 

the most commonly used reinforcement for recycled PET. Generally, glass fiber composite 

materials based on recycled PET matrix (thermoplastic matrix) are prepared through mechanical 
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recycling. In this context, the various research group made an effort on the fabrication of 

recycled PET based glass fiber composite materials and investigated their properties in terms of 

tensile [13] [14] [15], flexural [16] [13] [14] [15], impact [13] [14] [15] [16]. Fiber is the major 

load bearing member of composite materials. Therefore, fiber content affects the mechanical 

properties of composite materials. Kracalık et al. [17] investigated the rheological, thermal, and 
mechanical properties of recycled PET-based glass fiber composite. They observed that the 

tensile strength, tensile modulus, flexural modulus, melt viscosity, and glass transition 

temperature increased with increasing fiber content. Also, Rezaeian et al. [18] was reported the 

tensile properties and impact strength of glass fiber recycled PET composites increased with 

increasing fiber content.  

To the best knowledge, there is no work has been performed to investigate the fatigue of 

composite materials based on recycled PET. This study aims to investigate the fatigue properties 

of glass fiber reinforced unsaturated polyester based on recycled polyethylene terephthalate. In 

addition, the fatigue data (S-N curve) were compared to fatigue data (S-N curve) of composite 

materials based on virgin polyester [19]. 

2. Fabrication of composites and Experimentation 

2.1 Resin extraction 

In this study, unsaturated polyester resin was used as a matrix which is prepared from the waste 

PET through the chemical recycling route.  Figure 1 represent the recycling setup for resin 

extraction from waste PET. The chemical recycling waste PET flakes, DEG, and zinc acetate 

introduce in the four neck round bottom flask and heated at 210 oC in oil bath. After completing 

the glycolysis process, the glycolyzed product, maleic anhydride, phthalic anhydride, and 

propylene glycol were heated at 210 oC till the acid value reached to desirable value. Once the 

acid value reached stopped the reaction and cooled the resin to 90 oC.  Finally, the obtained 

highly viscous resin were diluted with styrene. 

 

Figure 1 Recycling setup for waste PET. 

2.2 Composites fabrication 
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Four-ply composite laminate of staking sequence [0/(±45)2/0]T were fabricated by using vacuum 

infusion technic. The specimens for the tensile and fatigue test were cut from the prepared 

laminate with a diamond cutter as per ASTM D3039/3039M-17 [20] as shown in Figure 2. The 

edges of specimens were trimmed with silica paper of grit size 600 to abate the probabilities of 

edge-related failure. Aluminum tabs were glued at end of each specimen by using epoxy bond 

adhesive to avoid grip failures. 

 
Figure 2 Specimens geometry for Tensile test and Fatigue test 

 

2.3    Testing procedures 

The tensile test of prepared specimens was performed on MTS servo-hydraulic universal testing 

machine (capacity 250 kN) with a crosshead speed of 1 mm/min as per ASTM D3039/3039M-17. 

Tension-tension fatigue tests were performed as per ASTM D3479/3479M-19 [21] at the stress 

ratio of 0.1. All the fatigue tests were performed under the load control mode at 5 Hz frequency 

and five stress levels (45-80% ultimate tensile strength, UTS) using sine wave. For fatigue life 

prediction of composites, three specimens were tested at five selected stress level. The damage 

of the composite during the fatigue test was evaluated with a high-resolution camera by placing 

the LED light source on other side of the specimens. 

3.  Result and Discussion 

3.1 Tensile test 

For the fatigue test, four samples that obtained from different fabricated laminate has been 

tested to examine the ultimate tensile strength of composite laminate.  Figure 3 shows the 

tensile stress-strain curve of composite materials based on rPET tested at cross head speed of 1 

mm/min. The ultimate tensile strength of sample 1, sample 2, sample 3, and sample 4 was 

289.57 MPa, 264.53 MPa, 304.02 MPa, and 286.58 MPa respectively. 
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Figure 3 Stress-strain curve of rPET-UPR based composites. 

3.2 Fatigue life 

Fatigue life or S-N data of composites fabricated with virgin and recycled polyester matrix were 

plotted on the semilogarithmic scale in terms of normalized maximum stress (σmax/UTS) and the 

number of cycles to failure (Nf) as shown in Figure 4.  The fatigue behavior of composites was 

modeled with pawer law as follows 𝜎𝑚𝑎𝑥 = 𝜎𝑜𝑁−1 𝑘⁄                                                                          (1) 

Where σo and 1/k are the y-intercept and slope of the S-N curve respectively. The values of these 

parameters were obtained by linear regression analysis of fatigue data. The estimated values of 

modeled parameters σo and 1/k were given in table 1. From the S-N curve, it was observed that 

the fatigue life composite materials fabricated with unsaturated polyester based on recycled 

PET (recycled matrix composites) were less as compared to that of virgin matrix composites. In 

addition, the slope of the S-N curve trend line of recycled matrix composites was higher as 

compared to that of virgin matrix composites. This indicate that the fatigue life degradation of 

recycled matrix-based composite was higher as compared to virgin matrix composite.  The lower 

fatigue life of recycled matrix composites could be attributed to the weak interface and higher 

degradation of the recycled matrix. 
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Figure 4 experimental fatigue data and S-N curve of virgin and recycled matrix composites. 

3.3 Fatigue damage analysis 

Damage development in composite materials is greatly affected by the type of constituent 

materials, nature of loading, level of loading, etc. The fatigue damage development of rPET-UPR 

composites at the various fatigue life has been represented in Fig. 4. Where dark regions 

represent the damage or debonds zone in the sample of their respective number of load cycles. 

At the initial stage of fatigue loading, local damage was observed (Fig. 5). These local damages 

were initiated from the edge of the specimens which attributed to the resin deficiency or weak 

interface at cross overply and increased with increasing the load cycle. It was also noticed that 

as compared to the high-stress level, the damage zone at low stress level was more uniform as 

shown in Figure 5a and 5b.   
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Figure 5 Fatigue damage of tested sample at (a) high stress level (80% of UTS) and (b) low 

stress level (45% UTS) at various percentages of fatigue life. 

4. Conclusion 

In this study, the fatigue of rPET based glass fiber composite has been investigated and 

compared with the virgin polyester matrix composites. For the composite fabrication 

unsaturated polyester was extracted from the waste PET. The damage development in the 

composite was examined with the light transmittance technic. The fatigue life of recycled matrix 

composites materials was lower than that of virgin polyester matrix composites. The fatigue life 

degradation of recycled matrix composites has higher as compared to virgin matrix composites. 

As compared to high stress level more uniform damage zone were observed at low-stress levels. 
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Abstract: This investigation presents crack growth of composite plates with through-width 

initial delamination subject to cyclic compression loads. Newly adjusted experimental tests were 

established to study the post-buckling response of the laminates with single and double 

embedded delamination, and to determine progressive fatigue failure mechanisms of the post-

buckled structures. DIC and a video camera were adopted to measure buckling deformation and 

crack length. Numerical approaches based on VCCT and CZM procedures were developed to 

characterise the delamination growth. Fatigue damage growth algorithm was implemented in 

the CZM model via UMAT. The results of the numerical analysis are compared with experimental 

results collected, revealing the capabilities and robustness of the proposed numerical model. The 

study bridged the gap between coupon and structural level in terms of damage tolerant 

assessment. 

Keywords: Post-buckling; Fatigue; Delamination growth; Modelling 

1. Introduction 

Composite material has been widely used in aerospace structure for the past decades owing to 

its superior stiffness-to-weight ratio. But the damage evolution mechanisms of composite are 

not as well understood as metals, especially under fatigue load. Since compressive loads are 

more critical than tensile loads, composite plates may easily suffer from buckling particularly for 

thin-walled structures. For laminates with existed damage, delamination buckling as a local form 

of buckling, has become a severe phenomenon for such damaged laminates. The local buckling 

induces a high interlaminate stress at the crack tip that can lead to a propagation of the crack 

and progressive buckling. This process results in structural instability even catastrophic failure.  

Previous research has studied the post-buckling behaviour of skin-stringer debonding for single 

stringer stiffened panel under static and fatigue loads [1,2]. But phenomenon of delamination 

buckling has not been clarified in that case. Other studies [3–6] have been carried out under 

static compression load for structures with single or multiple through-width delaminations in 

terms of their buckling, post-buckling delamination behaviour and the associated effects of 

nonlinear deformation. However, fewer studies [7] were performed under fatigue load as it is 

more complicated due to the complex interaction between nonlinear post-buckling response, 

different failure modes and accumulation of fatigue damage. Therefore, the investigation of 

fatigue damage growth in locally post-buckled composite structure is of great importance. 

Paris law [8] has been widely used to characterise fatigue crack growth. During the past decades, 

various numerical techniques have been developed to implement the Paris law into Finite 

Element (FE) analysis. The Virtual Crack Closure Technique (VCCT), based on the principle of 

linear elastic fracture mechanics (LEFM), has been exploited by several studies [9–12] to predict 
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the fatigue crack growth, showing its validity for specimen-scale and structural components. 

However, limitation of this technique still exists in coupling with fatigue analysis in geometrically 

nonlinear domain [13]. In addition, Cohesive Zone Model (CZM) [14–16] has been prominent to 

simulate fatigue crack growth by utilising interface elements between interlaminate, in 

association with the Paris law to formulate fatigue damage model.  

The aim of this study is to investigate the post-buckling structural behaviour under quasi-static 

load and delamination propagation under fatigue loading. In this paper, the newly adjusted 

experiment testing of plates with single or double through-width delamination was established, 

to achieve on-site continuous measurement of crack growth. Initial embedded through-width 

delamination with various depths is used to represent critical characteristics of impact damage. 

Digital Image Correlation (DIC) was used to record out-of-plane buckling deformation of 

specimens and a video camera was installed near one side of the specimen to allow continuous 

observation of delamination growth. 

2. Test Sample and Experiment 

The test samples were made of carbon/epoxy composite material MTC510-T700 prepreg from 

SHD Composite with a ply thickness of 0.15 mm. The material properties are listed in Table 1. 

The laminated composite samples were manufactured with a 32-layer quasi-isotropic layup 

sequence [90/0/0/90]4s. PTFE films (10μm) were inserted as pre-existed through-width 

delaminations during fabrication. Figure 1 shows the sample dimensions with configuration 

details listed in Table 2, showing the crack location at different depth across the thickness. 

Table 1: Lamina properties of MTC510-T700. 

Properties Value Unit 

Longitudinal Modulus 𝐸1 113 GPa 

Transverse Modulus 𝐸2 8.2 GPa 

Shear Modulus 𝐺12 5 GPa 

Poisson’s Ratio 𝑣12 0.3  

Longitudinal Tensile Strength 0° 2282 MPa 

Transverse Tensile Strength 90° 1010 MPa 

Longitudinal Compressive Strength 0° 1067 MPa 

Transverse Compressive Strength 90° 558 MPa 

In-plane Shear Strength 99 MPa 

 

 

Figure 1. Dimension of samples with through-width delamination 
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Table 2: Sample configuration and load conditions. 

  Group J Group K Group L 
 𝑎1 (𝑎1/L) 30 (25%) 30 (25%) 30 (25%) 

Delamination 𝑡1 (𝑡1/T) 0.45 (9%) 0.75 (16%) 0.45 (9%) 

[mm] 𝑎2 (𝑎2/L) - - 20 (17%) 

 𝑡2 (𝑡1/T) - - 0.75 (16%) 
Sample  J1 J2 K1 L1 L2 L3 

Test type 
 

Static Fatigue Static Static Fatigue Fatigue 
Cyclic load  Maximum [kN] -  17.5 - - 24.5 26 

 Ratio to ultimate load - 61% - - 85% 90% 

 

The experimental tests were performed with two parts using a 100 kN hydraulic-powered 

Instron 8100 test machine. Quasi-static tests were conducted initially to identify the fatigue load 

range based on the load-bearing capacity, as well as investigating the buckling and post-buckling 

behavior of the samples. Secondly, the fatigue tests were performed under an in-plane 

compression-compression cyclic loading with a 5 Hz frequency and a value of 0.1 was set for the 

load ratio R. The maximum fatigue loads applied with a constant amplitude ranged from 60% to 

90% of static ultimate load. The fatigue test was disrupted at regular intervals for DIC and video 

camera to capture typical damage growth. Fatigue cycles for each sample were run around 

300,000 cycles to limit the testing time. 

3. Numerical Modelling 

The numerical model of plate with embedded delamination was accomplished by the 

commercial FE package ABAQUS/Standard. The FE models were firstly developed using 2D plain 

strain element (CPE4R). But due to the restriction of accuracy and the limitation that CPE4R 

element has brought to the model, 3D models with continuum shell elements (SC8R) were 

adopted. In the quasi-static analysis, VCCT and CZM procedures were implemented into the FE 

models respectively to characterise delamination propagation. Figure 2 illustrates a typical 

delamination buckling model simulated by CZM procedure. The aluminium tab sections were 

not involved to reduce the total number of elements and computational time. The fixed end has 

its degrees of freedom fully constrained while the loading end has only its x-direction free. Two 

layers of cohesive elements (COH3D8) are placed between top and bottom sublaminate.  

 

Figure 2. Numerical models of the laminates with through-width delamination 
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In the fatigue analysis, the fatigue damage model developed by Turon [14] was adopted, from 

which the normalized form of Paris Law, as shown in Eq (1), was involved to accommodate the 

change of mode-mixture in 𝐺𝑐. 𝑑𝑎𝑑𝑁 = 𝐶 (∆𝐺𝐺𝑐 )𝑚
   (1) 

 𝑙𝑜𝑔 𝐶 = 𝑙𝑜𝑔 𝐶𝐼 + (𝐺𝐼𝐼𝐺𝑇 ) 𝑙𝑜𝑔 𝐶𝑚 + (𝐺𝐼𝐼𝐺𝑇 )2 𝑙𝑜𝑔 𝐶𝐼𝐼𝐶𝑚𝐶𝐼  (2) 

 𝑚 = 𝑚𝐼 +𝑚𝑚 (𝐺𝐼𝐼𝐺𝑇 ) + (𝑚𝐼𝐼 − 𝑚𝐼 − 𝑚𝑚) (𝐺𝐼𝐼𝐺𝑇 )2  (3) 

where 𝐶 and 𝑚 are mode-ratio dependent fatigue parameters, 𝐺c is the mixed-mode fracture 

toughness and ∆𝐺 = 𝐺max(1 − 𝑅2) . 𝐶m and 𝑚m  are the fatigue parameters under mixed-

mode condition, whilst 𝐶I, 𝑚I, 𝐶II and 𝑚II  are the ones under pure mode conditions. The 

constant amplitude fatigue loading was introduced via the ‘envelope load method’ working with 
cycle jump strategy [17], to reduce the computational time. 

4. Results and Discussion 

4.1 Quasi-Static Tests and Simulation 

Firstly, test results were obtained to exhibit the load-bearing capacity, critical buckling and post-

buckling response of the samples under quasi-static compressive load. Figure 3 presents the 

quasi-static loading history obtained from Sample J1 with the load-displacement curve 

compared with numerical result. It shows that the linearly increasing load curve was not affected 

by the local buckling, which indicated it did not lose the load capacity until the occurrence of 

global buckling at 27.8 kN. The simulation results obtained by both procedures keep consistent 

with the test results. In addition, the critical buckling loads as well as ultimate load from these 

three static tests compared with simulation are presented in Table 3. The critical loads from 

simulation are proved to have a good consistency to the test results. The uncertainties may be 

mainly resulted from experimental factors, such as the material imperfections from test 

specimens and some extent of misalignment between the two loading surfaces.  

 

Figure 3. Load curve from J1 static test associated with images of characteristic loads 
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Table 3: Loads from static test samples compared with simulation. 

Critical Load [kN] Sample J1 Sample K1 Sample L1 

Local buckling  
Test 3.8 19.9 4 

Modelling 3.6 18.3 3.5 
Difference 5% 8% 12% 

Global buckling  
Test 27.2 26.8 26.2 

Modelling 26.2 25 24.5 
Difference 4% 7% 6% 

Ultimate load   
Test 28.7 27.9 28.7 

Modelling 28.5 25.9 27.6 
Difference 1% 7% 4% 

 

In terms of post-buckling, two mixed-mode post-buckling responses were found, i.e., local-

global mixed mode and opening mixed mode. In the local-global mixed-mode response, the 

plate exhibits initially a local buckling response, while the occurrence of global buckling brings 

both sublaminates to shift into negative direction. In this mode it is the global buckling that 

dominates its post-buckling response. However, in the opening mixed mode, the local buckling 

mode dominates where both sublaminates are deflecting in opposite direction. Figure 4 shows 

the results of the two specific post-buckling responses. It demonstrates the Samples J1 and L1 

which have a thinner top sublaminate (9%) follows the local-global mixed mode while the 

Sample K1 with thicker top sublaminate (16%) exhibits the opening mixed mode. Moreover, by 

comparing tests with the modelling results, it is found there is a good agreement in the nonlinear 

post-buckling deformation. 

 

Figure 4. Buckling deformation of static test samples compared with numerical models 
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4.2 Fatigue Tests and Simulation 

In this section, fatigue test results from three Samples J2, L2 and L3 which have different 

configurations and various fatigue loads are exhibited and discussed. The fatigue test results are 

compared with numerical simulations, in terms of measurement of crack length growth and 

crack growth rate. Figure 5 shows the images captured from video camera and DIC system for 

Sample J2, it reveals the initial crack grew with respect to fatigue cycles up to 304,000 cycles. 

The growth of crack and growth rate versus fatigue cycles, as illustrated in Figure 6, are 

interesting to show that the crack growth rate drops with increasing fatigue cycles. By comparing 

with numerical results, the numerical models well captured the behaviour of the reduction of 

crack growth rate, and the predicted results keep consistent with test results.  

 

Figure 5. Fatigue delamination growth of J2 sample obtained from DIC and CZM simulation. 

 

Figure 6. Fatigue crack length growth (a) and crack growth rate da/dN (b) from J2 fatigue test 

compared with simulation. 

Moreover, further comparison was carried out on Sample L2 and L3 fatigue samples which have 

identical configuration but different fatigue load levels. The fatigue results are compared and 

expressed in Figure 7. It is interesting to note that both samples have a similar crack growth rate 
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at initial fatigue stage until 50,000 cycles where the crack growth rate diverts – Sample L3 with 

26 kN load level shows a faster growth rate than the L2 sample with 24.5 kN load level. In terms 

of fatigue life, it can be deducted that the sample with lower fatigue stress level will have a 

longer fatigue life than that suffered from a higher fatigue stress level. In addition, the second 

cracks close to the bottom sublaminate from both Sample L2 and L3 have not found buckled out 

nor propagated, which indicates that the stiffness of the bottom sublaminate is higher than that 

of the top sublaminate due to the shorter and deeper crack. This means that the fatigue cycles 

of 200,000 have not made the bottom crack reach the fatigue threshold. 

 

Figure 7. Fatigue crack length growth (a) and crack growth rate da/dN (b) from L2, L3 fatigue 

test compared with simulation. 

5. Conclusions and Future Work 

In the paper, the post-buckling response and associated damage growth behavior of composite 

samples with embedded through-width delamination under post-buckling fatigue load has been 

experimentally and numerically investigated. Quasi-static and fatigue tests were applied to 

these samples with different configurations and load levels. Numerical models based on VCCT 

and CZM approaches were established.  The results from numerical analysis have proven to be 

consistent with the results obtained from the experimental tests, indicating the feasibility and 

robustness of the numerical model. Two different modes of post-buckling response were found, 

which are local-global mixed mode and opening mixed mode. Fatigue analysis was developed 

for the local-global mixed mode to determine the fatigue crack growth. And the robustness of 

the proposed numerical models was determined. The validity of numerical model could benefit 

on reducing the number of tests required for design and certification of composite structures. 

The current study bridges the gap between coupon and structural level testing and is also 

considered to contribute on the damage tolerance analysis and relevant post-buckled structure 

design. Regarding the future work, it is vital to study the effects of different post-buckling mode 

on the fatigue damage growth behaviour and fatigue life, which is considered to benefit on 

damage tolerant analysis and optimized design suggestions. 
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Abstract: One of the levers to gain in performance of composite structures used for racing 
yachts (IMOCA, America’s Cup) is by a better knowledge between the manufacturing process and 
the final properties. This study addresses one aspect of this objective. The objective is to study 
the impact of the manufacturing process on the fatigue behaviour of carbon/epoxy laminate. 
More precisely, the work aimed at understanding the link between the curing parameters, the 
residual stresses in the composite laminate and the fatigue behaviour. This work is carried on in 
collaboration with two companies from the Brittany Sailing Valley dealing with the design and 
manufacturing of composite parts.  

Keywords: Viscoelasticity; Fatigue; Self-heating; Thermosets; Curing  

1. Introduction 

In recent years, for the sailing teams involved in yacht racing which have been using more and 
more laminate composite materials, the fatigue behaviour has become a major issue. Three 
aspects are at stake: the first one is competitiveness and involves the need of performance and 
so the lightening of the structures, the second one concerns the security of the sailors and the 
need to keep them safe during the race especially for transatlantic races or round-the-world 
races. Finally, reducing the cost of those structures is still an important challenge. 

It’s in this particular context that this study is made. The idea here is to be able to observe the 
impact of residuals stresses, in the composite part, on the fatigue lifetime. No matter what the 
application field is, or the material used, the manufacturing leads to internal residuals stresses 
that are more or less controlled. In carbon / epoxy laminate composites, it is known that those 
residual stresses are mainly due to the difference in coefficients of thermal expansion between 
the matrix and the fibres during the cure. The viscoelastic properties of the matrix tend to relax 
those residual stresses after the complete cure. To get a better understanding of the complete 
behaviour, it is important for us to make a characterization from the matrix scale to the 
composite part scale.  

2. Objective and methodology 
2.1  Epoxy cure modelling  
Thanks to Avel Robotics company, partner of this work, and the literature, it has been noticed 
that the curing cycle has a major impact on the formation of residuals stresses. Indeed, for a 
same final state of the resin, the faster the curing is, the higher the level of residual stresses is. 
An in-house tool to simulate curing cycle has been developed to define different cure cycles that 
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lead to a similar final reticulation of the resin. This tool is based on the phenomenological theory 
developed by KAMAL and SOUROUR (1), then adapted by Fournier (2). This method allows to 
define two cure cycles extremely different, showed in the Figure 1 : Curing cyclesFigure 1. Those 
two cycles lead to a curing rate of approximatively 95%. They will be used in the rest of the study 
to obtain two different states of residual stresses.  

 
Figure 1 : Curing cycles 

2.2 Residual stresses  
A lot of methods exist to analyse residual stresses in materials, some of them being usable for 
composites materials (see (3) for more details). These methods are divided in two main 
categories: the destructive ones and the non-destructive ones. In the first one we can find 
methods such as the hole drilling method, the ring-core method and the ply sectioning method. 
In the second category, there are methods such as optical methods or methods using sensors 
that are not completely adaptable to composite materials. Between these two categories lies 
the measurement of curvature method. It is considered as a destructive method because one 
needs to create an asymmetrical part to measure its out of plane deformation. But one can also 
consider it as a non-destructive method because one can use a monitoring of the curvature in a 
long period of time. This last point is interesting in our case because it allows to have an 
observation of the stress relaxation with time, depending on the temperature of storage. The 
main drawback of this method is that it is a qualitative observation, and you need a model to 
have a quantification of the internal stresses.  

For the first step of our study the qualitative aspect of this method is sufficient, and a complete 
modelling will be considered in future works. To create two different parts with two different 
residual stress states, we used both cycles of cure defined previously on three asymmetrical 
laminate plate [90 :0 ]. Two of them were stored at room temperature and the bending radius 
was measured from time to time. Figure 2, first, shows the differences of bending radius just 
after the cure. The slow cycle leads to a bending radius of 532 mm while the fast one leads to 
411 mm. Those two measures confirmed that the cycle of cure has a major impact on the 
formation of residuals stresses. During storage at room temperature, this method allowed us to 
observe the stress relaxation by noticing a growth in the bending radius. It is still important to 
notice that for an equivalent time at room temperature, the difference in bending radius still is 
important.  

899/1211 ©2022 Le Palabe 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 / 7 ©2022 1st Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

 

The study of (4) showed the importance of temperature on the stress relaxation. Indeed, the 
closest the part is from his glass transition temperature, the fastest the stress relaxation will be. 
A point of or study is to do fatigue, so we had to find a solution not to have to manufacture each 
sample one at the time. We had to validate the hypothesis of non-relaxation at temperature far 
from glass transition temperature. Figure 2 shows the result obtained for a storage at -18 °C. It 
shows that the bending radius is constant with the time of storage. That confirms the 
assumption of non-relaxation at low temperature. So, the sample will be manufactured the 
same way and stored at -18 °C to ensure a common stress state between the sample from the 
same part.  

 
Figure 2 : Evolution of the bending radius at room temperature 

2.3 Materials and manufacturing  
The epoxy resin used is the epoxy XB3515 developed by HUNTSMAN with a glass transition 
temperature of 130 °C appropriate for sailing industries. The carbon fibres are the UTS50 
reference impregnated by VITECH COMPOSITE. The manufacturing of the plate is made by 
laying-up unidirectional plies. All the manufacturing is made in AVEL ROBOTICS’s factory with 
controlled temperature and hygrometry. A quality procedure is used to minimize the apparition 
of porosity, which is a common defect in carbon / epoxy composite material. The expertise of 
AVEL ROBOTICS allow us to obtain a marginal proportion of porosity. The proportion of porosity 
is considered as equal in both residual stress state. The curing of the plate is made in an 
autoclave with temperature control at different strategic places. Four thermocouples are used 
to ensure the compliance with the thermal instruction. One measures the air temperature, one 
the temperature of the metallic mould and two the temperature of the plate in the thickness. 
The laminate stacking used is quasi-isotropic [0/−45 /+45 /90]s. This particular stacking allows 
us to have the two plies at ±45° one after the other. It is a matter of importance for us to 
observe easily the impact of residual stresses on delamination. Once the curing is made,  the 
plate are cut, with a waterjet machine, into samples of 250x25 mm2 with a thickness of 2.5 mm. 
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3. Results and discussion 
3.3 Monotonic tension  
Monotonic tension tests are carried out as a first approach providing information on fracture 
mode of the samples.  Figure 3 and Figure 4 show a good reproducibility both for the low or high 
residual stress states. It shows a failure stress similar for the two states between 650 and 
700MPa. It also shows an abrupt loss of stiffness in the two different states. This is due to the 
delamination between the two plies at ±45°. It can be noticed that this drop-in stiffness appears 
50 MPa later on the high residual stress state. This demonstrates a first impact of residual 
stresses on the behaviour of laminate composite. It is now a matter of interest to see if we can 
see any difference on the fatigue lifetime. 

 
Figure 3 : Monotonic tension on low residual stresses state samples 

 
Figure 4 : Monotonic tension on high residual stresses state samples 
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3.4 Fatigue and Self-heating  
The self-heating method is based on a theory aimed to link the dissipation, caused by a sample 
subjected to a cyclic solicitation, to damage creation in the part (5). This damage is then linked 
to a fatigue lifetime. The final objective is to have a rapid prediction. To do so the procedure to 
follow is quite simple, the point is to perform a series of cyclic loadings and rise the amplitude 
of stress between each step. In our case, the solicitation mode is tension/tension with a stress 
ratio R=0.1. Each step is consists in 50 cycles, at a frequency of 2 Hz, and a cooling phase to go 
back to the equilibrium temperature of the sample. 

 
Figure 5 : Comparison of the rate of temperature rise for the different state of residual stresses  

The results obtained by this method are shown in Figure 5. The delamination phenomenon is 
visible as a stabilization of the dissipated heat. It is clearer on the signal obtained for the low 
residual stress states with a slight diminution of the elevation of temperature between two 
steps. Again, the delamination appears earlier for the low residual stress state. On Figure 5, the 
circles indicate the stress at which the delamination have an effect on the dissipation. The self-
heating curves will be discussed in more detail during the talk. 

3.5 S-N curves 
Figure 6 and Figure 7 show the S-N curves for both states of residual stresses. Even if the number 
of results is limited since other tests are currently being carried out, the tendencies show a slight 
difference between the two states. Taking a lifetime of 10 cycles, the approximation made gives 
a maximal stress of 500 MPa for the low residual stress state, while the one for a high stress 
state give 430 MPa.  
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Figure 6 : S-N curve for the low residual stress state 

 
Figure 7 :  S-N curve for the high residual stress state 
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Abstract: The harsh and corrosive marine environment poses a challenge in terms of efficiency, 

maintenance and durability of the steel structures used in offshore renewable energy structures. 

Fiber reinforced composites are a suitable alternative owing to their excellent corrosion 

resistance. However, the industry refrains from large-scale implementation of composite 

offshore energy structures due to the lack of understanding about the behaviour of composites. 

With the aim of filling these research gaps FIBREGY Horizon 2020 EU, funded project was 

initiated to enable the extensive use of the FRP materials in the next generation of Offshore Wind 

and Tidal Power (OWTP) structures. In this research, the fatigue behaviour of glass fiber/bio-

based thermoset composite is investigated by subjecting the coupons (±45°) to fatigue loading 

instrumented with thermography, strain gauge and acoustic-emission transducers. In addition 

to obtaining an S-N curve, the damage induced by fatigue loading is quantified in terms of heat 

dissipation and acoustic energy for rapid estimation of the fatigue limit using temperature 

stabilization method. 

Keywords: Glass fiber reinforced composites (GFRP); Fatigue testing; IR Thermography; 

Acoustic emission.  

1. Introduction 

The climate change goals have persuaded industries in all sectors to initiate environment centric 

actions to reduce the carbon footprint of their respective activities. The energy sector in 

particular is taking strides in this regard by laying emphasis on renewable technology like 

offshore wind and tidal energy. Offshore wind and tidal energy can contribute significant supply 

of renewable and clean energy. Offshore wind energy is the most mature technology in terms 

of development, policies and present and potential installed capacity [1]. While offshore 

renewable energy has great growth, it is not devoid of challenges. The harsh and corrosive 

marine environment poses a challenge in terms of efficiency, maintenance and durability of the 

steel structures, which consequently increase the installation and maintenance costs. The 

majority of construction material is steel and all of this is subjected to degradation by corrosion, 

which accounts for 60% of maintenance costs. In addition, the life of these installations is 

curtailed despite preventive maintenance thus making offshore renewable energy an 

unfavourable investment [1]. 

Composites, especially glass fibre reinforced (GFRP) composites can be a suitable alternative to 

steel, owing to their low cost compared to other composites, high strength to weight ratio and 

most importantly, corrosion resistance. However, despite such advantages, the industry refrains 

from the large-scale implementation of composite offshore energy structures due to the lack of 
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understanding about the behaviour of such materials under a variety of loading conditions. With 

the aim of filling these research gaps the FIBREGY Horizon 2020 EU funded project was initiated 

to enable the extensive use of FRP materials in the next generation of Offshore Wind and Tidal 

Power (OWTP) structures. As a part of this project, innovative FRP materials, design procedures, 

guidelines, inspection and monitoring methodologies will be audited and qualified for offshore 

applications to finally build a real scale prototype for validation. Given that these structures must 

endure several decades of efficient operation, adequate knowledge in terms of the fatigue 

behaviour of the materials used is required for the purpose of design and certification, which 

forms the focus of the present research.    

In this study, the behaviour of glass fibre/bio-based InfuGreen 810 GFRP composite under 

fatigue loading is investigated. GFRP composite test coupons with layup [±45°] are subjected to 

tension-tension fatigue tests instrumented with infrared thermography, strain gauge and 

acoustic-emission transducers. The damage induced by fatigue loading is quantified in terms of 

heat dissipation (specimen temperature from IR camera) and acoustic energy output. The 

fatigue loading induced damage is quantified from the heat and energy data and is used to 

estimate the fatigue limit using a fast and innovative temperature stabilisation method. It is 

important to mention that, the temperature rise due to heat dissipation has been used by 

several researchers for quicker estimation of the endurance limit by temperature stabilization 

method without the use of time-consuming Wöhler or S-N curves approach. Initially, this 

temperature stabilization method was used for metallic materials [2,3], however some studies 

[4] have successfully adopted this method for composite materials and produced effective 

results. The S-N curve for the new GFRP material is obtained by performing classical tests and is 

used to confirm the fatigue limit values obtained by the new method. Finally, the data obtained 

from tests is used to determine the accuracy of the obtained S-N curve from Miner’s rule.  

2. Materials and methods 

2.1 Composite material 

For manufacturing the GFRP laminates glass fiber fabric (unidirectional (UD) non-crimp fabric 

made from H2026 glass fiber tows, 1182 g/m²) was sourced from Sartex and InfuGreen 810 with 

SD 8824 hardener, a two-component epoxy system was sourced from Sicomin. InfuGreen 810 is 

specially formulated for resin transfer processes, such as injection or vacuum infusion, which is 

produced from 38% of plant origin carbon and thus has a lower environmental impact than 

standard epoxy systems. Additionally, its low viscosity (750 mPas at 25° C) at ambient 

temperature enables infusion of large structures at room temperature, which actually is a major 

requirement for manufacturing OWTP structures. Glass fiber reinforced plastic (GFRP) laminates 

of size 450 mm × 450 mm were manufactured with 16 plies i.e. [±45°]8s of fabric prepared on a 

glass mould by vacuum assisted resin transfer moulding (VARTM) at room temperature. The 

laminate was left to cure at room temperature for 24 hours and later post-cured at 60° C for 16 

hours. GFRP test coupons of size 330 mm × 25 mm were extracted from the laminate using 

abrasive water jet cutting and then tabbed with aluminium using 3M DP 8005 adhesive. Figure 

1. represents the dimensions of the test coupons used for the fatigue tests. 
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Figure 1. Dimensions of GFRP fatigue test coupons in mm. 

2.2 Fatigue tests and instrumentation 

S-N Curve tests:  

The loading parameters for the tension-tension fatigue tests ware based on the ultimate static 

tensile strength of the GFRP material. Quasi-static tensile tests were carried out to obtain the 

ultimate tensile strength. The mechanical tests (static tensile and fatigue loading tests) were 

performed on a Zwick Roell servo-hydraulic load frame instrumented with 100 kN load cell and 

an extensometer, in which specimens were held in the test frame using hydraulic grips. The 

loading rate was 1 mm/min. The average tensile strength (Futs= Load at σuts (UTS = Ultimate 

tensile strength) values obtained from three tests was considered for design of tension-tension 

fatigue tests. The tension-tension fatigue tests were conducted on the same machine used for 

the static tests instrumented with 100 kN load cell. In addition, multi-instrumentation including, 

extensometer, infrared thermal camera and acoustic emission transducers and strain gauge was 

used (cf. Figure 2). The S-N curve was obtained by conducting constant load tension-tension 

fatigue tests at different levels of σuts (until failure) where the stress ratio, R was 0.1 and 

frequency of loading was 8 Hz. 

 Temperature stabilisation test: The fatigue limit of a material is generally obtained by Whöler 

curves (stress vs. cycles). These fatigue tests are long and tedious, requiring many specimens 

and time to obtain a fatigue limit. However, the fatigue limit can also be obtained from the 

temperature stabilization method by interpolation of two intersecting straight lines of different 

slopes that fits the stabilization temperature when plotted against the corresponding stress level 

[2-4]. This method is based on the fact that part of the energy required to start the damage 

propagation is irreversibly transformed into heat and hence, any deformation and damage in 

the specimen is followed by an increase in temperature. 

To obtain the fatigue limit by this method, load controlled tension-tension stepwise fatigues 

tests were performed. The test coupons were subjected to 8000 sinusoidal cycles (8 Hz) of 

tensile-tensile loads (stress ratio R of 0.1 and at room temperature) at 14% of Futs, 21% of Futs, 

28% of Futs, 35% of Futs, 42% of Futs, 49% of Futs, 56% of Futs and 63% of Futs. Each load block was 

separated with a dwell time of 10 min to let the specimens return to room temperature. The 

tension-tension fatigue test loading protocol is shown in the Figure 3. Three such tests 

conducted to evaluate the repeatability. An infrared thermal camera Micro Epsilon TIM VGA 

thermal IMAGER with 33° lens was used to record the temperature of the specimen surface 

during loading. The thermal data was analysed to estimate the fatigue limit of the specimens 

using the temperature stabilization method [2-4].  
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Figure 2. Setup showing instrumentation used for tension-tension fatigue tests 

 

 

 Figure 3. Tension-tension fatigue test loading protocol with R = 0.1 and Frequency = 8 Hz. Tests 

conducted at room temperature. 
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3. Results and discussions 

3.1 S-N Curve 

The S-N curve of the GFRP material was obtained by conducting constant amplitude load 

controlled tension-tension fatigue tests. The S-N curve is assumed linear, as the number of tests 

conducted were limited.  

 

Figure 4. S-N curve of GFRP (GF H2026 – InfuGreen 810) 

  

Figure 5. Acoustic energy released due to damage during fatigue loading. 

Figure 4 shows the S-N curve for Glass Fiber – InfuGreen 810 GFRP. If we consider the low cycle 

regime (encircled in red) the slope of the trend line is different from the assumed S-N curve 
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(green line). This suggests that the rate of damage accumulation in low cycle regime is different 

from the high cycle regime. The same can be observed from the acoustic energy. From Figure 5 

it can be seen that in low cycle fatigue (80% of UTS) the damage occurs at a higher rate in 

comparison to high cycle fatigue (60% of UTS) specimen. 

3.2 Temperature stabilisation tests 

The specimen failure under fatigue loading occurs due to progressive accumulation of damage, 

leading to total failure. This progression of damage is studied using heat dissipation data 

(Thermography). During loading, specimen damage occurs by matrix cracks, fiber breaks and 

crack propagation. These events also give rise to heat dissipation, which increases the specimen 

temperature [2-4]. Infrared thermography is utilized in this study to measure the temperature 

evolution on the external surface of the specimen during fatigue loading. The evolution of the 

rise in the specimen temperature at the end of each load block is presented as a function of the 

maximum cycle stress applied in each load block (Figure 6). The obtained points can be fitted 

into two straight lines with different slopes that intersect at a point depicting the fatigue limit. 

From the Figure 6 it can be found that the fatigue limit of the given specimen is 33.6 MPa. From 

the S-N curve data (y=-3.76 ln(x) + 89.48) it is found that at 33.6 MPa the specimen can sustain 

at least 3 X 106 cycles. The tests were repeated three times and average fatigue limit was found 

to be 32.1 MPa. Composite materials do not show a clear fatigue limit like some metals, which 

can be seen from the obtained S-N curve (Figure 4). Hence, in such cases the stress level, which 

can sustain 1 x 107 cycles, is considered as the fatigue limit. From the S-N curve, the fatigue lime 

for the GFRP material can be deduced as 29 MPa (cf. Figure 4).  

 

 

Figure 6. Rise in specimen temperature at end of each block vs. stress level.  
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3.3 Miner’s rule 

The data obtained from the stepwise tests is used to determine the accuracy of the obtained S-

N curve. The Table 1 shows the cumulative damage associated with different stress levels (ratio 

of actual number of cycles at a particular stress level to the cycles to failure at that stress level) 

from the stepwise tests. It clearly validates the obtained S-N curve as Miner’s sum is close to 
one.  

Table 1: Cumulative damage and Miner’s rule.  

Stress level (MPa) Cycles run (ni) Cycles to failure (Ni) Cumulative damage 

12.28 8000 40061601 1.997 x 10-04 

18.43 8000 11881746 6.733 x 10-04 

24.57 8000 3530941 2.266 x 10-03 

30.71 8000 1089302 7.344 x 10-03 

36.85 8000 311825 2.566 x 10-02 

41.77 8000 117932 6.784 x 10-02 

47.91 8000 35046 2.283 x 10-01 

54.05 7085 10414 6.803 x 10-01 

Miner’s sum  1.01258 

 

4. Conclusions 

Constant load fatigue test were performed on ±45° GFRP samples to characterize its fatigue 

behaviour and obtain the S-N curve. The fatigue limit (107 cycles) was found to be 29 MPa from 

the S-N curve. Additionally, the fatigue limit of the ±45° GFRP samples was obtained using a 

rapid method using temperature stabilisation technique, which was found to be 32.1 MPa. The 

fatigue limit obtained by the rapid method is overestimated by 10%, which is well acceptable 

given that the method saves time and is economical. Finally, using the S-N curve was validated 

using the data obtained from stepwise tests by applying Miner’s rule.  
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Abstract: The work deals with the fatigue lifetime estimation of Short-Glass-Fiber-Reinforced-
Thermoplastics (SGFRP), with a focus on conjugated effects of thermal aging. The material 
containing 50% (V50) fiber concentration (weight) was aged for 500h at 200°C in air and 
compared to the same material in Dry-As-Molded (DAM) state. Monotonic and fatigue tests 
(10Hz, stress-ratio R=0.1) were performed in samples extracted from injected plates and cut 
along three different orientations to the injection one (0-45-90°) to capture the anisotropy of the 
skin-core microstructure. Both tests evidenced the stiffening and embrittlement of the Polyamide 
matrix, with an acuity dependent on the fiber orientation, leading to different fatigue lifetimes’ 
reduction. Fatigue criteria were evaluated based on the different Fatigue-Indicator-Parameters 
(FIP) obtained from this database. Finally, a Through-Process-Modeling (TPM) tool was used to 
predict the fatigue lifetimes. To do so, the matrix constitutive behavior was identified from the 
mid-life hysteresis loops. 

Keywords: Polyamide; Glass fiber; Aging; Fatigue; Simulation 

1. Introduction 

From an industrial aspect, Short-Glass-Fiber-Reinforced-Thermoplastics (SGFRP) are highly 
attractive materials and a well-balanced solution to optimize structures of manufactured parts. 
Thanks to the injection manufacturing process, their mechanical properties can be easily 
modulated by changes in the final microstructure (skin-core-skin). Moreover, thermoplastics are 
subjected to many external factors which can impact fatigue behavior such as the stress ratio[1] 
and loading rate [2]. In addition, conditioning of the materials is also crucial as thermoplastics 
are sensitive also to their environment. In addition, conditioning of the materials is also crucial 
as thermoplastics are sensitive also to their environment.  

Both short- and long-term effects occur in these materials. The former is linked to quick and 
reversible mechanisms such as water uptake in humid conditions and material transitions when 
heated or cooled [3]. When conditioned over longer times, these materials undergo irreversible 
changes attributed to aging. They are increasingly investigated since severe conditions can lead 
to premature failure of parts. In addition, these mechanisms are driven by temperature, while 
composites limits are extended due to the growing temperature requirements of applications. 
Hence, thermo-oxidative aging in such materials has been studied in the literature for several 
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aging temperatures ranging from 37 to 220 °C (for PA6; 6.6 matrices)[4,5]. The main reported 
effects on the mechanical properties, stiffening, and embrittlement, are mainly consequences 
of polymer chains' breakage. As reported by many authors, the fiber-matrix adhesion role may 
be non-negligible. In some cases, tests performed at aging temperature revealed no aging effect 
while being visible at ambient test temperature [6]. Nevertheless, fatigue tests conducted under 
high temperatures after severe aging are still lacking in the literature as well as tests generally 
performed under aging conditions. Hence, in this paper, we propose to study the thermo-
oxidative aging effects on the fatigue behavior of a highly-charged polyamide composite.  

The first objective is to present the experimental fatigue tests performed at a high aging 
temperature (200 °C, aged 500 h). On one hand, several cyclic indicators were extracted from 
stress-strain loops to quantify the aging effects over the cyclic behavior; fatigue lives. The 
present study focuses on the effect of microstructure on the aging mechanisms. It was 
motivated by the lack of aging studies for highly filled materials (50%), especially in a fatigue 
context. Three different orientations with respect to the injection direction (0°, 45°, and 90°) 
were investigated, at one temperature (200 °C) and one load ratio (R=����/����=0.1). 
Specimens were dried before aging to stay consistent with the dry environment induced by such 
a high temperature.  

The second objective is to discuss the performances of fatigue criteria reported in the literature 
in regard to the results obtained with a predictive Through-Process-Modeling (TPM) tool [7]. 
This tool is based on the mid-life stabilized Fatigue-Indicator-Parameters (FIP) that can be 
derived from the experimental hysteresis loops. The herein-faced challenge is the ability to 
capture a long-term effect (aging) while only simulating a few fatigue cycles as opposed to 
techniques requiring a complex identification process for the constitutive/damage law [8,9]. This 
is ultimately done to reduce the extensive cost of a full material characterization that 
manufacturers are facing when developing new materials. 

In the following, Section 2 presents the materials, the experimental procedures (conditioning, 
aging, and testing), and the numerical methods. Section 3 deals with the fatigue experimental 
and numerical results (cyclic indicators evolution, fatigue curves, and fatigue life predictions).  

2. Materials and Methods  

2.1 Materials 

The material studied is a composite with a mixed PA6/PA6.6 matrix with 50% wt. of fiber 
concentration commercialized by Domo Chemicals under the name Technyl® Red A218HPSV50. 
340 x 100 x 3 mm3 rectangular plates were prepared by loading short glass fiber reinforced 
thermoplastic pellets in an injection molding machine, with the longest dimension being the 
injection direction. Dogbone-shaped samples (Figure 1a) were extracted following three 
orientations compared to the injection direction (�°): 0°, 45°, and 90° (Figure 1b). To ensure 
tests reliability and homogenous conditions, all samples were dried for 24 h at 80 °C and sealed 
before testing. These samples are referred to as “unaged” in the following sections. After drying, 
some samples were aged in an oven at 200 °C under air (natural composition) for 500 h and 
sealed again shortly after. 
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Figure 1. Specimens’ specifications: (a) dimensions of the dogbone specimens (mm) and (b) 

orientation of samples machined out of injected plates comparatively to the injection direction. 

2.2 Methods: experimental and numerical 

Mechanical tests were performed on a servo-hydraulic Intron® 8802 fatigue testing machine (5 
kN load cell) equipped with a climatic chamber heated at the aging temperature (200°C) in air. 
The temperature was stabilized within one hour of heating (13 °C/min ramp) and tests were 
performed in series without waiting for the complete cooling of the machine loading train 
(measured by a thermocouple). Fatigue tests were conducted under load control at a fixed 
loading ratio (R=����/����=0.1) in a sinusoidal waveform, a constant amplitude, and a number 
of cycles to failure (��) ranging from 10� to 10�. Before each test, the cross-sections dimensions 
of the sample were measured and taken into account to calculate the stress level, especially 
because dimensional changes were observed after aging. The strain evolution was monitored 
from outside of the climatic chamber, by tracking painted marks on the sample surface. The 
chosen fatigue frequency was initially set at 10 Hz. The resulting self-heating of the material 
could be neglected in comparison with the test temperature (200 °C). The FIP considered in the 
present study are displayed in Figure 2a. Their values were evaluated from the 6th cycle. Data 
were monitored until the complete failure of the specimens.  

For the numerical part, simulations were performed using the Finite Element Method (FEM) in 
Abaqus® software coupled with Digimat® for the constitutive law. It is a combination of a 4-
branches viscoelastic generalized Maxwell model for the matrix and an elastic law for the fibers 
with the fiber parameters (shape factor, orientation tensor) provided by Domo Chemicals. The 
law identification was performed with a built-in Dakota® optimization algorithm for the three 
orientations simultaneously using the mid-life experimental hysteresis loops taken in the range 
of fatigue lifetimes above 4 10� cycles. This choice will be discussed in the Results section. The 
model used for the identification was a Representative Volume Element (RVE) corresponding to 
a unit-cell of the meshed dogbone with Periodic Boundary Conditions (PBC) (Figure 2b). C3D8 
elements were used in both models, with the same number and size distribution through the 
thickness (Z-axis) to account for the skin-core-skin microstructure. The force or strength 
required to reach the experimental stress levels was imposed through reference points attached 
to the mesh nodes for loading in the X direction (��� component). The stress and strain tensor 
components were homogenized from volume averages over each integration point and element 
of the mesh, in order to compute the FIP values and compare the numerical-experimental 
hysteresis loops. Finally, for the dogbone geometry, a virtual extensometer was placed in the 
gage area to mimic the experimental painted marks. 
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Figure 2. (a) Mechanical quantities employed in the present study for fatigue criteria 

computation and (b) RVE used for the constitutive law identification. 

For confidentiality reasons, all stress-related values were normalized by a common factor 
whereas all the other quantities were unchanged.  

3. Results and discussions 

3.1 S-N curves 

S-N curves usually plot the fatigue life (��) against the imposed stress (σ). The used stress 
component varies depending on the database. In this study, since only one load ratio is studied, 
the maximum stress is employed. Values are normalized (�����) by the same factor whatever 
the orientation and conditioning. 

The S-N curves for every orientation and conditioning are reported in Figure 3a. It is worth 
mentioning that the same color scheme is used throughout the whole paper. The fatigue data 
are fitted using log-log regressions under power-law form (see Eq. (1)) and the 95% prediction 
intervals are drawn only for the unaged composites for clarity reasons. Similar dispersions are 
observed for the aged materials. It can be observed that thermo-oxidation tends to decrease 
the slope and increase the intercept which, at a fixed stress level, essentially leads to shorter 
fatigue life. The amplitude of variations gradually increases with the angle �°, with the most 
reduction visible on the 90° specimens. To better grasp the aging effect, ratios of each parameter 
were computed by dividing the values in the aged state by the unaged ones and reported in 
Figure 3b. ��� =  � ���, with � and � being respectively the slope and intercept            (1) 

Consistently with the results reported in the literature, an increase in rigidity is observed after 
aging, with more influence visible on the 45° and 90° specimens. A peak value is seen for the 
former, probably induced by the change of the slope and the vertical shift in stress value. This 
difference can be explained by the ratio of matrix to fiber sustaining the load, increasing with 
the orientation. Indeed, the 0° specimens seem to be the least impacted by aging while having 
most of fibers aligned with the load direction. Tensile tests performed in parallel (not shown 
here) confirmed that after aging, only the 0 and 45° specimens demonstrated higher values of 
ultimate tensile stress (UTS). Moreover, multiple damage mechanisms are visible for differently 
oriented specimens. For instance, as more fibers are aligned perpendicularly to the loading 
direction, fatigue damage mostly occurs at the interfaces with mechanisms such as debonding 
and micro-crack propagations [10]. Whereas in the case of 0° specimens, the main mechanisms 
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occur in the matrix with bridges formed between damage markers. The severe aging applied 
here seems to change the damage appearance order, with matrix-based ones greatly 
exacerbated. To the author’s knowledge, such disparities in aging impact, due to the process-
induced microstructure were not reported in the literature. This is undoubtedly related to the 
fact that very few studies investigate the aging effects in the very same conditions as the initial 
conditioning. 

 
Figure 3. Fatigue results: (a) stress-normalized S-N curves of the unaged and aged materials for 
every orientation and (b) evolution of slope and intercept power-law parameters as a function 

of orientation; each quantity after aging if divided by its value in the unaged state. 

3.2 Aging impact on cyclic indicators 

In a fatigue context, for which several recent criteria are based on a stationary regime (strain 
increment linked to the ratcheting effect), the aging impact on cyclic indicators must be analyzed 
thoroughly [11]. Thus, in Figure 4, monitored data such as hysteresis loops (measured at mid-
life), and computed energies (see Figure 2a) are plotted against the experimental lifetimes for 
the 90° specimens. A logarithmic gradient color bar is plotted to precise the fatigue life of each 
colored data set. 

 
Figure 4. Influence of aging over: (a) stress-normalized hysteresis loops and (b) FIP-normalized 

values for the 90° specimens for the whole generated database. Fully painted symbols 
represent the unaged materials whereas empty ones represent aged ones. 

Figure 4a shows the normalized stress-strain hysteresis loops measured at mid-life. Hysteresis 
loops have an asymmetric shape for both conditionings. The loop area, and so the corresponding 
hysteresis energy density, decreases with the imposed stress amplitudes (Figure 4b). Hence, 
loops of the longest tests (red color) have near-zero energy compared to shorter tests (blue 
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color; < 10� cycles). Similarly, the apparent modulus and the elastic strain energy density are 
also decreasing. For this orientation, the stress values tend to be positioned at lower levels for 
the aged specimens at equivalent fatigue lives. Essentially, the closer the S-N curves in both 
states, the closer the stress amplitudes. Comparatively, the strain amplitudes are heavily 
decreased whatever the orientation, leading to decreased energy values. Finally, the fatigue 
curve dispersions appear unchanged after aging. Meaning that the criteria unification ability lies 
in the criteria itself and not the material conditioning.  

3.3 Constitutive law identification 

To reduce the computation time, fibers were not directly modeled using a proper distinct 
meshed phase. Instead, the choice was made to use the Digimat® software to perform the 
homogenization of the properties at every point of the structure. This way, the cost is greatly 
diminished since the homogenized stiffness tensor is directly passed to Abaqus®. The matrix law 
is viscoelastic while for the fiber phase, an elastic one is used. The hypothesis was made of a 
constant Poisson’s ratio (�=0.45) although in reality, it should depend on time or temperature. 
The link between the bulk (�) and shear (�) moduli is then constant. Since identification is done 
from a few cycles only around the mid-life, relaxation times (�) were chosen in the range of 10�� 
to 10�� s-1 to account for viscoelastic effects. Identification was processed simultaneously for 
the three orientations. The results for the unaged composite are shown in Figure 5. The criteria 
used in the objective function (�) computation are the previous energies with the same weights, �� (see Eq. 2). The algorithm convergence criteria (10��) automatically stopped the process with 
the best parameters highlighted (Figure 5b). The results are satisfying, especially for the 45° 
orientation being centered with the smaller average error (below 5%) and a total average error 
of 19%. The 0 and 90° stiffness are respectively over- and under-estimated, leading to greater 
errors.  � = �� ∑ �� ∑ ∑ �� �������������� , with ���� being the co2puted relative error           (2) 

 
Figure 5. Results of the optimization process for the unaged material: (a) numerical hysteresis 
loops obtained for the best set of parameters plotted alongside the experimental ones for all 

orientations and (b) evolution of the relative error for each user-defined criteria and the 
objective function for the 45° specimens. 

3.4 Fatigue life prediction: TPM 

Both identified laws (unaged; aged) were used this time in the full geometry. A post-treatment 
Python® script was used to compute the energies (uniaxial contribution) virtually in a box 
extracted in the gauge area. Results are reported in Figure 6. An example of the hysteresis 
energy field of the 45° specimens is also displayed in Figure 6a (red areas correspond to the 
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highest energies). The pink color is used to show the numerical results and experimental data 
are shown in black color. Predicted lifetimes (��) were computed by using the power-law 
equation (Eq. 1) with the numerical and experimental energies as inputs. The power-law (fatigue 
criteria) parameters were obtained by identification on either the unaged or the aged data sets 
of experimental FIP-N curves with all orientations. 

 
Figure 6. (a) ��-N curves computed using the mid-life hysteresis loops and (b) predicted 

lifetimes, ��, computed with the power-law parameters identified on the whole respective 
database (unaged-aged with all orientations) versus the experimental lifetimes. Fully painted 

symbols represent the unaged materials whereas empty ones represent aged ones. Scatter 
bands of factors 2 and 5 are represented by dashed oblique lines. 

Since the identification of the constitutive law was performed using long-term tests, the energy 
values are accurately estimated for the longest lifetimes (Figure 6a). However, for short 
lifetimes, the values are underestimated since the law is not fully able to capture the strain 
sensitivity to much higher imposed stress, leading to lower strain values and less opened 
hysteresis loops. This leads to a shift of the numerically predicted lifetimes towards the non-
conservative domain for short-term tests (Figure 6b). In fact, at so high a temperature, this 
difference of strain value is certainly attributed to irreversible contributions (among which 
viscoplasticity) not accounted for by the model.  However, since aging is a long-term effect, the 
identification being performed at a long-time range appears consistent with the often-intended 
industrial applications (moderate stress where less irreversible changes occur in the material). 
Nevertheless, the viscoelastic law seems sufficient to capture the discrepancies between the 
unaged and the aged material at high fatigue lifetimes. 

4. Conclusions 

The main objective was to study the severe thermo-oxidative aging impact on the fatigue 
response of a highly-charged SGFRP (50% wt.). Tests were performed on unaged and aged (200 
°C, 500h) materials at aging temperature (200°C) for all orientations. The fatigue database was 
built for one load ratio (R=0.1), one frequency (10 Hz), and FEM simulations were performed 
using a viscoelastic model and a TPM method. The main results obtained are the following: 

 Specimens with fibers mainly oriented towards the loading direction tend to be 
mechanically less impacted by thermo-oxidative aging; 

 Fatigue criteria performances are independent of the specimen conditioning if no major 
cracks appear during aging, which is the case here: crack propagation only affects the 
very last stage of fatigue lifetime even after aging (> 90% of ��); 
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 The linear viscoelastic Maxwell model is not able to predict the fatigue lifetimes for tests 
at high-stress levels or short lifetimes where non-reversible mechanisms are more 
activated. 

Finally, other conditionings or load ratios should be investigated to confirm these results.  
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Abstract: The assessment of the fatigue life of structures made of short-fiber reinforced 

thermoplastics is a complex issue due to the non-linear dissipative behavior of the matrix and 

the heterogeneous distribution of fiber orientations. The aim of this study is to develop an 

approach for the high cycle fatigue design of PolyEtherEtherKetone reinforced with 30 wt % of 

short carbon fibers (PEEK CF30), for compressive loadings. This includes the assessment of the 

ability of the heat build-up technique to predict the fatigue lifetime. To our knowledge, there are 

no data in the literature for this material and these loading conditions. The results obtained in 

compression are compared to data obtained in tension. The effects of the loading direction from 

the injection direction and the load ratio are studied.  

Keywords: Short fiber reinforced thermoplastics; Compression; High cycle fatigue cycles; Self-

heating 

1. Introduction 

Interest in short carbon fiber reinforced thermoplastics is growing in the aerospace industry. 

Predicting the fatigue behavior of structures made of these materials raises many issues, notably 

due to the non-linear dissipative mechanical behavior of the matrix and the complex 

heterogeneous orientation distribution of the fibers, inducing strong anisotropy [1], [2]. This 

study focuses on PolyEtherEtherKetone reinforced with short carbon fibers (PEEK CF). In some 

applications, this material is submitted to high cycle fatigue under compression loading. A lot of 

work has been done on fatigue of short fiber reinforced thermoplastics [1]–[6] but very little for 

high cycle fatigue and compressive loadings, and even less for PEEK CF. Furthermore, the ability 

of the heat build-up technique to quickly predict the fatigue lifetime has been demonstrated for 

short fiber reinforced plastics [7]–[9] but not for the specific conditions of interest here. Heat 

build-up is the occurrence of a change in temperature of the material under cyclic mechanical 

loading. The evolution of the dissipated energy determined from the temperature evolution 

versus the stress amplitude is called the heat build-up curve. This heat build-up curve must then 

be related to fatigue properties, using an energy-based fatigue criterion [9], [10] 

The aim of this study is to develop a fatigue design approach, including rapid characterization 

by the self-heating method [3], for PEEK CF, for large number of cycles (> 106 cycles) and for 

complex loads in compression.  

2. Experimental procedures 
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The tested material is a PEEK thermoplastic reinforced with 30% in weight of short carbon fibers. 

The samples used for compression tests are 5 mm-thick cut from 150 mm x 250 mm injection 

molded-plates, as shown in Figure 1. They are cut at 0° and 90° from the direction injection. 

Figure 1 shows the distribution of the fiber orientation through the thickness represented by the 

components of the second-order orientation tensor obtained by X-ray micro-computed 

tomography. It is possible to distinguish the core-skin microstructure. The geometry of the 

samples is presented in Figure 1. The total length of the samples is 140 mm for a 13 mm-long 

gauge length between the fixtures. The sample width is 13 mm. 

 

Figure 1 Scheme of samples taken from a plate and the description of the distribution of the fiber orientations 

through the thickness overlay with an image of the microstructure 

The self-heating and the fatigue tests were performed on a MTS servo-hydraulic testing machine 

with a capacity of 50 kN, at room temperature. The heads of the specimens were clamped with 

hydraulic jaws leaving a free (gauge) length of 13 mm. The tests were force controlled. The load 

ratios were set to 𝑅 = 10 (compression-compression) for 0° and 90° samples, and also to 𝑅 = 0 

(tension-tension) and 𝑅 = −∞ (compression-compression) for 0° samples. The loading 

frequency was 2 𝐻𝑧 or 4 𝐻𝑧. Special attention was paid to the set up to verify the correct 

alignment of the jaws and the samples with respect to the loading direction. The kinematic fields 

were measured by image stereo-correlation using a GOM optical cameras system on one side 

surface (thickness-length plane) of the sample. To do so, a random speckle pattern was applied 

at the sample surface using spray paints. An InfraTec infrared camera (ImageIR 10300 model) 

was used to measure the temperature field on the other side surface of the sample, then to 

determine the dissipated energy. This sample side surface was painted with high emissivity black 

paint. The self-heating tests were carried out according to the standard protocol [3].The validity 

of the assumptions on which the method is based has been verified. 

3. Results 

The difficulty with compression testing is to ensure uniaxiality of the load, e.g., avoid buckling. 

This was checked for each test from the kinematic fields measured by image stereo-correlation 
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and the thermo-elastic coupling measured using the infrared camera, on the sample side 

surfaces (Figure 2). 

 

Figure 2 Fields of the transverse strain on one side of the specimen loaded in compression (left) and of the amplitude 

of the thermoelastic coupling on the other side in °C (right) 

Figure 3 shows the results of fatigue tests (𝑁𝑟  is the number of cycles at failure), up to about 107 

cycles, performed on 0° samples for 𝑅 = −∞ and for 𝑅 = 0 and the dissipated energies 

obtained from the heat-build up tests with the same loading frequency. For a given maximal 

stress in absolute value, the number of cycles at failure is higher in compression than in tension, 

while the dissipated energy is close. Figure 4 shows the results obtained on 0° and 90° samples 

for 𝑅 = 10. For a given maximal stress in absolute value, the number of cycles at failure is higher 

and the dissipated energy if lower for 0° than for 90° samples.  

 

Figure 3 Results of tests performed for 0° samples at R=0 (tension) and R= -∞ with a frequency of 4 Hz: fatigue 

results (left) and heat build-up curves (right) 

The results of the heat-build up tests are analyzed empirically to predict the fatigue life. The 

approach consists in identifying regimes on the heat build-up curve [3]. Three regimes can be 

distinguished. The dissipated energy and the fatigue lifetime were related through a power-law 

criterion: 
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Δ∗𝑁𝑟𝑏 = 𝐶                                (1) 

with Δ∗ the cyclic dissipated energy and 𝑏 and 𝐶 two parameters to identify. The parameters of 

this criterion were determined from the dissipated energy and the number of cycles at failure 

measured during the last block of the heat-build up test, and from the dissipated energy at the 

transition between the first and the second regimes, which is arbitrarily assumed to correspond 

to a lifetime of 106 cycles. Then, to predict the Wöhler curves, a mathematical polynomial 

function was established from heat build-up curves between the dissipated energy and the 

maximal stress in absolute value. The predictions are compared to experimental data in Figure 

5, for 0 and 90° samples, at 𝑅 = 10. The predictions are relatively good and conservative for 

both sample orientations. 

 

Figure 4 Results obtained for a frequency of 4 Hz on 0° and 90° samples at R=10 (compression): fatigue results 

(symbols) with the predictions (lines) obtained using an energy-based criterion established using the self-heating 

method (left); heat build-up curves with the three regimes identified (right) 
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Abstract: An experimental investigation on the static and fatigue behavior of adhesively-

bonded, bolted and hybrid bonded/bolted FRP double-lap joints was conducted at EPFL-CCLab. 

The effects of the adhesive type (stiff or flexible) on the bonded joints and the fiber architecture 

(uni- or multidirectional) of the adherends on the bolted joints were examined in the static 

experiments. Both behaviors, static and fatigue, of the hybrid joints, were compared to those of 

only bonded and only bolted joints of similar dimensions.  

In the static case, bonded joints comprising a flexible acrylic adhesive exhibited a ductile response 

compared to those with a stiff epoxy adhesive; similarly, as bolted joints with multi-directional 

fiber architecture did compared to the unidirectional cases. The resistances of the hybrid joints 

composed of ductile adhesive and adherends with multi-directional fiber architecture 

corresponded to almost the full summation of the resistances of the bonded and bolted 

connection parts. The fatigue behavior of hybrid joints was much improved compared to that of 

only bonded and only bolted joints. The fatigue life of the bonded and hybrid joints was always 

reached at almost the same ultimate failure displacements. In the hybrid joints, the increase of 

the adhesive displacements was retarded by the bolts, which extended the fatigue life since more 

cycles could be sustained to attain the same ultimate failure displacement. 

Keywords: bonded joints; bolted joints; hybrid joints; static resistance; fatigue.  

1 Introduction 

Pultruded fiber-reinforced polymer (FRP) profiles have been the focus of increasing interest as 

structural members in recent structural engineering applications, such as FRP truss structures or 

FRP bridge decks, because of their high strength-to-weight ratio, superior mechanical and 

chemical resistance, and economical industrial production [1]. Since joints are usually the 

weakest part of load-bearing members, effective joint design is the key to fully utilizing the 

strength of FRP members [2]. Adhesively-bonded and bolted joints are the two main techniques 

for connecting FRP members [3]. Adhesively-bonded joints normally exhibit higher stiffness, 

efficiency, and longer fatigue life [4]; however, bolted joints are easier to assemble and 

disassemble [5]. To combine the advantages offered by these two joint techniques, hybrid joints, 

i.e. bonded-bolted joints, have attracted increasing attention in different fields of application 

[6]. 

A controversial point of hybrid joints is whether the combined bonded and bolted connections 

can share the load. In previous studies [7], stiff adhesives were used for hybrid joints and no 
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load-sharing was observed, i.e. hybrid joints did not improve the bonded joint resistance. 

Recently, load sharing between bonded and bolted connections was however achieved by using 

more flexible adhesives due to large deformations of adhesive [8]. 

Since the live load-to-weight of FRP structures is often high, particularly in the case of lightweight 

FRP road bridges subjected to heavy truck loads, the fatigue behavior of such structures, and 

their joints in particular, represent one of the most important concerns. The fatigue behavior of 

only bonded and bolted joints have been widely investigated compared to hybrid joints [8,9]. 

The fatigue life of hybrid joints was the summation of that of the bonded and bolted connections 

if stiff adhesives were used [9]; however, the life was longer than the summation if flexible 

adhesives were applied[8].  

Although several investigations of hybrid joints have been carried out concerning the static 

behavior with improved load-sharing, a full summation of the bonded and bolted connection 

resistances has not yet been achieved and the fatigue behavior of such joints was much less 

investigated. The aims of the present work were therefore 1) to achieve a full summation of the 

bonded and bolted connection resistances in hybrid joints by appropriate selection of adhesive 

and adherend materials, and 2) to characterize the fatigue behavior of hybrid joints, in terms of 

load-cycle (F-N) curves and cyclic displacement variations, and compared to those of only 

bonded and bolted joints. 

The work thus experimentally investigated the static and fatigue behavior of bonded, bolted and 

hybrid joints. Two different adhesives (a stiff and a flexible one) and two different FRP adherends 

(with uni- and multidirectional architectures) were selected for hybrid joints to obtain optimum 

hybrid combinations. Several different load levels were selected for bonded, bolted and hybrid 

joints for the fatigue experiments to establish the F-N curves. The loading frequency for bonded 

and hybrid joints was varied to maintain the same loading rate for the adhesive. The cyclic-

displacement was derived from the load-displacement loops measured during fatigue cycles.  

2 Experimental program 

The experimental work comprised two main objectives, 1) to investigate the effects of the fiber 

architecture and adhesive type on the resistance of hybrid joints, to determine the most 

effective combination; 2) to derive the F-N curve of hybrid joints and compare it to those of only 

bonded and bolted joints of the same dimension. 

2.1 Materials  

 

Fig. 1. Fiber architecture of (a) unidirectional, UD and (b) multidirectional, MD adherends. 
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Basalt-FRP (BFRP) pultruded plates were used as adherends with a thickness of 4.15 mm. Two 

different fiber architectures were considered, designated UD and MD, as shown in Fig. 1. The 

total fiber volume fractions were 66% for UD and 68% for MD, individually; the volume fractions 

in the latter case for different directions of the fiber orientation were 0°/±45°/90°=70/20/10 %. 

More detailed information can be found in [10]. The basic mechanical properties of BFRP 

adherends are listed in Table 1. 

Stainless steel, 12.9-grade bolts with 1080 MPa yield strength and 1200 MPa ultimate strength 

were selected. An acrylic adhesive exhibiting high failure strain [11], designated ADP, and an 

epoxy adhesive with low failure strain [12], indicated EP, were used. The mechanical properties 

of these two adhesives are listed in Table 1.  

Table 1. Mechanical properties of BFRP adherends and adhesives. 

Materials 
Mechanical properties 

Tensile strength (MPa) Tensile modulus (GPa) Failure elongation (%) 

UD adherends 1212 ± 23 51.4 ± 0.9 2.36 ± 0.02 

MD adherends 971 ± 25 41.7 ± 1.8 2.33 ± 0.04 

ADP adhesive 12 ± 4.3 0.21 ± 0.05 59.8 ± 14.5 

EP adhesive 38 ± 2.1 4.6 ± 0.14 0.83 ± 0.13 

 

2.2 Specimen geometry and preparation 

Symmetric double-lap joints were considered to minimize the effects of the load eccentricity. 

The specimen dimensions of the bonded and hybrid joints were derived from the design of the 

bolted joints with an 8-mm bolt diameter, as shown in Fig. 2. The thickness of the adhesive layer 

for bonded and hybrid joints was 2 mm. The detailed preparation and fabrication for the joints 

was reported in [10]. 

2.3 Experimental set-up and instrumentation  

2.3.1 Static experiments 

Table 2. Overview of static experiments and results for bonded, bolted and hybrid joints.  

Joint type 
Specimen  
denomination 

Adherend Adhesive 
Ult. Failure 

disp. (mm) 
Ult. Failure 

load (kN) 

Bonded joints 
A-U-E UD EP 0.012 ± 0.004 19.3 ± 1.0 

A-U-A UD ADP 5.48 ± 0.32 43.7 ± 1.3 

Bolted joints 
B-U UD - 1.56 ± 0.07 11.0 ± 0.2 

B-M MD - 9.45 ± 0.21 20.9 ± 0.4 

Hybrid joints 
H-M-E MD EP 9.52 ± 1.47 23.3 ± 1.4 

H-M-A MD ADP 5.24 ± 0.13 56.8 ± 3.4 
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The static experiments for joints were conducted on a W+B 200 kN machine at laboratory 

temperature (15 ±  5℃ ). Monotonic tensile loading was applied until the failure of the 

specimens occurred. A video extensometer camera was used to measure the joint 

displacements during loading [10]. An overview of the series of static experiments for bonded, 

bolted and hybrid joints is listed in Table 2. The designation for the joints is as follows: the first 

term indicates the joint type; the second denotes the fiber architecture of adherends; and the 

last one represents the adhesive type. Three specimens were examined for each configuration. 

 

Fig. 2. Joint dimensions: (a) bolted joint; (b) bonded joint; (c) hybrid joint (dimensions in (mm)). 

2.3.2 Fatigue experiments 

The fatigue experiments were performed according to ASTM D3479 on an Instron 100kN 

machine. All experiments were conducted under load control, in a sinusoidal loading waveform 

with constant amplitude and load ratio, R = Fmin/Fmax = 0.1. A constant fatigue loading rate of 

75.6kN/s was selected for the bonded and hybrid joints and a constant loading frequency of 5Hz 

was determined for the bolted joints. Seven load levels were selected from 8.4 to 29.5 kN for 

the bonded joints, and six load levels for the bolted joints from 8.4 to 15.8 kN and the hybrid 

joints from 14.2 to 34.0 kN, respectively, to cover fatigue lives from 102 to 2·106 cycles. The 

fatigue loading was applied until failure or up to 2 million cycles. 

The load-stroke responses and number of cycles were recorded by the Instron machine. DIC was 

used to measure the variation of the joint displacements by recording images at 100Hz for 

specified cycle intervals.  

Three specimens were examined at each selected load level and all fatigue experiments were 

performed in the same air-conditioned laboratory environment (T = 24 ± 2°C, RH = 45 ± 5%) to 

minimize the effects of ambient temperature changes.  
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3 Experimental results and discussion 

3.1 Static experiments 

3.1.1 Bonded joints 

The effects of the adhesive type of EP and ADP on the load-displacement responses of the 

bonded joints are shown in Fig. 3. The EP specimens exhibited a linear and brittle behavior while 

the ADP specimens showed a bilinear and highly ductile response. Linear elastic behavior was 

observed up to 64% (on average) of the ultimate failure load, followed by a yield stage and 

subsequent slight hardening, attributed to the stretching of the molecular chains. In addition, 

the ultimate failure load of the ADP joints was 2.3x higher (on average) than that of the EP joints. 

3.1.2 Bolted joints 

The effects of fiber architecture of UD and MD on the load-displacement responses of the bolted 

joints are shown in Fig. 3. Compared to the UD cases, MD bolted joints exhibited significantly 

(almost two times) increased ultimate failure loads and much larger deformation capacity, as 

listed in Table 2. The improved joint behavior was attributed to a change in failure mode from a 

brittle splitting failure in the UD cases to a progressive bearing failure in the MD joints. 

  

Fig. 3. Load-displacement responses of 

bonded joints with different adhesives. 

Fig. 4. Load-displacement responses of bolted 

joints with different fiber architecture. 

3.1.3 Hybrid joints 

3.1.3.1 MD-EP hybrid joints 

The load-displacement response of a typical MD-EP hybrid joint comprising MD adherends and 

EP adhesive is shown in Fig. 5 and compared with the corresponding MD bolted and EP bonded 

joints. The hybrid joints exhibited a two-stage behavior, i.e., no load sharing between the 

bonded and bolted connections occurred. In the first stage, the applied load was only 

transferred by the adhesive connection due to its much higher stiffness. Subsequently, adhesive 

failure occurred, and the load dropped to the level of the bolted joint at this displacement. In 

the second stage, the entire load was transferred by the bolted connection until its ultimate 

bearing failure with large deformation. 
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Fig. 5. Load-displacement responses of MD 

bolted, EP bonded and MD-EP hybrid joints. 

Fig. 6. Load-displacement responses of MD 

bolted, ADP bonded and MD-ADP hybrid 

joints. 

3.1.3.2 MD-ADP hybrid joints 

The load-displacement response of a representative MD-ADP hybrid joint, composed of MD 

adherends and ADP adhesive, is compared to the responses of MD bolted and ADP bonded joints 

in Fig. 6. Until the bolted connection was activated, the stiffness of the hybrid joint was governed 

by the bonded connection, and no load sharing had yet occurred. Subsequently, full load sharing 

was initiated and continued, and the joint stiffness increased accordingly up to the ultimate 

failure load, which was almost the summation of the bonded and bolted connection resistances 

(see mean values in Table 2, -8.7%). After the failure of the adhesive connection, the load 

dropped to the level of the bolted connection, which continued to sustain the load until its 

ultimate failure.  

3.2 Fatigue experiments 

3.2.1 Fatigue life 

The fatigue maximum load, Fmax, against fatigue life, Nf, for bonded, bolted and hybrid joints, on 

a logarithmic scale, is shown in Fig. 7; a classic power-law relationship, expressed by Eq. (1), was 

used to fit the F-N experimental data: 𝐹max = 𝐹0𝑁𝑓−𝑘 (1) 

where F0 and k are the model parameters obtained from a regression analysis. The model 

parameters for bonded, bolted and hybrid joints are listed in Table 3. Specimens survived the 2 

million cycles were indicated with a right-facing arrow and were not included in the regression 

analysis. 

The fatigue resistance of the hybrid joints was higher than that of the bonded and bolted joints, 

and was affected mainly by the bonded connections, as demonstrated by the similar slopes of 

the F-N curves. Bolted joints showed lower fatigue resistance, however, the decreasing rate of 

the F-N curve was much less than in the bonded and hybrid joints.  
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Fig. 7. Experimental fatigue data and fitting F-

N curves for bonded, bolted and hybrid joints. 

Fig. 8. Cyclic displacements versus normalized 

number of cycles at a selected load level of 16 

kN for bonded, bolted and hybrid joints. 

Table 3. Model parameters of F-N fitting curves for bonded, bolted and hybrid joints. 

Joint types F0 k 

Bonded joints 56.32 0.130 

Bolted joints 21.28 0.065 

Hybrid joints 67.98 0.129 

 

3.2.2 Cyclic displacements 

The variation of the cyclic displacements versus the normalized number of cycles during fatigue 

for bonded, bolted and hybrid joints at a selected load level of 16 kN was compared in Fig. 8. 

The fatigue life of the hybrid joints was longer than the summation of that of the bonded and 

bolted joints due to the loading sharing between them. As reported in the previous work [13], 

all bonded joints failed at a similar failure displacement when the molecular chains were fully 

stretched. The failure displacement of the hybrid joints was similar to that of the bonded joints, 

i.e., hybrid joints failed when the failure in the adhesive occurred. However, the increase of 

displacement of the hybrid joints during fatigue was retarded by the bolts. This limitation 

extended the fatigue life since more cycles could be sustained to attain the same ultimate failure 

displacements. 

4 Conclusions 

An experimental investigation of the static and fatigue behavior of bonded, bolted and hybrid 

joints was conducted. The effects of fiber architecture and adhesive type on the load-bearing 

behavior of hybrid joints were investigated to determine the optimum combination. The F-N 

curves for bonded, bolted and hybrid joints were established. The conclusions of this work are 

summarized as follows: 

(1) MD bolted joints significantly increased the joint resistance and deformation capacity 

compared to the unidirectional cases; ADP bonded joints exhibited a highly ductile response 

compared to EP cases. 
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(2) Hybrid joints comprising EP adhesive failed to achieve load sharing between bonded and 

bolted connections, however, the resistance of hybrid joints comprising the ADP adhesive 

corresponded to almost the full summation of the resistances of the bonded and bolted 

connection parts due to almost equal and large deformation capacities. 

(3) The fatigue resistance of hybrid joints comprising the ADP adhesive was much improved 

compared to that of bonded and bolted joints due to the load sharing behavior; it was mainly 

dependent on the bonded connections.  

(4) Hybrid joints failed at the same displacement as bonded joints. The increase of displacement 

was retarded by the bolts in the hybrid joints and the fatigue life was thus extended until 

reaching the same ultimate failure displacement.  
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Abstract: This research aims to understand the role of Z-binder weave architecture on the 

interlaminar shear behaviour and corresponding damage progression mechanisms in 3D woven 

orthogonal composites under cyclic shear loading. Two different structures: 2×1 and 2×2 twill 3D 

woven orthogonal composites have been investigated under short beam shear fatigue loading. 

The damage mechanisms have been evaluated by time-lapse X-ray Computed Tomography (CT) 

at different fatigue life stages. The primary damage mode is the delamination associated with 

fibre debonding and resin cracks distributed throughout the composites. The Z-binder is 

influential in delaying delamination propagation because it is subjected to a local tensile loading 

when the composite is under shear fatigue loading. The 2×2 twill Z-binder configuration provides 

better fatigue performance in comparison to 2x1 twill.  

Keywords: Textile composites; Fatigue; X-ray Computed Tomography  

1. Introduction 

In recent decades, three dimensional (3D) woven textile composite materials have been widely 

applied across a broad range of sectors, including civil engineering, wind energy, aerospace, and 

vehicle body construction. 3D woven composites offer two main advantages compared with 

prepreg laminates. The first one is that the mechanical properties can be tailored according to 

specific requirements with the change of weft, warp and binder architecture. The second is the 

improved delamination resistance which is achieved by introducing the through-thickness 

reinforcement. As a result, 3D woven composites demonstrate excellent delamination 

resistance. This research focuses on Z-binder architecture effects on the interlaminar 

performance of orthogonal 2×1 and 2×2 twill woven composites subject to cyclic shear loading.  

There are many ways to determine the inter-laminar strength and the effect of Z-binder on 

delamination performance. These include the Mode-I fracture toughness test using a double 

cantilever beam, the Mode-II fracture test using an end-notched flexure test and the short beam 

shear (SBS) test. In SBS test, the shortest possible span is used in order to minimise 

temnsile/compressive stresses due to bending. Further, the interlaminar shear strength is 

underestimated in this method due to the idealised shear flow equations, which neglect the 

effect of the concentrated load. In spite of this, the SBS test is a convenient and practical means 

of comparing the behaviour of different material architectures and analysing their damage 

mechanisms. The inter-laminar properties and related damage mechanisms are generally 

investigated postmortem by optical microscopy and SEM or in situ by methods such as digital 

image correlation (DIC) and X-ray computed tomography (CT). 
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It is worth noting that we can change the Z-binder property by changing tow pathways through 

the preform or the tow density. Increasing Z-binder content has been found to decrease the 

inter-laminar shear strength and introduce more damage within the composite laminate[1]. The 

damage was found to be distributed more evenly and regularly within the specimen because the 

Z-binder arrested the cracks. This damage distribution and the ability to support a more 

significant load in the post-elastic regime of the load-displacement curve, meant that the 3D 

woven composites showed a better damage tolerance of than 2D laminates. The presence of Z-

binder allowed more damage to initiate under cyclic loading, which reduced the strength of 

materials in the linear regime, but limited the damage development overall. In contrast, Dehale 

et al. [2] found that increasing the Z-binder content by changing the tow density, had a negligible 

effect on the inter-laminar shear strength (~4%) with no significant difference in the failure 

mechanism during the loading. There is no reported research on the effect of different Z-binder 

architecture on 3D woven orthogonal composites.  

Stitched 3D composites can have a similar structure to 3D woven composites. Recently research 

has been carried out using X-ray CT to characterise the internal damage of stitched 3D 

composites under static short beam shear loading [3]. In common with the observations above, 

damage was found to initiate in the resin-rich area mainly, lowering the elastic limit but 

improving the damage tolerance. The stitching space forms an enclosed region partitioning the 

fabric into many cells. Damage occurs within the cells but is restricted inside the cell by the 

enclosed loop, with the Z-stitch of the enclosed loop suppressing damage propagation across 

the cells.  

To better understand the initiation of damage, crack propagation and damage features of 3D 

woven composites under fatigue loading, interrupted time-lapse X-ray CT scanning has been 

applied in this research during cyclic shear loading.  

2. Materials and methodology 

With the help of an electronic Jacquard loom, the 3D woven fabrics were produced using 12K 

T700SC 50C untwisted carbon fibre tows as warp and weft yarns. 6K T700SC 50C carbon fibre 

tows act as Z-binder as shown in Fig 1. The warp is in the x-direction, weft is in the y-direction, 

and the through-thickness binder is in the z-direction. The tow densities for both the weaves: 

warp density  11.28/cm, weft density  12.5/cm and z-binder density 2.82/cm. The composite 

panels were made using Vacuum Assisted Resin Infusion Technique. Using  resin burn-off testing, 

the fibre volume fractions of 2×2 twill and 2×1 twill composites have been found to be  

52.79±0.68% and 51.10±0.20%, respectively.  

An Instron 8802 has been used to undertake short beam shear testing following the ASTM D2344 

for both quasi-static and cyclic fatigue tests. The span has been fixed at 16.5mm. samples are   

25mm long and 15mm wide, containing at least one unit cell for the damage analysis. 60% of 

the Ultimate Failure Stressis applied for the fatigue test conducted at  1 Hz loading frequency. 

The R ratio is maintained at 0.1, which gives a positive value at the minimum loading point.  
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Figure 1. 3D woven preforms with idealised model(Left: 2×1 twill orthogonal structure; Right: 

2×2 twill structure). The coloured tows are  Z-binder  

The CT scanning of the samples have been conducted on a Nikon XTH 225 with an accelerating 

voltage of 80kV and the current of 80μA respectively. 5013 projections were taken with the 
rotation of 360° of the sample in equal-angular increments. The exposure time for each 

projection was 354ms, resulting in a total scanning time of about 2h 36min. To improve the voxel 

size of the imaging and maintain the whole sample within the field of view, we performed two 

CT scans side-by-side along the warp direction (x-direction), then stitched two scans together 

following the method described in [5].   

3. Results 

3.1 Quasi-static short beam shear test 

 

Figure 2(a). The static short beam shear load-displacement curves for two structures 

 

Figure 2(b) the short beam shear testing set-up 
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The load-displacement curves are plotted in figure 2(a) and one of three results are selected 

from every structure. Firstly, a non-linear region is observed over the first 0-0.5 mm. The 

composites' response to the increased loading shows a near-linear elastic trend until the shear 

force reaches the apparent elastic limit. After the peak load, internal damage develops, which 

significantly affects the inter-laminar response The two samples types show a significant load 

drop just beyond the peak load. The 2×1 twill structure has a higher maximum failure load.  

The shear strength was calculated according to S=3Fmax/4bl[4], where Fmax is the peak SBS loading 

force from the load-displacement curve. b and l are the specimen width and thickness, 

respectively. The two structures have essentially the same average interlaminar shear strength 

(ILSS), namely 35.7MPa for the 2×1 twill and 35.8MPa for 2×2 twill, with a standard deviation of 

1.nd 1.1 for 2×1 twill structure and 2×2 twill structure. The possible reason is that the two 

composites have very similar fibre volume fractions and the number of yarn layers, leading to 

essentially the same shear strength and similar failure mechanisms.  

 

  

Figure 3. optical microscopy images of Z-binder through-thickness cross-sectional view (left: 

2×2 structure; Right: 2×1 structure ). Red circles: Loading roller; Yellow circle(A): top surface 

cracks; Green circle(B): Shear kinking failure; Blue circle(C): delamination 

 Optical microscopy has been used to investigate the damage features of the failed specimens. 

Both structures have a similar failure mechanism and damage features. In figure 3, the top of 

the sample is under compression and the bottom is under tension. Three dominant damage 

modes are circulated and marked with different colours; local surface compression failure under 

the loading point (A), fibre tow kinking and pull-out(B), and massive delamination(c). The local 

surface damage is caused by the strong local stress concentration arising from the loading punch 

resulting in surface matrix cracking. The cause of shear fibre kinking failure is the fibre tow 

misalignment and micro-buckling at the particular angle. Delamination is the most extensive 

damage mechanism, including the fibre tow/matrix delamination and warp/weft tow 

delamination. The likely delamination propagation pathway is between the binder/matrix region 

due to the massive shear stress around that area to the resin-rich zone, leading to a severe 

warp/weft tow delamination. The delamination is arrested by the existence of the next adjacent 

through-thickness binder yarn. Fibre tow debonding is also evident in combination with the 

delamination.  

 

 

A A 

B B C 

C 
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3.1 Fatigue failure under short beam shear testing 

 

 

Figure 4 The maximum recorded crosshead movement distance at 60% peak stress level of the 

static interlaminar shear strength for the two fibre architectures 

Figure 4 shows a typical short beam shear cyclic loading crosshead movement distance at every 

cycle as a function of the total number of cycles. The last point in the diagram corresponds to 

the stop point for the X-ray CT scanning. Both composites have a slight decrease at the very few 

cycles. Then a relatively stable stage during 90% of the total cycles. A rapid increase of the 

displacement occurs close to failure. The 2×2 twill composite has a smaller value than the 2×1 

twill structure during the test which means it has relatively higher stiffness and interlaminar 

shear resistance because the 2×2 has less Z-binder interlacing point and less stress concentration 

area. The 2×1 twill reaches the rapid increasing point earlier than the 2×2 twill structure, which 

means the damage develops faster in 2×1 twill composites. A slight increase is observed at the 

early stage for both structures after the initial drop. It has been reported previously that the 

kinematic shift of the stress-strain behaviour instead of the shear modulus change during the 

cycles[6].  

3.2.1 The fatigue damage development for the 2×2 twill structure 

 
(a) 
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Figure 5 xz virtual cross-sectional X-ray slices for the2×2 twill (Left: the end of sample; Right: 

the middle of the sample). (a) after80k cycles located in front of the binder, (b) after 80k cycles 

adjacent to the Z-binder, (c) after80k cycles adjacent to the Z-binder, (d) after80k cycles after 

the Z binder and (e) the same slice as d) but after 130k cycles. 

While short beam shear is a complex failure process comprising at least three damage failure 

types, delamination is the main reason for the load drop and the stiffness reduction in the 

fatigue test. Internal delamination is observed at the midplane of the specimen (Figure 5), 

(b) 

(c) 

(d) 

(e) 
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starting from the middle loading area and propagates to the ends of the sample delamination 

with weft tow debonding. The transverse micro-crack observed in Fig 4(b) possibly develops 

from the matrix to the fibre/matrix interface. The fibre could be slipped by shear force at the 

fibre/matrix interface and becomes separated from the matrix.  

figure 5(b) to (d) shows how the Z-binder arrests the delamination effectively marked with the 

red circle. In Figure 5(b), the Z-binder is going to reach the delamination. The damage develops 

through the y-direction and along the x-direction. In figure 5(c), The Z-binder suppresses the 

damage progression because the Z-binder is subjected to tension. However, the Z-binder affects 

damage within a local area and does not arrest delamination along the entire width, as shown 

in Figure 5(d). Comparing figure 5(d) and (e), with the increasing number of cycles, firstly, the 

delamination length increases longer towards both ends of the sample. n. Due to the tension 

effect, a small fibre tow debonding happened at the bottom weft tow shown in figure 5(e) red 

circle.   

 

 
(b) 

(a) 
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Figure 6 (a) The labelling of the binder and the X-ray CT visualised slices (orange box) for the 

2x2 twill xz cross-sectional view of (b) binder 1; (c) binder 2; (d) binder 3; (e) binder 4. (in each 

case Top: 80k cycles, Bottom: 130k cycles). 

If we look at the first Z-binder cross-sectional views after 80k cycles, the Z-binder arrests the 

delamination and does not fail. Upon further cyclic loading (to 130k cycles), the Z-binder 1 fails 

under tension, and the delamination propagates until the far end circulated in Figure 6(b). Figure 

6(c) shows that Z-binder presents a different morphology and failure mechanism. The 

delamination develops into a shear crack in the resin-rich area, and the crack stops when it 

reaches the binder. With the increase of loading, the crack opens and propagates further. 

Interestingly, the crack leads to delamination on the other side of the binder, causing 

delamination under the Z-crown. The possible reason is the Z-binder slipping during the 

repeated loading as the crack has already been developed in the resin, which causes the Z-

binder/matrix debonding. Therefore, the Z-binder may not break and maintain its function. 

Figure 6(d) shows a similar damage development mechanism to the second binder. A crack is 

developed after 130k cycles in the resin-rich area because of tensile loading at the bottom of 

the sample. Another debonding happens within the bottom weft tow, similar to the tensile 

fatigue failure. in Figure 6(e), a large crack initiates from the top surface after 130k cycles. Due 

to the repeated compression loading from the top loading point, the crack starts from the resin 

and propagates deeper. Some mid-plane delamination associated with fibre tow debonding is 

developed as well, which is happened around the first and second binder after 80k cycles. It 

happens later because of the sample deformation caused by the stiffness reduction. This 

deformation leads to an unsmooth surface, and the loading nose may contact this area firstly.   

 

 

 

 

(e) 
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3.2.2 The fatigue damage development of 2×1 twill  

 

 

 

Figure 7 The zx virtual X-ray CT cross-sectional views after 46k cycles for the 2x1 twill composite 

a)  in front of the binder, b) through the Z-binder and c) behind the Z-binder 

Comparing Figure 5(a)-(d) and Figure 7(a)-(c), we can see that the damage distribution in the 

2×1 twill structure is similar to that for the 2×2 twill structure. Both show delamination at the 

mid-plane through along the warp direction. The Figure 7(a) red circle shows a rare top warp 

tow fracture at the early stage of the fatigue life which does not happen in the 2×2 twill 

structure. This behaviour is yet to be investigated and will be the subject of future research. A 

resin crack  marked in figure 7(b) and (c) initiates from the bottom resin-rich area at the bottom 

of the sample due to the tensile loading as the shear test is performed in a three-point bending 

fixture. The tensile loading effect cannot be eliminated completely. The binder stops the further 

propagation of resin cracks, and it develops as delamination between the bottom warp/weft 

tow. The propagation direction of the existed delamination is changed and follows the Z-

binder/matrix interface extends to the top resin surface leading to a surface resin crack 

eventually. The tip of the delamination propagates down through the adjacent weft tow 

resulting in a debonding instead of larger delamination.  

 

(a) 

(b) 

(c) 
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4. Conclusions 

Quasi-static and dynamic fatigue short beam shear tests were performed on two 3D woven 

orthogonal composites. Damage development has been identified and analysed using optical 

microscopy and X-ray Computed Tomography. Both materials have similar interlaminar shear 

strength and the shear damage features comprising the delaminations between warp tows, 

warp tow shear fracture and weft tow debonding. different Z-binder configurations (having the 

same fibre volume fractions) appear to have similar static shear performance.  

The two architectures demonstrate different fatigue responses. The main fatigue damage 

feature is the internal delamination which is partially arrested by the Z-binder thereby improving 

the damage tolerance. The shorter Z-binder float length associated with the 2×1 twill gives more 

interlacing points within the structure, which helps arrest the delamination propagation. On the 

other hand, some cracks arose in the resin-rich area, reducing the stiffness and introducing more 

damage. This research shows that the 2×2 twill Z-binder configuration provides better fatigue 

performance and insight into the interlaminar shear fatigue damage mechanism and the effect 

of the Z-binder.  
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Abstract: In the current work, fatigue life estimation for delamination growth of modified 

unidirectional (UD) carbon fiber reinforced plastics (CFRPs) with Bis-maleimide (BMI) resin under 

mode I loading conditions is assessed. More precisely, BMI resin containing or not four layered 

(4L) graphene nanoplatelets (GNPs) at the amount of 1wt%  was integrated locally into the mid-

thickness area of high performance CFRPs by solution electrospinning process (SEP) technique. 

After manufacturing process, reference and modified samples (a) with BMI and (b) with BMI 

containing GNPs were used for fatigue onset life and propagation tests. All double cantilever 

beam (DCB) samples were tested under displacement control. During the tests, a travelling 

microscope was utilized to measure the crack length at the end of precise loading cycles while 

loads and delamination lengths were recorded at the same time. Based on experimental results, 

BMI modified CFRPs presented the best resistance to delamination.  

Keywords: CFRPs; Bis-maleimide; Mode I; Fatigue; GNPs 

1. Introduction 

Fiber reinforced plastics (FRPs) are extensively used in many advanced structures for a wide 

range of applications. These materials offer high specific strength and modulus, low cost and 

low weight if compared to traditional metallic ones. Based on literature [1], a major weakness 

of laminated FRPs is the promotion of delaminations and especially under cyclic loading 

conditions. Thus, the understanding of the resistance of these materials under interlaminar 

fracture cyclic loading is of great importance for establishing guidelines for the design of the 

damage tolerance. Recently, the focus of various researchers has been the enhancement of the 

fracture behaviour of high performance structural composites. Based on that, a variety of 

methods have been proposed in the literature (i.e., interleaving, hybridization, stitching, short-

fibres, and z-pinning) [2–6].  Interleaving is one of the most spread and effective method for 

interlaminar fracture toughness properties’ enhancement. In [7] Aksoy and Carlsson, 

incorporated thermoset and thermoplastic type interleaves into composites and it was found 

that both interleave types have the ability to enhance the interlaminar fracture toughness 

properties of them to a great extent. Thermoplastic interleaves were found to be more effective 

than the thermoset ones because of the larger energy-absorbing capability.  

Bis-maleimides are a class of materials that present resin type behaviour at ambient conditions 

while are mendable and present thermoplastic type behaviour beyond its melt point 

temperature (Tm) [8]. By incorporating this type of materials into composites, have shown to 
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considerably enhance the interlaminar fracture toughness properties [9-10] especially when 

combined with nano-inclusions [11-12]. Addition to them, BMIs are based on special covalent 

bonding interactions that allow polymer chains to flow upon heating and present self-healing 

functionality [9-12]. In [9], Kostopoulos et al., achieved to increase the Mode I interlaminar 

fracture toughness (GIC) by 3.5 times of carbon FRPs by incorporating two BMI prepregs into the 

mid-thickness area. In [12], Kotrotsos et al., also achieved to enhance the GIC value of CFRPs 

(almost by 50%) by incorporating a mixture of a BMI material and epoxy in grain form. Recently, 

the authors achieved to enchance the GIC value of CFRPs by incorporating BMIs in electrospun 

form, either by solution electrospinning process (SEP) [11] or by melt electro-writing process 

(MEP) [12] technique. 

When delaminations are detected within a composite structure, repair of them must be 

performed long before the critical length of each delamination or prior the stress at the crack 

tip to exceed the residual strength of the composite. Models for fatigue life-time prediction as 

well as for prediction of the remaining life are well established for metallic components. For FRP 

laminated composites, the development of models for the prediction of the fatigue 

delamination growth and life-time estimation is also very important together with inspection 

establishment intervals. FRPs, during fatigue delamination growth present sigmoidal log(da/dN) 

versus log(GImax/GIR) curve when plotted. GImax value represents the energy release rate at 

maximum stress while GIR  is the Mode I delamination instantaneous resistance. The curve is 

composed by three main regions; the first one represents the threshold, the second one  the 

stable growth while the third one is the region in which the crack propagation becomes unstable 

up to a catastrophic failure [1]. 

In the current work, fatigue life-time estimation that is related to delamination growth of UD 

CFRPs containing BMI resin into the mid-thickness area under Mode I loading conditions is 

assessed. More precisely, BMI resin containing or not 4L GNPs at the amount of 1 wt% was 

locally integrated into mid-thickness area of high performance CFRPs by SEP technique.  After 

manufacturing process, reference CFRPs and modified CFRPs containing either BMI resin or 

nanomodified BMI resin with GNPs were exposed to fatigue crack propagation tests under Mode 

I loading conditions. The tests were conducted for a predetermined number of 50 k Cycles. 

During the tests, a travelling microscope was utilized to measure the crack length at the end of 

precise loading cycles while loads and delamination lengths were also recorded at the same 

time. From the fitted curves of the propagation data concluded, based on the experimental 

results, the Paris’ law coefficients (m and c) were calculated as well as the da/dN equations 

representing region II delamination growth were determined.  

2. Materials and methods 

2.1 Materials 

The composite materials which were utilized in the current study were fabricated by using a 

commercial unidirectional (UD) carbon fibre-epoxy pre-preg tape (identification code: CE-1007 

150-38). The commercial pre-preg tape was supplied by SGL Group, Germany. The utilized 

maleimide oligomers, with approximate molecular weight 1700 Da (BMI-1700) was supplied by 

Designer Molecules (San Diego, USA). BMI-1700 is hydrophobic, with high decomposition 

temperature (above 400oC) and it is soluble in most aromatic and aliphatic solvents. The 

following reactants: furfuryl glycidylether and furfuryl amine which were utilized for trifurane 
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(TF) synthesis were purchased from Sigma Aldrich Chemicals (St. Louis, USA). All reagents were 

used as received and no further purification occurred. Tetrahydrofurane (THF) solvent which 

played the SEP solvent was supplied by Honeywell Inc. (North Carolina, USA). The obtained GNPs 

have lateral dimensions of 1–2 μm, average thickness ≤ 4 nm, surface area ≥ 750 m2/gr and 

purity ≥ 99% and were supplied by Cheap Tubes Inc., Cambridgeport, USA. 

2.2 Electrospinning process and preparation of the modified pre-preg plies 

The SHA incorporation was conducted by SEP. The information that is related to the SEP 

technique and pre-preg plies’ modification procedure by SHA is provided in a recent papers by 

the authors [11, 13] and is not included in this manuscript.  

2.3 Composites’ manufacturing and quality control  

For composites’ manufacturing, pre-preg and autoclave technologies have been utilized. Three 

types of laminated plates with 22 UD pre-pregs were prepared: the reference laminate, and two 

modified laminates containing pure BMI and BMI with 1 wt% GNPs into their mid-thickness area 

(5 surface-modified pre-preg plies). During SEP, the deposited BMI resin onto pre-pregs’ surface 
created an “interleaf”. Two plates for each material set were manufactured with the following 

dimensions (270 x 60 x 3) mm3 that led to 4 DCB samples (2 samples per CFRP plate) having final 

dimensions of (250 x 25 x 3) mm3 whose geometry is illustrated in Figure 1 taking into 

consideration specifications of AITM 1.0005 standard of Airbus [14]. The final fiber volume 

fraction of all composites (Vf) was calculated to be close to 60±2% without the SHA incorporation 
to affect the thickness of the final composite. During the manufacturing two 

polytetrafluoroethylene sheets with 13 μm thickness were positioned in the mid-thickness area 

to create an artificial pre-crack according to the utilized standard specifications. Following the 

lamination process, the composites structures were cured in an autoclave. The applied curing 

profile was 100oC applied temperature, under 4 bars applied pressure for a period of 5 hours. 

After curing process, all manufactured CFRP plates were ultrasonically scanned, using a physical 

acoustics corporation UT c-scan system with a 5 MHz transducer. 

2.4 Mode I quasi-static and Mode I fatigue testing 

Quasi-static Mode I interlaminar fracture toughness tests were performed by using an Instron 

Universal testing machine equipped with a 5 kN load cell at room temperature (RT) conditions. 

The tests were performed according to the AITM 1.0005 standard of Airbus [14]. The 

information on the tests is presented in a recent paper by the authors [9] and is not included in 

this paper. For the Mode I fatigue tests, all DCB samples were tested under displacement control 

at a frequency of 5 Hz and a tension-tension displacement ratio R=0.1. The delamination growth 

rate data was generated by applying the maximum displacement (δImax) corresponding to 

GImax/GIC=0.5 for all material sets. GIC values for all material sets under static Mode I fracture 

toughness tests were recently determined [11] and taken into consideration. The tests were 

conducted for a predetermined number of 50 k cycles. During the tests, a travelling microscope 

was utilized to measure the crack length at the end of precise loading cycles while loads and 

delamination lengths were recorded at the same time. From the fitted curves to the propagation 

data arose from experimental results, the Paris’ law coefficients (m and c) were calculated as 
well as the da/dN equations representing region II delamination growth were determined. 
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Figure 1. Schematic representation of a modified double cantilever beam (DCB) test 

configuration; (a) side view, (b) top view. Dimensions in millimeter (mm). 

3.  Results and discussion 

3.1 Mode I threshold toughness determination using onset life tests 

The Mode I fatigue tests for all material sets were performed under constant amplitude tension-

tension displacement control while the utilized cyclic load frequency was that of 5 Hz. In 

addition, the minimum to maximum displacement ratio (R) was set to be 0.1. The edges of the 

specimens were painted in white and scaled to observe the crack growth while the specimens 

were connected to the test machine by self-aligning tabs as Figure 1 suggests. The corresponding 

information that is related to the load and displacement values with respect to the number of 

cycles were automatically stored by the Instron machine by using a software. 

For the determination of the Mode I threshold onset life, the ASTM: D6115 [15] standard was 

taken into consideration. This standard suggests two criteria for the determination of the 

threshold onset life; the increase of the compliance by 1% and 5% respectively against to the 

compliance recorded at the first cycle (N=1). Figure 2, provides the compliance with respect to 

number of cycles for all CFRP types. Based on these, the number of cycles measured at 1% and 

5% of the compliance increase has been taken into account to determine the initiation 

threshold. For all tests, the δmax values was selected to apply a Gmax of 50% of  GIC while the δmin 

value was determined from R=0.1.  
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Figure 2. Compliance versus number of cycles for (a) the reference, (b) the BMI modified and (c) 

the BMI and GNP modified CFRP samples, during initiation tests for loading at Gmax = 50%GIC.  

For the determination of the delamination threshold fracture toughness (Gth ), the plots of the 

GImax/GIC values versus the number of cycles (N) which measured at 1% and 5% increase of the 

compliance during the onset life fatigue tests were taken into consideration for all CFRPs. Figure 

3 provides the plots of GImax/GIC values with respect to log N for 1% and 5% criteria for the 

collected data of all the CFRP samples which tested. The first data points for all CFRPs were taken 

from Mode I quasi-static tests. For the current work, the Shivakumar et al. [16] power law curve 

was fitted to the data and the fitted equations are provided also in Figure 3 for all CFRP types.  

The authors also obtained the strain energy release rate (SERR) at N = 106 while at the same 

procedure was followed for the needs of the current investigation. Based on the obtained 

equations, the calculated threshold strain energy release rate (Gth) at N = 106 was calculated to 

be 0.35GIC, 0.23GIC and 0.34GIC for the reference, the BMI modified and the BMI & GNP 

respectively. Based on these, when the applied SERR is bellow the calculated values the crack 

speed is very low and the crack will not propagate up to 100 k Cycles. 
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Figure 3. Variation of onset fatigue life with GImax/GIC for (a) the reference, (b) the BMI modified 

and (c) the BMI and GNP modified CFRP samples, during initiation tests for loading at Gmax = 

50%GIC. 

3.2 Delamination growth of CFRPs under Mode I fatigue loading 

For the delamination growth investigation of the three CFRP types the same set-up and the same 

specifications were utilized as in the case of the onset life tests. Based on these, all CFRP 

specimens which were pre-cracked during the onset life tests were further utilized for the Mode 

I fatigue delamination growth tests while the new initial delamination lengths were recorded. 

The delamination growth data were obtained by applying also δmax value corresponding to 

GImax/GIC  = 0.5 and the tests were run for a predetermined number of 50 k cycles. During the 

tests, a travelling microscope was also utilized for the calculation of the crack length versus the 

number of cycles during the fatigue procedure. At the end of specific sets of ΔΝ the following 

values N, ΔΝ, α, Δα, PImax and δΙmax were identified. From the recorded results dα/dN, GImax and 

GIR values were determined. The GImax value was determined by using the following Eq.(1): 𝐺𝐼𝑚𝑎𝑥 = 3𝑃𝐼𝑚𝑎𝑥𝛿𝐼𝑚𝑎𝑥2𝑏(𝑎+|𝛥|)                                                                                                                                 (1) 

where |𝛥| was calculated during the Mode I quasi-static interlaminar fracture toughness tests, 

α is the crack length and b is the width of the sample. Based on these, Figure 4 provides the 

delamination crack growth for the three CFRP specimens; (a) the reference, (b) the BMI modified 

and (c)the BMI & GNP modified one, respectively. The tests data as well as the equation are 

bounded by the following limits: GImax/GIR=0.1 and GImax/GIC=1. From the resulted fitted curves 

to the propagation data, the coefficients that are related to the Paris’ law were determined to 
be  m = 6.38 and C = 12 x 10-2 for the reference CFRP,  m = 2.37 and C = 0.4 x 10-2 for the BMI 

modified CFRP and m= 7.68 and C= 88.29 for the BMI & GNP modified CFRP. Finally, the dα/dN 

951/1211 ©2022 Kotrotsos 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 

equations representing the delamination growth region II are provided also in Figure 4 for all 

CFRPs. 

 

Figure 4. Crack propagation of (a) the reference, (b) the BMI modified and (c) the BMI & GNP 

modified DCB CFRP specimens, respectively. 

4. Conclusions 

In the current investigation, fatigue life estimation for delamination growth of modified CFRPs 

with BMI resin (nanomodified or not ) under mode I loading conditions was assessed. The CFRPs’ 
modification was successfully conducted by the incorporation of five surface-modified pre-pregs 

into the mid-thickness area of the composite. The pre-pregs’ modification was performed 
through  SEP technique and three types of CFRPs were manufactured; the reference, the BMI 

modified and the BMI & GNP modified one. After manufacturing, fatigue onset life tests were 

conducted for all CFRPs in order the Gth values to be determined for the subcritical region. 

Afterwards, constant amplitude cyclic Mode I fatigue tests with displacement control were 

conducted for all CFRPs to determine the the delamination crack growth (dα/dN) with respect 

to the maximum cyclic energy release rate (GImax). Experimental results revealed that the BMI 

modified CFRPs exhibited the best resistance to delamination as GNPs seem to negatively affect 

the composites. 
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Abstract:  The problem of random vibration-based fatigue damage detection and assessment 

for a population of 8 nominally identical composite specimens under population, test rig, and 

environmental uncertainty is addressed. Eight damage states created by fatigue tests that are 

10 000 cycles apart from each other are specifically considered via a Multiple Model 

Representation methodology employing a single vibration response signal. The achievable 

performance is systematically assessed via thousands of Test Cases and is shown to be ideal, 

reaching 100% correct detection rate for 0% false alarm rate, for the detection problem, and very 

good, reaching 91.07% to 97.75% correct classification rate, for the damage assessment 

problem. The results of the study reveal the high potential of automated, on-board, natural 

vibration-based Structural Health Monitoring for populations of composite structures. 

Keywords: Composite materials; fatigue; vibration testing; Structural Health Monitoring 

1. Introduction 

Composite materials have found widespread applications in aerospace and other sectors in 

recent decades [1], and this have stirred high interest in the development of appropriate 

Structural Health Monitoring (SHM) technology [2]. In this context, the detection and 

assessment of fatigue damage via random vibration based SHM methods is attractive as it offers 

potentially high performance, automation, functionality under normal operating conditions, 

that is without interrupting normal operation, while it also benefits from the availability of 

natural excitation and inexpensive and reliable measurement equipment. 

Yet, the currently available methods are mostly focused on diagnosing specific types of damage, 

such as delamination or impact damage, mostly under limited uncertainty (for instance for a 

single structure). The diagnosis of fatigue damage has, thus far, received limited attention, also 

under limited uncertainty and using natural frequency shifts [3]. Yet, the effects of uncertainty, 

stemming from experimental, operational, environmental conditions, and also from a 

population of nominally identical structures, have been shown to be very important and may 

drastically affect diagnostic performance. These types of uncertainty have been considered in 

recent studies (such as [4]) by one of the authors and co-workers in the context of impact-

induced damage detection. 
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The present study aims at tackling the challenging problem of vibration-based progressive 

fatigue damage detection and assessment in a population of 8 composite structures under 

population, test rig, and environmental (such ambient temperature) uncertainty and 8 tension-

tension, displacement-controlled, damage states that are 10 000 cycles apart from each other. 

Towards this end a Multiple Model Representation (MMR) type methodology [4] is postulated 

based on a single random vibration response signal, with the fatigue damage detection and 

assessment performance evaluated via a systematic and statistically reliable procedure based 

on thousands of Test Cases. Ultrasonic C-scans are also employed for providing insight into each 

fatigue damage state. 

2. Methodology 

The methodology, depicted in the flowchart of Fig. 1, consists of three distinct processes applied 

to each one of the 8 specimens: (I) Interrupted (every 10 000 cycles) fatigue testing, (II) 

Ultrasonic C-Scan performed during each interruption, and (III) vibration testing performed at 

the outset with the Healthy (𝐻) state of each specimen and during each fatigue interruption 

(along with the C-Scan). The objective of random vibration testing is to provide signals to be 

used for accumulated fatigue damage detection and assessment.  

 

Figure 1. Flowchart of the methodology. 

3. The Specimens, the Interrupted Fatigue Testing, and the C-Scans   

3.1 The population of composite specimens 

The study uses a population of 8 IMA/M21E prepreg composite specimens. The lay-up is 

(±45/90/0/0/90/±45/0/90)s with the specimen dimensions following the ASTM D3479/D3479M, 

ASTM D3039/D3039M, and ISO 527-4 standards. A specimen sketch along with its basic nominal 

dimensions is presented in Fig. 2. It is noted that although the 8 specimens are manufactured as 

nominally identical, this is not exactly the case due to inevitable material and manufacturing 

uncertainty. 

3.2 The interrupted fatigue tests 

A tension test was initially conducted, according to the ASTM D3039/D3039M standard, to 

measure the Young’s modulus and tensile strength of the composite material. The measured 

values are 49.07 MPa and 950.36 MPa, respectively. Tension-tension displacement-controlled 

fatigue tests were subsequently conducted for each specimen on an MTS 250 kN universal 
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testing machine (Fig. 3a) using a stress ratio R=0.1, a maximum stress equal to the 60% of the 

tensile strength, and a 5 Hz frequency. Based on the literature [5] these loading characteristics 

lead to a fatigue life of 100 000 cycles for the specific composite material; yet a fatigue life of 80 

000 cycles was observed. Fatigue testing was interrupted every 10 000 cycles, with an ultrasonic 

C-scan and random vibration testing conducted during each interruption, as well as under the 

initial (Healthy, 𝐻) state. This gave rise to a total of 9 health states, the Healthy 𝐻 and 8 damage 

states designated as 𝐹𝐷_01, 𝐹𝐷_02, … , 𝐹𝐷_08 (also see Table 1). 

 

Figure 2. Composite specimen nominal dimensions including the end tabs (dimensions 

according to the ISO 527-4 standard). The black rectangle indicates the reflective patch used 

for laser-based vibration measurement. 

 

Figure 3. (a) The MTS 250 kN servohydraulic testing machine. (b) Schematic representation of 

the vibration test rig.  

Table 1. The health states, the numbers of random vibration response signals and their 

characteristics. 

Fatigue state   Applied fatigue 

cycles 

No. of signals per 

specimen 

Total no. of signals 

across all 8 specimens 𝐻 0 70 560 𝐹𝐷_0𝑋 10 000 × 𝑋 30 240 𝐻: Healthy state; 𝐹𝐷_0𝑋: Fatigue state 𝑋 (𝑋 = 1,2, … , 8 progressive fatigue states); 8 specimens            

Vibration signal characteristics: Sampling frequency 4 266.67 Hz; Signal length 128 000 samples (30 s) 

 

3.3 Fatigue damage assessment via ultrasonic C-scans  

Ultrasonic C-scans were performed for each specimen and under each one of the health states. 

C-scanning is a form of Non-Destructive Testing capable of determining the presence, position, 

and shape of damage in CFRP composites [6], although one of its main drawbacks is its inability 

to detect fiber or matrix cracking in a CFRP with fiber cracking being one the main causes for 

 

 a      
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loss of stiffness. In the present context C-scans are run as an off-line assessment method in order 

to provide useful insight into the extent of corresponding fatigue damage. 

Indicative ultrasonic C-scan results are, for specimen 5, indicatively presented in Fig. 4. Based on 

this, the progressive fatigue damage accumulation is obvious. It is further observed that the 

transition from 𝐹𝐷_02 to 𝐹𝐷_03 (from 20 000 to 30 000 fatigue cycles) is characterized by the 

highest difference between any two consecutive states. This may be attributed to the fact that 

ultrasonic C-scans are sensitive to detecting delamination, rather than fiber or matrix cracking, 

with the latter two constituting the predominant failure mechanisms in early stages of fatigue 

with delamination following [6].  

 

Figure 4. Indicative fatigue damage ultrasonic C-scan based evaluation for specimen 5 (left to 

right, from Healthy 𝐻 to 𝐹𝐷_08). 

4. The Vibration Test Rig and the Measured Signals   

The vibration test rig is schematically presented in Fig. 3b. Each specimen is, in each health state 

(𝐻, 𝐹𝐷_01, … , 𝐹𝐷_08), suspended via elastic chords simulating free-free boundary conditions. 

Approximate white noise random excitation is acoustically provided via a set of speakers driven 

via a MATLAB-running computer. The random velocity vibration response is measured on a 

single point on each specimen (see Fig. 2) using a Polytec OFV-5000 laser vibrometer equipped 

with the OFV-505 single point vibration sensor and a National Instruments CompactDAQ Chassis 

carrying an NI-9234 data acquisition card. Each signal is lowpass filtered within the 0 - 2 133 Hz 

range, sampled at 4 266.67 Hz, sample mean corrected, and normalized by its own sample 

standard deviation. The signal length is 128 000 samples, corresponding to 30 s. 70 random 

vibration response signals per specimen are obtained from the Healthy (𝐻) state of each 

specimen, and 30 per specimen from each one of the 8 damage states (𝐹𝐷_01, … , 𝐹𝐷_08); a 

summary is presented in Table 1. 
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5. The Random Vibration Based Methodology for Fatigue Damage Detection and 

Assessment 

The postulated vibration-based methodology for fatigue damage detection and assessment is to 

be based on a single random vibration response signal measured on any specimen of the 

population under any, a-priori unknown, structural state. The objective of the methodology is 

twofold: (1) Damage detection, that is determining whether a tested specimen is in its Healthy (𝐻) state or is in any of the 8 fatigue damage states (𝐹𝐷_01, … , 𝐹𝐷_08), and, in case damage 

has been detected, (2) damage assessment, that is the determination of the specific (out of the 

8) precise damage state. Following training, in an initial Baseline Phase, the methodology is fully 

automated in its actual operation (Inspection Phase) requiring no human intervention. It is also 

unsupervised for the 1st (damage detection) problem, implying that training in the Baseline 

Phase is based on random vibration signals obtained under the Healthy (𝐻) state of each 

specimen, but supervised for the 2nd (damage assessment) problem, implying that training in the 

Baseline Phase is based on random vibration signals obtained under each one of the 8 FD states. 

The methodology is of the Multiple Model type [4] founded upon the following elements: (i) A 

data-based, partial, representation of the structural dynamics based on which a proper damage-

sensitive feature is obtained; (ii) a corresponding feature space; (iii) a Multiple Model 

Representation (MMR) of the dynamics for each health state, say 𝑀𝐻 , 𝑀𝐹𝐷1, … , 𝑀𝐹𝐷8, under 

population, experimental, and environmental uncertainty, and (iv) a proper `distance metric' 𝐷(⋅,⋅) between any MMR and any single point in the feature space representing the model, say 𝑚𝑢 of the partial dynamics of a specimen under test (the subscript 𝑢 designating unknown 

health state).  

The particular selections made in this study are: (i) The data-based partial representation of the 

dynamics is of the AutoRegressive (AR) type of order 𝑛 [8] and the damage-sensitive feature 

consists of the AR parameter vector, (ii) the feature space is that spanned by the AR parameters, 

(iii) each MMR consists of 𝑝 conventional AR models, that is 𝑀𝑖 ≔ {𝐴𝑅1, … , 𝐴𝑅𝑝}  (𝑝 = 𝑝1 for 

the detection problem and 𝑝 = 𝑝2 for the damage assessment problem), and the distance 

metric 𝐷(𝑀, 𝑚𝑢) is defined as the minimum Kullback-Leibler pseudo-distance [4,7] between the 

elements of 𝑀 and 𝑚𝑢. In an initial BASELINE (TRAINING) PHASE and for the damage detection 

problem, the 𝑝1- dimensional MMR, 𝑀𝐻, of the healthy dynamics is constructed, while for the 

damage characterization problem 8 𝑝2- dimensional MMRs, 𝑀𝐹𝐷1, … , 𝑀𝐹𝐷8, each one for each 

one of the 8 FD states, are constructed. Then in the INSPECTION (OPERATIONAL) PHASE, given 

a random vibration response signal from any member of the population under unknown health 

state and uncertainty, a conventional AR model 𝑚𝑢 is constructed, and damage detection and 

assessment (if required) decisions are made as follows (𝑙 designating a user-selected threshold 

and iff standing for if and only if) – also see Fig. 5: 

If 𝐷(𝑀𝐻 , 𝑚𝑢) ≤ 𝑙 the specimen is in Healthy state; else in a Damaged state (Damage Detection). 

A damaged specimen is in state 𝑖⋆ ∈ [1, … ,8] iff  𝑖⋆ = min𝑖 𝐷(𝑀𝑖 , 𝑚𝑢)  (Damage Assessment) 
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Figure 5. Schematic depiction of the Multiple Model Representation (MMR) methodology for 

damage detection. The Healthy MMR is surrounded by the blue line and the current specimen 

in unknown state is designated as 𝑚𝑢 [4]. 

6. Performance Assessment 

6.1 The assessment procedure and random vibration signal modeling 

Performance assessment is based on a systematic and statistically reliable procedure in which 𝑝1 = 2 Healthy vibration signals from each specimen are employed in the Baseline Phase and 

68 Healthy and 30 per damage state per specimen signals are employed in the Inspection Phase 

for the damage detection problem. For fatigue damage assessment 𝑝2 = 15 vibration signals 

from each specimen and damage state are employed in the Baseline Phase, and another 15 from 

each specimen and damage state are employed in the Inspection Phase. A total of 10 rotations, 

in which the Baseline Phase signals are interchanged with Inspection Phase signals, are also run 

in both cases to eliminate effects that could result from any particular selection of the Baseline 

Phase signals. Performance assessment is thus based on 24 640 and 9 600 Inspection Test Cases 

for the damage detection and the damage assessment problems, respectively. Complete details 

are provided in Table 2. 

Random vibration response signal modeling [8] leads to an AR(70) representation achieving very 

good prediction accuracy (0.82% RSS/SSS) in the healthy case. 

6.2 Assessment results and discussion  

The damage detection results, based on 24 640 Inspection Test Cases (Table 2), indicate 

excellent ability in correctly determining the presence or not of damage from vibration signals 

obtained under the Healthy or any FD state. The performance is in fact ideal, leading to a 100% 

correct detection rate (True Positive Rate, TPR) for 0% false alarm rate (False Positive Rate, FPR). 

Damage assessment results, based on 9 600 Inspection Test Cases, are presented in Fig. 6 via 

correct and incorrect classification rates for each fatigue damage state (𝐹𝐷_01, … , 𝐹𝐷_08). 

Evidently, the results are very good as a correct classification rate ranging from 91.07% to 

97.75% (depending on the damage state) is attained, with mean rate of 96.14% over the 

complete composite specimen population, while the incorrect classification rate is between 

2.25% to 8.93%. 
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Table 2. Numbers of Baseline and Inspection Signals employed for damage detection and 

assessment. 

 Nο of 

Baseline 

signals (per 

specimen) 

Νo of 

Baseline 

signals (8 

specimens) 

No of 

Inspection 

Signals (per 

specimen, H 

and 8 FD 

states) 

Νo of 

Inspection 

signals (8 

specimens, H 

and 8 FD 

states) 

Total no of 

Inspection signals 

(8 specimens, H 

and 8 FD states, 

10 rotations)  

Damage  

detection 
𝑝1 = 2 H 16 H 68 H + 240 FD 

= 308 

544 H + 1 920 

FD = 2 464 

5 440 H + 19 200 

FD = 24 640 

 No of 

Baseline 

signals (per 

specimen 

and FD 

state) 

No of 

Baseline 

signals (8 

specimens 

and 8 FD 

states) 

No of 

Inspection 

Signals (per 

specimen and 

FD state) 

No of 

Inspection 

signals (8 

specimens and 

8 FD states) 

No of Inspection 

signals (8 

specimens × 8 FD 

states × 10 

rotations) 

Damage   

assessment 
  𝑝2 = 15    960 15 960   960 × 10 =  

9 600 

 

 

Figure 6. Damage assessment performance evaluation: Correct classification rates (green) 

incorrect classifications rates (red) for each fatigue damage state (𝐹𝐷_01, … , 𝐹𝐷_08). [1 200 

Test Cases per damage state.] 

7. Concluding Remarks 

The problem of random vibration-based fatigue damage detection and assessment for a 

population of 8 nominally identical composite structures under population, test rig, and 

environmental uncertainty, and for 8 damage states that are 10 000 cycles apart from each 

other, has been considered via an MMR type methodology employing a single vibration 

response signal. The achievable performance has been systematically and reliably assessed via 

thousands of Test Cases. The main conclusions drawn from the study are: (a) In spite of the 

population and other uncertainty present, the postulated methodology has been shown to be 
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very effective for both damage detection and assessment using a single, naturally arising, 

random vibration signal and is also suitable for fully automated on-board operation. (b) Ideal 

damage detection performance, reaching 100% correct detection rate for 0% false alarm rate, 

has been achieved under unsupervised operation. (c) Very good damage assessment 

performance, reaching 91.07% to 97.75% correct classification rate, has been achieved under 

supervised operation. The results of the study reveal the high potential of automated, on-board, 

natural vibration based Structural Health Monitoring for fatigue damage in populations of 

composite structures.  
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Abstract: The aim of this study is to propose a design methodology for improved impact 

resistant composite structures at constant weight. A large range of materials and configurations 

have been manufactured following the proposed methodology, aiming at a consistent areal 

weight. The proposed designs were tested under high velocity impact, using a range of velocity 

between 140 and 300m/s. The results indicate a strong increase in ballistic limit and specific 

energy absorption when using the proposed hybrid configurations. Helicoidal layups on pure 

CFRP laminates have been found to improve the absorbed energy by respectively 22 and 55% 

for thin and thick plies compared to a [60/0/-60] CFRP baseline. Using the methodology 

presented, further optimized hybrid configurations were designed leading to improvements of 

up to 134% compared to the pure CFRP baseline. Fractography and C-scan analyses highlight the 

presence of more diffuse damage, the creation of helicoidal matrix cracks and the delay of the 

onset of fibre failure. 

Keywords: High-Velocity Impact; Hybrid composite; Helicoidal layup; Damage tolerance  

1. Introduction 

Carbon fibre reinforced polymers (CFRP) have recently become widely used in load-bearing 

primary structures of aircrafts, due to their high modulus and light weight compared to their 

traditional metallic counterparts. Further aircraft weight reduction goals are leading to the 

application of composites in more challenging non-primary structures, such as the Fan 

Containment casing of turbofan engines. Specifically, in the case of a fan blade-off (FBO) event, 

the casing must be able to withstand the high energy being transmitted by the portion of the 

blade ejected into it. During FBO, the casing must preserve its structural integrity and contain 

any debris to avoid a catastrophic failure of the engine or the aircraft. For such applications, the 

use of monolithic CFRP solutions is not optimal, due to their inherent brittleness and relatively 

poor damage tolerance. Material hybridisation [1] and non-conventional layups [2,3] are two of 

the strategies that can be used to address the relatively poor HVI resistance of CFRPs.  

The aim of this study is to propose a design methodology for improved impact resistant 

composite structures at constant weight. This design methodology will be applied to both thin-

ply and thick-ply material and demonstrate significant improvement over a [60/0/-60] layup 

baseline in both cases. 

2. Methodology 

A large range of materials and configurations have been manufactured as part of this study, 

aiming at a consistent areal weight. The manufactured specimens were then compared under 

High-Velocity Impact (HVI) loading, looking at the energy absorption and the ballistic limit. The 

tests were carried out using a gas gun with a hardened-steel ball impactor, with a range of 

impact velocity from 100 to 300 m/s. The target consists of 150 mm × 100 mm panels, with a 
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target areal weight of 0.95 g/cm2. Due to the hybrid nature of some configurations and the 

range of material considered in the study, the resulting thickness of the panels varies from one 

configuration to another one (see Table 1). The panels were impacted at their centre using a 4 

point simply supported test rig. High-speed cameras were used to track the projectile velocity 

before and after impact and calculate the energy absorption. 

The methodology used to design the hybrid configuration focuses on: 

1. a “material by design” approach, wherein materials are selected and placed along the 

thickness of the laminate based on their mechanical performance under the local stress state 

(see Figure 1 a.);  

2. non-conventional helicoidal layups, to diffuse damage and maximise the absorbed energy (see 

Figure 1 b.);  

3. interleaved blocks of the hybrid materials, to control the delamination planes and the 

compliance of the specimen during the impact event (see Figure 1 c.). 

 

Figure 1. Hybrid design using helicoidal layup and interleaved configuration 

The materials selected include CFRP, both using thin and thick ply prepregs, aramid and glass 

fibre reinforced polymers, titanium foils, and shape memory alloy enhanced CFRP. The ratio of 

hybrid (non-CFRP) material introduced was kept <50 % by weight. Following a preliminary study, 

titanium and Zylon aramid fibre were selected amongst the initial list [4,5,6]. Titanium sheets 

were used on the impact face, to delay the crushing failure caused by the poor through-the-

thickness compressive performance of CFRP and redistribute the initial stresses created by the 

impactor through the whole laminate. Zylon was used towards the distal face to delay the final 

tensile fibre failure thanks to its higher strain to failure than that of carbon fibres.  

Helicoidal layups (see Figure 1 a-b.) were used on both carbon and aramid fibre prepregs, with 

pitch angles of smaller than 5° for thin-ply materials and smaller than 30° for thick-ply materials. 

Such stacking sequences have been shown to delay the catastrophic failure of the specimen, 

redistribute the stresses and promote diffuse matrix cracking and delamination [3].  
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Finally, we studied the effect of interleaved alternating blocks of materials (see Figure 1 c.) and 

the size of those blocks. The details of the configurations manufactured are presented in Table 

1. 

Table 1: Overview of the configurations manufactured (QI = [60/0/-60], Hel. = helicoidal layup) 

  Materials  Hybrid 

ratio by 

weight 

Thickness 

(mm) 

Areal 

weight 

(g/cm2) 
 1 (Top) 2 (Center) 3 (Back) 

1.Thin-ply 

Baseline 
- Skyflex 20 gsm QI - 0 5.5 0.84 

2. Thin-ply 

Helicoidal 
- Skyflex 20 gsm Hel. - 0 5.1 0.77 

3. Thin-ply 

Proposed 
Titanium Skyflex 20 gsm Hel. Zylon 25 gsm Hel. 44% 7.0 1.04 

4. Thick-ply 

Baseline 
- Confidential CFRP QI - 0 1* 0.94 

5. Thick-ply 

Helicoidal 
- Confidential CFRP Hel. - 0 1* 0.94 

6. Thick-ply 

Proposed 
Titanium Confidential CFRP Hel. Zylon 50 gsm Hel. 43% 1.06* 1.12 

*Thick-ply thicknesses normalized by to baseline specimen 

 

3. Results 

 

Figure 2: Selected experimental results of impact and residual velocities of the thin-ply baseline 

and proposed design (normalized by the ballistic limit of the baseline). The dashed lines 

represent the L-J curve 

Figure 2 presents selected experimental results for the [60/0/-60] baseline configuration and 

the proposed hybrid design using thin-ply prepregs. When penetration is achieved, the residual 

velocity is plotted against the impact velocity. An analytical curve is fitted to the experimental 

data using the Lambert-Jonas equation [7]: 𝑣res = 𝐴(𝑣ini𝑛 − 𝑣50𝑛 )1/𝑛 (1) 
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where 𝑣ini is the initial impact velocity, 𝑣res the residual velocity and 𝑣50 the ballistic limit. Figure 

2 highlights a strong increase in the ballistic performance of the improved configuration over 

the pure carbon baseline.  

The corresponding specific energy absorption capability for all 6 configurations is presented in 

Figure 3. By using a helicoidal layup rather than a traditional [60/0/-60] layup, the energy 

absorption can be improved by 22 % and 55 % relatively for thin and thick plies. 

 

Figure 3: Specific energy dissipation improvement over a pure CFRP [60/0/-60] for thin and 

thick-ply configurations 

Figure 4 highlights the change in damage mechanisms between the two layups on thin-ply 

specimens. For a conventional [60/0/-60] stacking sequence, it can be determined from a cross-

section fractography along the impact plane (Figure 4 a.) that the specimen fails in a brittle 

manner under shear plugging. Damage stays confined in the region of impact. This correlates 

with the low energy absorption since shear plugging has been reported to be a low energy 

dissipating failure mechanism [8]. As seen from the back face damage after impact (Figure 4 c.), 

a large portion of the specimen was not involved in the failure process. C-scan analysis of the 

panels after impact (Figure 4 e.) confirms that damage stays confined to the impact region. 

By contrast, helicoidal panels exhibit more complex and diffuse failure mechanisms. Figure 4 b. 

shows significant delamination and matrix cracking away from the impactor path. Plies toward 

the distal face of the specimen appear to have failed under tensile failure rather than shear 

plugging. Furthermore, the low pitch angle encouraged crack migration from one ply to the 

other, resulting in large helicoidal shaped cracks. This results in an increased compliance of the 

panel during the impact, stress redistribution, widely spread damage at the distal face (Figure 4 

d.) and significant delamination and matrix cracking being detected by the C-scan analysis 

(Figure 4 f.). All those additional failure mechanisms and the shift from shear to tensile failure 

at the distal face can explain the improved energy absorption capability. 
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Figure 4: Comparison of the damage mechanisms using a conventional and helicoidal layup for 

thin-ply CFRP 

Further analysis of the position of the delamination detected by the C-scan analysis reveals the 

3D helicoidal nature of the migrating crack created by the low-pitch angle stacking sequence 

(Figure 5). The delaminated area creates a continuous surface that is growing as it propagates 

toward the distal face, increasing the energy dissipated through delamination. 

When combined with a hybrid design, further improvement in the energy absorption capability 

can be achieved over the [60/0/-60] baseline. The outer titanium layer creates an initial diffusion 

of the stresses and delays the apparition of the brittle failure at the top of the CFRP block. The 

helicoidal layup can subsequently spread the damage and dissipate more energy through 

delamination and matrix cracking. The increased compliance and stress distribution improve the 

efficiency of the back layer or aramid prepreg. Finally, interleaved blocks of different materials 

create interfaces along which more delamination can grow, further increasing the compliance 

of the panel during the impact event. Evidence of this mechanisms using post impact 

fractography will be presented at the conference. The design methodology shows good 
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improvements in specific energy dissipated when applied to both thin and thick-ply prepregs of 

respectively 134 % and 77 % (Figure 3).  

 

Figure 5: 3D view of the helicoidal nature of the delamination and matrix cracking obtained by 

ultrasonic C-scan on a thin-ply CFRP laminate 

4. Conclusion 

In this study, we presented a novel design methodology to improve the impact resistance of 

hybrid CFRP panels under high-velocity impact. The methodology relies on: 

1. a “material by design” approach, wherein materials were selected and placed based on 
their mechanical performance under the local stress state; 

2. non-conventional helicoidal layups; and 

3. interleaved blocks of hybrid materials.  

Following an initial study, titanium sheets and aramid fibre prepregs were selected to hybridize 

baseline [60/0/-60] CFRP specimens. Several configurations were manufactured aiming at a 

constant areal weight and impact at 100-300 m/s using a steel ball impactor. 

This study highlights a strong improvement in the damage resistance capability of the proposed 

design at a constant weight, using both thin and thick-ply prepregs. The final energy absorption 

capability was increased by 134 % and 77 % respectively for the two material systems due to a 

change in the failure mechanisms from brittle shear plugging to diffuse damage, matrix crack 

migration and tensile failure.  
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Abstract: As fiber-reinforced thermoplastic matrix composites (PMCs) are gaining interest in 

aeronautics, it is a major concern to increase their service life. For these materials, it is essential 

to study the coupling between their mechanical time-dependent behaviour and damage 

mechanisms, especially at temperatures above their glass transition. To do so, specific cyclic 

creep (CC) tests at 120°C were performed to monitor damage development through acoustic 

emission (AE) and edge replications after each creep cycle. X-ray computed micro-tomography 

(XμCT) scans were also achieved after mechanical testing to characterize damage and its spatial 

distribution throughout the laminate. In order to analyze the data from edge replications and 

XμCT scans, a post-process was developed to highlight damage development. 

Keywords: Thermoplastic; mechanical testing; creep; damage monitoring; clustering. 

1. Introduction 

Economic and environmental actual challenges require the industry to reduce their costs but 

also their greenhouse gases. For that, the transportation has been used lighter materials such 

as fiber-reinforced composite materials and especially thermoplastic (TP) matrix composites 

(PMCs). Their mechanical properties have been widely studied for the past forty years [1-4]. 

However, the coupling between their time-dependent mechanical behaviour and damage 

mechanisms is little studied, especially above their glass transition. This issue is essential from 

the point of view of the durability of composite structures in an aircraft engine environment. 

In this study, angle-ply (AP) 5-harness satin weave carbon/ polyphenylene sulfide (5HS C/PPS) 

laminates were solicited under several creep cycles with incremental duration at 120°C. Damage 

occurring within those laminates was monitored through different technics. Acoustic emission 

(AE) provides an in-situ information about damage development. Edge replication enables to 

quantify damage development on the edges after each creep cycle. Ex-situ X-ray computed 

micro-tomography (XμCT) enables to quantify damage throughout the whole laminate.  

To differentiate between damage development and/or phases (i.e., bundle and matrix), recent 

studies have been using neural network [5-6]. But neural network usually requires large data to 

be trained with, which can be either labelled by hand or by an algorithm. We propose a post-

process to handle the problem of image segmentation into different classes. This algorithm 

relies on a gaussian mixture models (GMM) used in addition with descriptor calculation based 

on the original image. This aims to highlight damage development as well as their spatial 

distribution with XμCT scans and with edge replications. 
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2. Material and protocol 

2.1 Materials and specimen 

The material used in this work is a carbon fabric reinforced polyphenylene sulfide. The fabric is 

a balanced 5-harness satin weave of T300 3K carbon fibres provided by Soficar. The Fortron® 

0214 polyphenylene sulfide (PPS) matrix was supplied by Ticona. Its glass transition temperature 

(Tg) is around 90°C [7]. 7-ply laminates were manufactured by hot press consolidation (Dedienne 

Multiplasturgy) from 0.317 mm thick prepregs with a 50% volume fraction of carbons fibres. The 

600×600 mm² laminates were waterjet-cut to obtain dumbbell specimens with a stacking 

sequences [(±45)3s(±45)]. Figure 1 illustrates the specimen geometry. 

 

Figure 1: Illustration of dumbbell geometry machined by waterjet. 

2.2 Experimental procedure 

Specific cyclic creep (CC) tests were performed at three different stress values 𝜎0: 40, 60 and 

100 MPa. Two versions of CC tests were conducted, one without edge replication (Figure 2.a) 

and another with edge replications (Figure 2.b). The first consists in a conditioning cycle at the 

chosen stress level 𝜎0 followed by five creep cycles at 𝜎0 of respective time: 15, 30, 45, 60 and 

480 minutes. Each creep stage is followed by a recovery time at least three times longer than 

the creep time. Finally, a last cycle is performed up to the same stress value. These tests were 

performed at a temperature of 120°C similar to the service conditions of an aircraft engine 

nacelle. The second test is the same except that, after each creep stage, edge replications were 

performed under a constant loading of 100 N at 50°C for one hour. Edge replications were 

carried out by applying vinylpolysiloxane to monitor the surface damage development [8]. For 

both types of tests, damage development was monitored through acoustic emission. AE sensors 

were 60 mm apart, as illustrated in Figure 1. After the tests with edges replications, XμCT 
analyses were performed to characterize the damage and its spatial distribution within the 

whole laminate, which is not possible with the surface information from edge replications. 
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(b) 

Figure 2. Specific cyclic creep tests at 120°C and 40, 60 and 100 MPa (a) without edge 

replications or (b) with edge replications. 

2.3 Numerical procedure 

E                     XμCT provide grey-level images (2D or 3D). It is generally not sufficient to 

highlight damage development by considering only the grey level. The combination of different 

materials (i.e., matrix and carbon bundles) and damage results in overlapping grey-level 

distributions that are usually too complex to dissociate. In this study, two methods were used 

to try to detect and quantify damage.  

The first one is a simple morphological image approach. The microscopic observation is binarized 

and subjected to a morphological image process, which consists of an erosion followed by a 

dilation using the same structuring element (rectangle [4px 2px]). 

The second one is based on a clustering approach. The main idea is to calculate new descriptors 

from the grey-level images: based on classical morphology operations (erosion, dilation, …     
local mathematical operations (entropy, median, standard deviation, skewness, …). As these 

processes can lead to very different ranges of values, results must be standardized to be handled 

by cluster analysis. Firstly, a K-means algorithm is used to provide centroids for the following 

gaussian mixture models (GMM). The number of classes can be either fixed or determined 

through optimization of a given criterion such as Dunn index [9] or Davies-Bouldin index [10]. As 

the GMM only gives belonging probabilities to the different gaussian (i.e., the different classes), 

strict classes are determined from the maximum probability density function (PDF) with respect 

to the different gaussian distributions. Once strict classes attributed, morphology operations are 

applied to remove isolated pixels. Finally, the contour (or surface) is reconstructed through the 

marching squares (or marching cubes [11]) algorithm. Several descriptors can then be calculated 

either on each contour (classes surface/volume fraction, major/minor axis length/orientations, 

…  or on the whole set of reconstructed contours (covariogram [12], … . 

3. Results 

3.1 Mechanical behaviour 

Using the assumption of infinitesimal strains, the true axial strain is decomposed using Eq. (1): 𝜀 = 𝜀𝑣𝑒 + 𝜀𝑣𝑝 ,                  (1) 
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with 𝜀 being the total true axial strain (i.e., at the end of creep stages), 𝜀𝑣𝑒 the viscoelastic true 

strain, including the instantaneous elastic part, and 𝜀𝑣𝑝 the viscoplastic true strain (i.e., at the 

end of recovery stages). Although high total strain has been measured (e.g., up to 12% for the 

100 MPa test), the infinitesimal strains assumption is used here as a first approximation. 

Figures 3.a, 3.b and 3.c show the variation of the axial true strain, the viscoelastic true strain and 

the viscoplastic true strain, respectively, as a function of time. A noticeable time-dependent 

behaviour is observed from the true total strain. Once decomposed, it seems that the main 

source of this time-dependent behaviour is the viscoplastic component. The largest part of the 

viscoelastic strain takes place during the first 15 min of creep, whereas viscoplastic strains 

continue after 15 min, especially at 100 MPa. For example, at 100 MPa, the viscoplastic strain 

increases of about 1% at 15 min of creep and another 1% between 15 min and 630 min of 

cumulative creep time. 

 
(a) 

 
(b) 

 

 
(c) 

 
Figure 3. Variation of (a) the total true strain, (b) the viscoelastic true strain, (c) the 

viscoplastic true strain. 
 

3.2 Tomography 

Tomographic observations from different regions (i.e., intra-bundle region, inter-bundle intra-

ply region and inter-bundle inter-ply region) for a specimen tested at 100 MPa are presented in 

Figure 4. Two main damage mechanisms are observed: intra-bundle and inter-bundle cracking. 

These cracks are more easily detected within outer plies than inner one, because the latter are 

more constrained by neighboring plies. Interfacial cracks seem to preferentially develop within 

intra-ply region, and more precisely at the crimp regions, compared to inter-ply ones. These 

mechanisms are also observable at 40 and 60 MPa. 
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Figure 4. Ex-situ tomographic observations of an AP C/PPS subjected to a CC test at 100 MPa at 

120°C: (a) slice within the intra-bundle region of the first ply, (b) slice within the intra-bundle 

region of the fourth ply, (c) slice within the inter-bundle region of the first ply, (d) slice within 

the inter-bundle region of the fourth ply, (e) slice within interlaminar region between the first 

and second plies and (f) slice within interlaminar region between the third and fourth plies. 

Figure 5 illustrates four slices of 800 by 800 pixels on which are represented the damage class 

based on the clustering approach. For this analysis, original grey-level data in conjunction with 

x, y and z gradient were calculated from nine slices of 800 by 800 pixels from the previous 

100 MPa test. Two optimal centroids were then calculated through the K-means algorithm using 

the Davies-Bouldin index criterion. Then final classes were obtained from the GMM with the 

damage class standing for intra-bundle cracking. No further morphology operation was applied 

on identified classes. For the chosen variables and the given volume, the algorithm allows to 

highlight some of the damage development for the 45° orientation but not the -45° one, 

unfortunately. This damage class represents 1.3% over the nine slices. 
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Figure 5: Illustration of the damage class highlighted in red on 4 subsequent slices from the 

specimen tested at 100 MPa. 

3.3 Acoustic emission 

Figures 5.a, 5.b and 5.c show the AE activity using the cumulative AE events after each cycle for 

the 40, 60 and 100 MPa tests, respectively. As expected, the higher the stress the higher of 

detected AE events (factor 10 between 40 and 60 MPa but also between 60 and 100 MPa).  

The AE events are separated into three groups according to the mechanical steps during which 

they occurred: the loading steps, the creep steps and the other detected AE events (i.e., during 

an unloading or a recovery step) are in green, orange and red, respectively. The data in blue 

represents all the detected events. Firstly, AE events detected during unloading and recovery 

steps are not significant compared to the others, which tends to prove that friction-

based/unwanted AE events are negligible during those tests. Secondly, most of the AE events 

from loading steps occurs during the first two cycles, which results cumulative AE events for this 

group to reach a plateau. Further loading steps do not result in damage development. Finally, 

the cumulative AE events from creep steps keep increasing during the entire test, which seems 

to underline potential time-dependent cracking. The variation of the cumulative AE events 

during creep is similar to the variation of the true residual strain presented in Figure 3.c.  
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(c) 

 

Figure 5. AE activity (i.e., cumulative AE events) within a 15 mm centered region during (a) 40 

MPa, (b) 60 MPa and (c) 100 MPa CC tests on 5HS C/PPS at 120°C. 

3.4 Edge crack density 

Figure 6 shows the variation of the cracked surface density as a function of creep time for each 

stress level based on the simple morphological image approach. Due to the method used to 

estimate edge crack density, tendencies are not well defined for the 40 and 60 MPa tests, but 

the higher the stress the higher the edge crack density. Furthermore, it seems that the edge 

cracked surface densities from the 40 and 60 MPa are constant after the conditioning cycle. In 

contrast, the 100 MPa test show a monotonic increase in the cracked surface on the edge with 

creep time. 

 

 
Figure 6. Variation of the cracked surface density as a function of creep time for each stress 

level based on the simple morphological image approach. 

4. Conclusions 

The purpose of this study was to investigate possible time-dependent damage in AP 5HS C/PPS 

laminates at T>Tg. During these tests, strain partition was used in conjunction with different 

techniques to monitor damage development during mechanical tests (acoustic emission and 

                                   XμCT         Th                lusions can be reached from 

the previous results: 

• The largest part of the viscoelastic strain takes place during the first 15 min of creep, 

whereas viscoplastic strains continue after 15 min, especially at 100 MPa. 
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• Tomographic observations highlighted that the two main damage mechanisms (i.e., 

intra-bundle and inter-bundle cracking) occurs at the three stress levels throughout the 

laminates. The clustering approach gives encouraging results for the identification of 

damage using XμCT      , however improvements are needed to correctly quantify its 

distribution. 

• AE seems to highlight time-dependent damage at the three stress levels. However, 

surface crack density at the edges using the simple morphological image approach 

seems to only confirm this observation at 100 MPa. Further analyses using the clustering 

approach should confirm or refute the previous observations. 
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Abstract: This study aims to investigates the in‐plane mechanical properties of continuous fiber‐
reinforced polymer fused filament parts based on a thermoset‐thermoplastic bi‐matrix material. 
This relatively new 3D printing concept has the potential to combine the advantages of separate 
thermoset  and  thermoplastic‐based,  fused  filament  fabrication  methods  and  to  advance 
continuous fiber‐reinforced polymer 3D printing toward higher mechanical performances printed 
parts.  The  experimental mechanical properties  (stiffness and  strength) of  the  flat  composite 
specimens  in tensile  (longitudinal and  transverse), and  in‐plane shear are studied.  In all  tests 
strain fields were obtained by digital image correlation method (DIC).  

Keywords: 3D-Printed composites; mechanical properties; continuous fiber; X-ray. 

1. Introduction 

Additive manufacturing (AM, commonly referred to as 3D-printing) have a demonstrated 
capacity for flexible production polymer components, offering exceptional flexibility in achieving 
complex geometries. While AM itself is a wide field with different materials and methods, the 
fused filament fabrication method (FFF) can be considered as the most widely used technology 
because of its cost convenience and simplicity. However, low mechanical performance of 
unreinforced thermoplastic polymers is the main issue for industrial applications. More recently, 
research on methods for 3D-printing of continuous fiber-reinforced polymers (CFRP) were 
developed. It offers significant improvement in mechanical properties compared to 
discontinuous fibers. There are, up to date, few commercial machines available for 3D-printing 
with continuous fiber based on FFF method. This evidences the fact that 3D-printing with 
continuous fibers is still a rising technology with no standard paradigm. Compared to traditional 
fiber-reinforced composites manufacturing techniques, printed CFRP are also based on stacking 
a series of discrete layers however no expensive tooling is required. As reinforcements can be 
accurately placed, the laminated structure of composite parts can be further optimized in each 
layer, allowing for an increase in design freedom and mechanical performance.  

These new advances in the FFF process have been allowed the use of high-performance 
materials in many industries, and consequently, it is very important to well know their 
mechanical properties for the proper composite structural design. Although several studies have 
presented important investigations on the mechanical properties characterization of printed 
fiber-reinforced thermoplastic, gaps have still remained. For example, most part of works 
reported the elastic properties for the whole laminate instead of the lamina. Tensile strength is 
the most studied mechanical property. Transverse elastic properties for fiber-reinforced 
filaments are rare. In many instances, information about the layup sequence, infill density, fiber 
volume fraction, number of thermoplastic floor/roof layers were not entirely presented, each of 
which could result in noticeable difference in the resulted mechanical properties. In view of 
above, the present work intended to evaluate how close printed CFRP behaves like a traditional 
fiber-reinforced composites. To this end, tensile longitudinal, tensile transverse and in-plane 
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shear moduli were established by testing CFRP-FFF specimens manufactured using a recent 
technology proposed by Anisoprint [1]. 

2. Materials and manufacturing 

2.1 Specimen manufacturing 

All specimens were printed using an Anisoprint Composer-A3 continuous fiber composite printer 
(Anisoprint LCC, Russia). It provides a bi-matrix concept, based on preliminary impregnation of 
fiber in the form of a tow into an epoxy thermoset matrix [2]. The printer head are equipped 
with two nozzles. A standard nozzle, called plastic  extruder for conventional thermoplastic 
filaments and a co-extrusion nozzle called composite extruder. This second one has two inputs: 
one for the reinforcing fiber and the other for thermoplastic filament. Reinforcing fiber and 
plastic are fed separately. Due to the co-extrusion process, three filaments (two plastic, one 
continuous fiber) are necessary for the operation of the machine. Specimens are reinforced with 
a carbon fiber, which has 1.5k filaments per fiber tow. Each carbon fiber tow has an effective 
diameter of 0.35mm and its linear density is 145tex. The pre-impregnated carbon fiber tow 
volume fraction is about 60%. It is significantly reduced by the integrated co-extrusion process. 
During the printing, the composite carbon fiber was embedded into thermoplastic polyamide 
(PA12) matrix (CFC-PA by Polymaker, China). The PA12 filament has an effective diameter of 
1.75mm, and its density is 1.17g/cm3. Similarly Smooth-PA (also PA12) with 1.06 g/cm3 (Smooth-
PA by Polymaker, China) was used in shell zone. 

In 3D-printing of composite laminates, any stacking sequence can be easily achieved. However, 
there are some distinctions to be considered when reading 3D-printed specimen lay-ups. The 
printed specimens can be viewed as “sandwich” laminates consisting of a core of continuous 
carbon fiber reinforced thermoplastic layers (CFTSTP) and a shell of Smooth-PA (TP), in a smaller 
amount, with two or more layers of floor (bottom layers), roof (top layers) and perimeter layers. 
Mechanical properties of composite specimens highly depend on the orientation of fibers. 
Intrinsic anisotropy of composites requires determination of properties at different directions. 
To determine the Young’s modulus and strength, specimens with fibers oriented at 0 (TS-0), 
90 (TS-90), and 45 (TS-45) are manufactured and tested to find longitudinal, transverse and 
shear properties, respectively. Quasi-isotropic (TS-Qiso), 0/90 (TS-0/90) and single 0 ply (TS-
Sply) specimens were also manufactured. Default process parameters suggested by the 
manufacturer were used. 

Uniaxial tensile tests were performed on hourglass specimens [3] follow the nominal dimensions 
shown in Fig. 1. Samples had a gage zone defined by the nominal gage length g=15mm, width 
w=15mm and nominal thickness t=3.6mm. Speed of testing was controlled by the crosshead 
movement at 1mm/min. Three specimens per sample were tested. Drawings of the different 
fiber orientations are presented in in Fig. 2.  The global directions are represented by the 
coordinate system XYZ and the local material directions are represented by the coordinate 
system 123. The global direction X is the load direction. The layup sequence and sample codes 
of the composite specimens are presented in Table 1. Finally, effective section dimensions are 
obtained by X-ray tomography as shown in Fig. 3. This allows to calculate the cross-sectional 
area ratios of thermoplastic (TP) shell layers 𝑉  and reinforced carbon fiber thermoset-
thermoplastic (CFTSTP) layers 𝑉 .  
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Figure 1. Uniaxial tensile printed specimen, where: Width overall wo = 20 mm, Width of narrow section 

w=15 mm, Length overall lo=200mm, Distance between grips d=120 mm, Radius r=721.25 mm. 

 
Figure 2. Schematic representation of base “ply” configurations: 0, 90 and 45, with respect to the 

loading direction X (PA shells in orange and internal fiber filling in black). 

 

Table 1: Stacking sequence and deposition pattern for the manufactured specimens. Thickness t in mm 
measured by X‐ray tomography. 

Sample name Floor layers (TP) Core layers (CFTSTP) Roof layers (TP) 𝑉  Properties 

TS-0 t=3.8 [45]2  t=0.3 [0]8    t=3.2 [45]2  t=0.3 0.78  𝐸 ,  𝜎  

TS-90 t=3.8 [45]2  t=0.3 [90]8   t=3.2 [45]2  t=0.3 0.78 𝐸 ,  𝜎  

TS-45 t=3.8 [45]2  t=0.3 [(45)4]S   t=3.2 [45]2   t=0.3 0.78  𝐺 ,  𝜎  

TS-0/90 t=3.8 [45]2   t=0.3 [(0/90)4]S   t=3.2 [45]2  t=0.3 0.78 - 

TS-Qiso t=3.8 [45]2  t=0.3 [(0/90/+45/-45)4]S   t=3.2 [45]2  t=0.3 0.78 - 

TS-Sply t=3.7 [45]10  t=1.65 [0]1   t=0.4 [45]10  t=1.65 0.10 - 

 

 
Figure 3. Example of cross section obtention for samples TS‐0, TS‐0/90 and TS‐Sply. TP shell layers (floor, 

roof and perimeter) and CFTSTP core. 
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2.2 Lamina mechanical properties 

As previously mentioned, the printer software requires some pure PA layers at the top, bottom 
and perimeter of all printed composite parts. It implies that is not possible to directly measure 
the mechanical properties of the carbon fiber composite lamina. In this context, a simple 
method based on mixture distribution. Thus, substituting, the longitudinal elastic modulus of 
reinforced layers (CFC-PA) can be written as: 𝐸 𝐸 𝐸 𝐸          (1) 

where 𝐸 , 𝐸  and 𝐸  are respectively the elastic moduli of reinforced core layers, shell layers 
and homogeneous equivalent material. The index 𝑖 denotes the elastic modulus that is being 
determined in function of the tested specimen, as shown in Table 1. To compute the in-plane 
shear elastic properties of reinforced lamina, the stress over reinforced core layers must be 
written in function of the longitudinal stress over the representative volume, then: 𝜎 𝐸 𝑉 𝐸           (2) 

where 𝜀  and 𝐸  are, respectively, the longitudinal strain and modulus measured specifically 
over the in-plane shear composite specimens. Therefore, the in-plane shear modulus of 
reinforced lamina can be determined [3] by: 𝐺           (3) 

 

3. Experimental testing results 

Fig. 4 presents the engineering stress–strain curves recorded throughout the tensile test for 
composite specimens. For all tested directions, it can be noticed a good consistency between 
the elastic modulus of the tested specimens. Regarding the tensile strength, no significant 
variations were observed, with exception of TS-Qiso tests. For TS-90 and TS-45 specimens have 
not failed within 5% strain. Thus, the data were truncated to the 5% strain mark and ultimate 
tensile strengths were not computed. The recorded data during the experiments have been 
processed and the average values for composite specimens are reported in Tables 2.  

The tensile (𝐸  and 𝐸 ) and in-plane shear (𝐺 ) elastic moduli for the CFTSTP laminae alone 
were computed according to Eqs. (1) and (3) and are presented in Table 2. It is worth to say that 𝐸 1500 𝑀𝑃𝑎 is the measured elastic modulus of 100% PA specimen (curves are not 
presented). When compared (without any normalization) to typical values for thermoplastic 
composites elastic moduli, the results illustrated in Table 2 present modest values. However, 
considering the fiber volume fraction and consequently perform a ratio of elastic moduli 
(longitudinal and transverse) to the fiber volume fraction, the composite material tested in the 
present work provide good results. Reference values [4] for CF/PA6 thermoplastic composites 
are about 𝐸 98.2 𝐺𝑃𝑎, 𝐸 7.4 𝐺𝑃𝑎, 𝜎 1308.9 𝑀𝑃𝑎, for a fiber volume fraction 𝑉
43.1 %. Using standard process parameters, the achieved 𝑉  by CFRTSTP long fiber technology 
is around 20.5%. It can be inferred from the data in Table 2 that, the stiffness of TS-Qiso is 
directly proportional to the number of 0 layers, which seem to work independently of other 
directions. This observation can be explained by the lack of consolidation between layers.  
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(a) TS-0 

 
(b) TS-90 

 
(c) TS-45 

 
(d) TS-0/90 

 
(e) TS-Qiso 

 
(f) TS-Sply 

Figure 4. Tensile engineering stress–strain curves for composite specimens. 
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Table 2: Experimental results elastic moduli and ultimate strengths. 

Sample name 

Homogeneous  

equivalent material 
CFTSTP core 

Elastic  
modulus  
avg (GPa) 

Ultimate  
strength 
avg (MPa) 

Elastic  
modulus  
(GPa) 

Ultimate  
strength 
(MPa) 

TS-0  𝐸 36.5  𝜎 332 𝐸 46.3  𝜎 424 

TS-Sply 𝐸 6.2 𝜎 84.9 𝐸 47.9 𝜎 655.3 

TS-90  𝐸 1.0  𝜎 14.3 𝐸 0.85 - 

TS-45  𝐺 0.49 𝜎 15.8 𝐺 0.47 ‐ 

TS-0/90  18.7 226 23.5 284 

TS-Qiso 9.4 98.6 11.6 121.75 

 
4. Conclusion 

The mechanical performance of 3D printed continuous fiber reinforced thermoplastic 
composites was studied. With the actual state of 3-D printed CFRTSTP long fiber technology, 
composite parts cannot fully compete in terms of the maximum achievable elastic modulus and 
ultimate strength, against the high-performance thermoplastic composites manufactured by the 
classical methods where high fiber volume fraction can be reached (40-65%). Thus, classical 
laminate design approach seems to be inappropriate. However, 3D-print long fiber technology 
combines the high specific strength/stiffness of composite materials with unique capabilities of 
manufacturing complex geometries. As reinforcements can be accurately placed, the laminated 
structure of composite parts can be further optimized in each layer, allowing for an increase in 
design freedom and mechanical performance, reducing the effort required to produce light-
weight parts manufactured with minimum wastage of materials. 
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Abstract: The increasing interest in 3D printed composites for more sustainable, reliable, and 

lightweight aerospace structural components entails the need to understand and model their 

mechanical behavior under loading. The meso and microstructure of 3D printed composites, 

including porosity, defects, and weak interfaces, only detectable with in-situ characterization 

techniques, drive their failure mechanism. We propose a microstereoscopic digital image 

correlation based characterization approach to study the interlayer delamination of high-

performance carbon fiber reinforced parts manufactured by fused filament fabrication and 

promote the development of modeling tools. We deliver full-field displacement and strain 

measurements at the crack tip of miniature compact tension specimens printed using 30 wt% 

carbon fiber reinforced polyetheretherketone. We tested specimens with 0°- 90° and ± 45° layers 

stacking to investigate the influence of the mesostructure on the local deformations under mode 

I load. Fractography contributed to a further understanding of the local interface failure 

mechanism. 

Keywords: Additive Manufacturing; Composites; Characterization; Digital Image Correlation; 

Fracture mechanics 

1. Introduction 

The interplay of composite materials and 3D printing enables the manufacturing of lightweight, 

high-strength components for more sustainable structural aerospace solutions [1]. The 

reinforcement embedment in a polymer matrix ensures the mechanical properties and 

functionalities required in operating conditions, reducing the final part weight and thus the CO2 

emissions [2]. Moreover, as opposed to injection molding or casting, additive manufacturing 

delivers the final part design, although complex, without any massive machining or post-

processing, cutting off drastically the material waste [3]. Extrusion-based techniques, such as 

fused filament fabrication (FFF), are currently the most widespread 3D printing approach as they 

deliver complex parts through a relatively cheap and straightforward process [4]. FFF envisages 

the layer by layer deposition of the molten thermoplastic filament on a heated platform, 

following the geometry defined in the computer-aided design file and based on the printing 

parameters specified during slicing [5]. Short fibers (mainly carbon and glass fibers) can be 

embedded in the polymer matrix before feeding the heated nozzle for the effective 

reinforcement’s impregnation and dispersion [6],[7]. The semi-crystalline thermoplastic 

polyetheretherketone (PEEK) is chosen as a matrix when high strength, chemical and thermal 

resistance, or biocompatibility are primary requirements [8]. 

The multiscale failure mechanism of FFF composites is complex as it involves both the 

delamination of weak interfaces due to the incomplete layers’ adhesion during deposition, the 

porosity-driven crack nucleation, and the fiber-matrix debonding [9],[10]. Moreover, the fibers’ 
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directional deposition and hardly controllable dispersion yield the final part anisotropy [11]. 

Multiscale characterization is essential to understand the influence of the architecture, layup, 

and meso and microvoids on the damaging of 3D printed carbon fiber reinforced PEEK, thus 

guiding the design of reliable aerospace structural components[12]. Moreover, experimental 

data are required to support the development of constitutive models for FFF composites in 

operating conditions to support the testing phase. Due to the relatively recent introduction of 

short fiber composites as a feedstock material for extrusion-based processes, the majority of 

the works in the literature focuses on the identification of the printing and material parameters 

maximizing the elastic properties under tensile and flexural load [13–15]. However, local 

characterization approaches are necessary to investigate the effect of the architecture and the 

multiscale porosity on the final part failure mechanism under loading [16,17]. Few authors 

emphasized the suitability of contactless characterization approaches, such as digital image 

correlation (DIC) and X-ray tomography, to identify the local phenomena causing the FFF 

composites' failure and investigate the fibers' role in the damage mechanisms [1,9,18]. DIC is an 

optical characterization technique that exploits the correlation between a reference and a 

deformed speckle pattern, applied on the specimen surface prior to testing to estimate the 

displacement distribution based on image matching [19]. The local strains are then derived for 

each subset, and smoothing techniques deliver a continuous field all over the inspected region 

of interest.  

In this work, we present a contactless in-situ characterization approach to study the interlayer 

fracture of high-performance composites manufactured by FFF. The primary failure mechanism 

for such parts is thus the interlayer delamination due to the incomplete molecular diffusion 

during deposition and thus weak bond between deposited layers [1,20]. We deliver full-field 

displacement and strain measurements in the vicinity of the delamination front by 

microstereoscopic digital image correlation for specimens with 0°- 90° and ± 45° stacking. We 

analyze the specimens’ macroscopic response, along with the local strain distribution at the 

interface, to identify the local phenomena arising during delamination, such as secondary 

interface failure or fiber breakage. Scanning electron microscopy contributed to validate the 

observations drawn from the strain contour plots and macroscopic responses. 

2. Materials and methods 

2.1 Specimens manufacturing 

We designed miniature compact tension (CT) specimens, adapting the ASTM E 180-20 

standard to meet the constraints in terms of region of interest size for the stereoscopic 

imaging (~ 7 x 7 mm2) and material consumption minimization due to the high materials costs 

and its complex recycling. Figure 1a shows the specimens’ geometry, including a 600 μm thick 

notch to ensure the crack propagation within the observed region of interest in the proximity 

of the specimen mid-plane. We selected 30 wt% carbon fiber reinforced (CF) TECAFIL Victrex 

PEEK, supplied by Ensinger, as a feedstock material, due to the high fibers infill and elastic 

properties, suitable for high-performance applications. Prior to printing, the filaments were 

dried under vacuum at 60 °C for at least 6 hours to prevent air moisture absorption. We 

manufactured the miniature CT specimens in the AON3D M2 printer to attain the bed and 

chamber temperatures of 180 °C and 120 °C, respectively, required for the CF PEEK extrusion 

and adhesion during printing.  
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                                (a)                                                                          (b)  

Figure 1. Miniature CT specimen design (a) and stacking sequences (b). (a) The crack 

propagation is constrained at the specimen’s mid-plane by the presence of a 600 μm thick 

notch (A), manufactured by removing the support (B) after printing. (b) We characterized 

specimens with 0°- 90° and ± 45° layers stacking to identify the role of the architecture on the 

interlayer delamination. The 0°, 90° directions coincide with the x ̄and ȳ directions, respectively, 

in the global reference system. All the dimensions are in mm. 

The feedstock material supplier suggested a higher chamber temperature (~ 250 °C) to 

maximize the fracture properties, however unattainable with the AON3D M2 extruder. We 

installed a 400 μm diameter nozzle on the Dyze design extruder, and we chose a 200 μm layer 

height to increase the final part dimensional accuracy. We printed the specimens at a nozzle 

temperature of 440 °C and 35 mm/min speed to hinder the layers’ interface cooling after the 

extrusion. Figure 1b illustrates the two different deposition patterns that we considered, 

namely ± 45° and 0°- 90°, defined in the slicer Simplify3D for the GCode generation to study 

the fracture mechanics of specimens with a different mesoscale architecture. The 0° and 90° 

directions are coincident with the x ̄and ȳ directions in the global reference system, 

respectively. Each printing job envisaged the manufacturing of a single specimen to reduce the 

layers cooling time and thus maximize the adhesion. After manufacturing, we mechanically 

removed the support at the notch using a metallic razor blade. The support removal 

introduced a pre-crack at the notch tip, in agreement with the mechanical pre-cracking 

guidelines of the ASTM E1820-20 standard, due to the interfaces’ brittleness. We polished the 

specimens’ surface using the Buehler Metaserv 2000 grinder-polisher and the CarbiMetTM 

silicon carbide abrasive paper with decreasing grit sizes of 100, 240, and 320. We applied mat 

white paint on the polished specimen’ surface, and once dried, we nebulized carbon black ink 

using an airbrush to obtain a fine non-periodic speckle pattern over the region of interest for 

correlation. 

2.2 In-situ characterization during mode I delamination 

Figure 2a illustrates the imaging setup supplied by Correlated Solutions, including a 

stereomicroscope with high-resolution cameras installed (1), the microscope head (2) to align 

the field of view with the region of interest on the specimen surface, and a precision movement 

platform to control the x, y, z movement and dampen the vibrations (3). We monitored a surface 

of ~ 8.5 x 7.2 mm2 around the delamination front and performed DIC measurements over a 

region of interest of 6.5 x 5 mm2, meshed according to the step and subset defined for the full-

field displacement and strain measurements, as shown in Figure 2b and 2c, where a 

representative xy strain contour plot is shown. The software VicSnap remotely controlled the 

images acquisition at a frame rate of 4 FPS during the specimen mechanical loading with the 

Insight Electromechanical testing machine at a speed of 0.5 mm/min.  
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(a)                                                                            (b)                                                  (c)                            

Figure 2. Imaging setup for microstereoscopic digital image correlation and analysis approach. 

The stereomicroscope module includes two Grasshopper high-resolution cameras (1) and a 

support platform (3) to dampen the vibrations and control the x, y, and z microscope movement 

to align the field of view (2) with the region of interest on the specimen surface(4). The software 

Vic-3D implements a local approach based on the region of interest meshing in subsets over 

which the correlation problem is solved (c) to deliver full-field displacement measurements 

through smoothing techniques (d). 

We selected the testing speed, the frame rate, and the region of interest size to successfully 

track the rapid crack advancement over the specimens' surface caused by the brittleness of the 

interface. 

2.3 Images post-processing 

We analyzed the images using the software for local correlation Vic3-D V7.2.4 (Correlated 

Solution) and exported the nodal data for the displacement and strain contours plotting with 

Python. We focused on the y component of the displacement (V) and Lagrangian strain (εyy), 

parallel to the opening load direction. The high-speed cameras allowed to capture the crack 

advancement at different time steps to investigate the strain distribution evolution with time, 

despite the high crack propagation speed. 

2.4 Fractography 

We inspected post-mortem the specimens’ cross-section and fracture surface by scanning 

electron microscopy using the Hitachi-TM3030Plus tabletop microscope. The specimens were 

cut using liquid nitrogen and coated with chromium prior to their inspection for the interaction 

with the electrons beam.  

3. Results and discussion  

Figure 3 presents the full-field measurements obtained for specimens with ± 45° stacking 

undergoing interlayer delamination for three time steps after the peak load. No information is 

lost over the selected region of interest, thanks to the careful selection of the analysis 

parameters (subset size, step, thresholds, and filters). The quasi symmetric V contour plot 

highlighted the effective load transfer from the electromechanical machine pins to the 

specimen midplane. The crack length was directly measured in the V contour plot, and its 

variation from 1.1 mm (A) to 2.8 mm (C) was tracked during delamination. The εyy contour plot 

shape conformed to the butterfly lobes distribution conventionally observed at the crack tip of 

compact tension specimens undergoing mode I failure [21].  
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Figure 3. Full-field displacement and strain measurements over a region of interest of 6 x 5 

mm2 around the propagating crack on the surface of CT specimens with ± 45° stacking. The 

quasi-symmetric V displacement field revealed the effective load transfer at the specimen 

midplane during delamination. The εyy local distribution at the crack tip follows the butterfly 

lobe shape expected for specimens undergoing mode I failure. 

 
Figure 4. Full-field displacement and strain measurements on the surface of specimens with 0°-

90° stacking undergoing interlayer failure. The quasi-symmetric V distribution confirmed the 

effective load transfer at the specimen’s midplane. The εyy lobes distribution is affected by 

measurements noise that can be attributed to the rigid body motion caused by the sudden 

crack propagation or to the simultaneous damage of parallel interfaces.  

!"#$#%#&'&"(#)#

*"**' +
,,#
-./ *"*0

1"#$#%#&''"'#)# 2"#$#%#&'3"4#)#

5# -66/

&#66

.*"*4 *"*4

!"##

$%&

!'!"## !'("##

y

x

&#66

)'*"##

!"##!"##

$
%%"
&'()" &##('*+*, *+*, *+**- *+*.

y

x

$
%%"
&'(*+**, *+*-

y

x )" &##('*+*, *+*,

!+"/"0"11+."2"

"+"/"0"3*+3"2"

!"##

!"##

!"##

!"## !"##

987/1211 ©2022 Lingua 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 strain concentration area is localized in the near proximity of the rapidly propagating crack 

and progressively growing until the lobes shape regularity is partially lost, in C, probably due to 

the simultaneous damage nucleation and propagation on a parallel layers’ interface. The 

displacement and strain spatial resolutions were 673 and 676 μm, respectively. Figure 4 shows 

the full-field measurements found for 0°- 90° interfaces for two time steps after the peak load 

and suggests the comparison with the measurements previously described for specimens with 

± 45° stacking. The V distribution is quasi symmetric, further validating the mechanical loading 

setup effectiveness. The contour plots revealed that the crack rapidly propagated from D to E 

in 0.5 s. The εyy butterfly lobes distribution described for ± 45° interfaces was observed for 0°- 

90° interfaces too (with a spatial strain resolution of 663 μm), despite the measurements 

noise, probably due to the failure of different weak interfaces or to the vibrations deriving 

from the sudden delamination. The local εyy values recorded for specimens with 0°- 90° 

stacking are lower than those observed for specimens with ± 45° oriented layers, in agreement 

with the force-displacement response recorded by the Insight loading machine, shown in 

Figure 5a. The macroscopic specimens’ response highlighted the specimens’ brittle failure 

behaviour, independently from the stacking. Moreover, after failure, the force-displacement 

curve step behavior, highlighted in yellow, revealed the simultaneous delamination of 

different weak layers interfaces parallel to the specimen mid-plane. The A, B, C, D, and E points 

highlight the force and displacement values at which the DIC measurements previously 

described were performed. Figure 5b illustrates the ± 45° stacking specimens’ fracture surface 

(x ̄- ȳ) and cross-section (ȳ - z)̄ inspected by scanning electron microscopy (SEM) after failure.  

 

                                (a)                                                                          (b)  

Figure 5 Representative force-displacement response recorded by the electromechanical testing 

machine for specimens with ± 45° and 0°- 90° stacking (a) and fractography (b). Higher fracture 

energy is involved in the brittle delamination of ± 45° interfaces due to the filaments’ 

misalignment with the crack propagation direction. The points A, B, C, D and E correspond to 

the presented full-field measurements. A step macroscopic response is recorded, revealing the 

progressive failure of different interfaces in the proximity of the specimen midplane. The 

hypothesis is confirmed by the ± 45° stacking specimens’ fracture surface inspection by SEM, 

highlighting the crack path deviation on the adjacent interface. The cross-section image reveals 

the fibers’ alignment with the deposition direction and the presence of multiscale porosity. 
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The fracture-surface inspection shows that the crack propagated on different planes, 

highlighting the difficulty of controlling the crack path when under loading due to the 

weakness of the interlayer molecular bond. There is no evidence of fiber pull-out during 

interlayer failure, and the interfilament interfaces are recognizable on the smooth fracture 

surface. The cross-section SEM image highlights the fibers’ alignment with the ± 45° deposition 

directions as well as the presence of multiscale porosity between and within filaments. The 

step crack propagation on different layers’ interfaces and the sudden brittle failure is one of 

the possible causes of the measurements noise affecting the full-field contour plots.  

4. Conclusions 

We presented and validated an in-situ approach to locally characterize the failure of FFF 

composite interfaces, highlighting the weakness of the layers’ interfaces under mode I load. 

We showed that the interlayer fracture mechanics is related to the specimens’ mesoscale 

architecture, characterized by weak interfaces and multiscale porosity.  

The brittle delamination of specimens with ± 45° stacking involved higher fracture energy and 

local deformations at the crack tip, when compared to specimens with 0°- 90° stacking. 

Microstereoscopic digital image correlation delivered full-field mesoscale measurements on 

the surface of compact tension specimens to study the local crack propagation mechanism. 

The crack tracking highlighted the rapid delamination due to the interface brittleness. The 

availability of full-field high-resolution measurements supports and promotes the 

development of a constitutive interface model for 3D printed composites. However, further 

characterization is required to validate the observations drawn from the first tests, with an 

increased stereomicroscope magnification and various layers stacking. Moreover, the 

investigation of the intralayer delamination could deliver a thorough understanding of the role 

of the meso and microstructure in the interface damage under loading. 
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Abstract: The aim of this study was to improve the impact damage tolerance of thermoset 

composites by using thermoplastic dry fibre. Hybrid yarns made of polypropylene fibre and 

carbon fibre were produced with different yarn structures. A bespoke hybrid yarn manufacturing 

machine has been developed for commingled and wrapped yarns. The impact behaviour and 

mechanical properties of the 3D composites were evaluated through a drop-weight impact test 

and compression after the impact test (CAI). Damage areas in the composites were analysed 

through the C-scan image analysis. The use of hybrid yarn increased impact damaged area at C-

scan analysis and decreased dent depth. Therefore, even though the damaged area of wrapped 

yarn composite was increased compared to neat carbon fibre composites, the impact damage 

tolerance of wrapped yarn composites was improved.  

Keywords: impact damage tolerance; hybrid yarn; polypropylene multifilament; thermoset 

composite; automatic production process 

1. Introduction 

Carbon fibre thermoset composites have become competitive with steel because of their light 

weight, ease of fabrication, and corrosion resistance (1). These characteristics of composites are 

suitable for load-bearing structures and are applied to various industrial applications, such as 

aircraft and marine vessels. Thermosets form high crosslinked structures during curing time and 

increase modulus and failure strength. However, this causes brittleness resulting in low impact 

resistance to crack  (2). Hence, barely visible impact damage from low velocity impact can occur 

during composites manufacturing and in use (3). This significantly diminishes the stiffness and 

strength of composites (4), and this damage of polymer composites can result in an interlaminar 

fracture (delamination), intralaminar fracture (transverse matrix cracking and debonding 

between fibre and fibre fracture (3,5). Hence, it is essential to enhance the impact damage 

tolerance of thermoset composites. 

The damage tolerance of thermoset composites can be improved through the development of 

fabric architectures, resin modification, and interleaving thermoplastic materials (2,6). Firstly, 

the 3D structure displays the highest damage resistance and tolerance among unidirectional 

(UD), 2D plain weave and 3D weave structures (7). The damage of 3D structure composites is 

remarkably localised in the plane, and it shows the lowest damaged area (8,9). In contrast, 

damage of UD composites after impact appears along the fibre direction and shows the biggest 

damaged area compared to 2D and 3D woven composites (8). Secondly, thermoset resins are 

modified by adding thermoplastic particles (10) or liquid rubber (11) to enhance the mechanical 

properties of thermoset composites. The fracture toughness and impact strength of composites 

are improved by blending thermoplastic polysulfone particles and epoxy resin compared to neat 

epoxy resin (10). Furthermore, the nitrile liquid rubber and epoxy resin mixture also decreased 
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the delamination area in the thermoset composites (11). Lastly, interleaving materials such as 

films (12), particles (13), veils (14), and hybrid yarn (15) have been used with thermoset resin to 

improve impact damage tolerance. In particular, thermoplastics are mainly used as the third 

phase because of their high impact damage tolerance and good chemical stability (16). The 

thermoplastic poly ethylene-co-acrylic acid (PEAA) films or polyester veils are inserted at the 

centre of plies and included in thermoset composites to increase damage tolerance (12,17).  

PP fibres are used in many industries due to their low price and high performance (21); 

furthermore, because PP fibre helps to improve the impact damage tolerance of composites 

(15), it is used to produce hybrid yarns with reinforcement fibres. The hybrid yarn combined 

with reinforcement and matrix fibres is made by different techniques such as commingling, co-

spinning, co-wrapping, and co-twisting. They are generally used for thermoplastic composites 

through the consolidation process. However, recently dry hybrid yarns have been used to 

increase the impact damage tolerance of thermoset composites. Commingled yarns of glass 

fibres and polypropylene (or nylon) fibres used to manufacture thermoset composites increased 

compressive strength (15,18). However, commingled yarn reduces the mechanical properties 

through the manufacturing process because reinforcement fibres and polymer fibres are 

mingled by air nozzle, and damage of fibres are caused by air pressure (19,20). Therefore, this 

study manufactured wrapped yarns as well as commingled yarns to minimise fibre damage and 

increase impact damage tolerance of thermoset composites. Generally, the impact damage 

tolerance was evaluated by the compression after impact (CAI) test.  

2. Materials and methods 

2.1 Hybrid yarn manufacturing 

400 tex x 1 carbon fibre and 17 tex x 2 PP multifilament were used to manufacture commingled 

and wrapped yarns. Continuous 6K carbon fibre (T700SC-6000-60E) and polypropylene 

multifilament (Duron CF) were supplied by Toray and Drake Extrusion, respectively. This 

research developed an automatic hybrid yarn manufacturing machine to produce commingled 

and wrapped yarns based on the traditional manufacturing method  (21). The bespoke machine 

for this research involves let off, de-sizing, wrapping, commingling and winding zones, as shown 

in Figure 1. a, b.  

2.1.1 Commingled yarn 

The de-sizing process of PP multifilament was used to enable the PP filaments to be opened 

more by air pressure and to improve fibre distribution (Figure 1. c). A water bath designed by 

the University of Manchester was used (22) with tap water (24°C) at 1.5N tension. After passing 

the de-sizing bath, PP fibres passed through an infrared heater (100°C), a heat gun (120-130°C), 

and an air cooler to dry fibres. The original (Figure 2. a) or de-sized PP (Figure 2. b) were used to 

produce commingled yarn with an air nozzle at 2 bar. The let-off and production speeds for 

commingled yarn were fixed through the preliminary test at 0.22 m/s and 0.18 m/s.  

2.1.2 Wrapped yarn 

The single wrapped yarn was produced at 50 wraps per metre (w/m) with a hollow spindle.The 

wrapping density was controlled by the rotation speed of the PP fibre bobbin (360 rpm) and 

pulling roller speed (28rpm), and winding speed (25 rpm). The double wrapped yarn was also 
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produced at 50 w/m with two hollow spindles. The single wrapped yarn presents one pattern 

where PP yarns wrap around the core fibre at one side (Figure 2. c). In contrast, double wrapped 

yarn shows different patterns because two different PP yarn wraps the carbon fibres in different 

directions (Figure 2.d).  

 

Figure 1 Machine development process to manufacture hybrid yarns: (a) initial CAD drawing, 

(b) actual machine and (c) PP fibre after and before the de-sizing process 

2.2 Composite manufacture 

3D structure preforms are manufactured on the robotic tow placement device developed by The 

University of Manchester (23). The tow density on the pinned flat frame for tow placement was 

fixed at 8 tows/cm in both warp and weft directions. 3D [90/0/90/0/90/0/90] structure preforms 

consisted of 7 layers. In particular, the 3D structure consisted of 4 warp and 3 weft layers held 

by the 6K CF through-thickness binder (Figure 2 e-h). The hybrid yarns were used in warp and 

weft direction, and neat carbon fibres were used for the binder.    

 

Figure 2 3D composite preforms with hybrid yarns: (a) commingled yarn, (b) de-sized PP 

commingled yarn, (c) single wrapped yarn, (d) double wrapped yarn, (e) commingled yarn 

preform, (f) de-sizing PP commingled yarn preform, (g) single wrapped yarn preform, and (h) 

double wrapped yarn preform  
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Preforms were infused by the vacuum bagging method with IN2 epoxy resin (77%wt) and AT30 

slow epoxy hardener (23%wt). These components were prepared in a weight ratio of 100:30 in 

separated cups and degassed under vacuum for 3hr. They were mixed for 2 min and then 

degassed again under vacuum for 15 min. This vacuum bagging process was carried out at room 

temperature. The resin mixture was delivered into the preform for 0.5-1hr and left for 24hr after 

closing the inlet. Once the resin infusion process was finished, samples were heated in an oven 

at 60°C for 6hr to cure the composites fully. The physical properties of 3D structure composites 

with commingled (C), de-sized PP commingled (DC), single wrapped (SW), and double wrapped 

(DW) yarn can be seen in Table 1. The composite density was calculated from the weight of 

specimens in air and distilled water at room temperature following ASTM D792-20 standard test 

methods (24). Fibre volume fraction (FVF) was calculated based on the Rule of Mixtures for 

density which is calculated from the measured and known density of composites (25).  

Table 1: Physical properties of 3D structure wrapped yarn composites 

Sample 

name 

Wrap density 

(w/m) 
No. of yarns 

Thickness 

(mm) 

Density 

(g/cm3) 
FVF 

 CF PP 

3DCF - - 3.1±0.1 
1.384 

±0.012 
0.60 - 

3DCF-2PP-C - 2 3.4±0.1 
1.344 

±0.032 
0.60 0.02 

3DCF-2PP-DC - 2 4.0±0.4 
1.330 

±0.005 
0.52 0.02 

3DCF-2PP-

SW50 
50 2 3.5±0.1 

1.382 

±0.034 
0.55 0.02 

3DCF-2PP-

DW50 
50 2 3.4±0.1 

1.351 

±0.031 
0.57 0.02 

 

2.3 Testing 

The specimen dimensions for the impact test and CAI tests were 55 x 89mm, which was 

developed for the specimen scale of the CAI test by Prichard and Hogg [28]. The prepared 

samples were set on a CEAST 9350 drop-weight impact machine with a hemispherical radius of 

20 mm and a total mass of 2kg. 3D structure composites were subjected to 10J nominal impact 

energy. An INSTRON 5969 machine was used for the CAI test with a constant crosshead 

displacement of 0.5mm/min and a 50kN load cell. The accumulated damaged area by the impact 

was assessed through the Ultrasonic C-Scan (Midas NDT Ltd.) with a probe frequency of 1MHz 

and scanning speed of 150mm/s. The damaged area data and images of samples from C-Scan 

were obtained by using Zeus v3 software. Dent depth after impact was measured by a digital 

depth gauge.  

3. Results & discussion 

3.1 Impact test 

The force-displacement impact curves of 3D structure commingled and wrapped yarn 

composites at 10J are shown in Figure 3, and their impact test results are summarised in Table 

2. The hybrid yarn composites almost reach up to 5.5kN, and then the curves reverse after the 
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impactor rebounded from the composites. The peak force and displacement of the 3D structure 

CF composite (3DCF) show the highest value among the composite samples. However, 3DCF 

shows rough curves until it reaches the highest peak force compared to hybrid yarn composites. 

The absorbed energy of almost all of the samples shows similar values; however, double 

wrapped yarn composites show significantly decreased recovered energy. 

 

Figure 3 Typical force-displacement curves of (a) neat CF, (b) commingled yarn, (c) de-sized PP 

commingled yarn, (d) single wrapped yarn, and (e) double wrapped yarn composites at 10J 
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Table 2: Summary of impact test results of 3D structure composites with hybrid yarns at 10J  

Sample 
Peak force 

(N) 

Peak 

displacement 

(mm) 

Residual 

displacement 

(mm) 

Absorbed 

energy (J) 

Recovered 

energy (J) 

3DCF 5524.0±64.8 3.6±0.1 0.5±0.1 4.7±0.1 5.3±0.1 

3DCF-2PP-C 5460.8±117.4 3.3±0.1 0.5±0.1 5.0±0.2 5.0±0.2 

3DCF-2PP-DC 5477.5±113.6 3.1±0.0 0.5±0.1 5.5±0.2 4.4±0.2 

3DCF-2PP-

SW50 
5498.3±204.4 3.3±0.2 0.4±0.0 4.8±0.1 5.2±0.1 

3DCF-2PP-

DW50 
5231.9±155.3 3.5±0.1 0.7±0.1 5.7±0.2 4.3±0.2 

 

3.2 C-scan 

The accumulated damaged area of 3D structure composites shows round shapes, as shown in 

the insets to Figure 3. The calculated damaged areas from Ultrasonic C-scan images and dent 

depth are shown in Figure 4. a. The damaged areas are increased, and dent depth is decreased 

by hybrid yarns in the composites. A possible explanation for this result might be that impact 

energy is dissipated by the thermoplastic fibres and 3D structure (7,26). The double wrapped 

yarn composites (3DCF-2PP-DW50) have the highest impact damage area among the hybrid yarn 

composites.  

 

Figure 4 Compressive strength of 3D structure hybrid yarn after 0J, 10J and 25J impact test  

3.3 CAI test 

The compression test of 3D structure composites was performed after 0J, 10J and 25J impact 

tests. Figure 4. b illustrates the compressive strength of hybrid yarn composites. The failure of 

specimens after impact started at the impact area. However, because the failure of unimpacted 

specimens (0J) is generated near the boundary of the compression tool, undamaged laminates 

cannot provide a true measure of compression strength. This research performed a compression 
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test on undamaged specimens at the same test set-up of the CAI test to compare the 

compressive strength between neat CF composites and hybrid yarn reinforced composites even 

though it cannot obtain actual values. Single wrapped yarn shows the highest compressive 

strength after impact among the composites samples. Compressive strength of commingled 

yarn and developed commingled yarn composites decreased by 25% and 13% compared to neat 

carbon fibre composites after the 10J impact test. This may be because of CF damage during 

production. A significant difference was found between commingled and wrapped yarn 

composites. The compressive strength of single-wrapped yarn composites increased by 10% 

after the 10J impact test. However, double wrapped yarn composites decreased by 27% against 

neat carbon fibre composites. Even though double wrapped yarn shows the widest damage area 

in Figure 4. a, it presents the lowest compressive strength. This confirms the significance of 

hybrid yarn structure in enhancing damage tolerance.  

4. Conclusion 

This study investigated the impact damage tolerance and behaviour of thermoset composites 

by manufacturing hybrid yarns. Impact damage tolerance of single-wrapped yarn composites 

increased as impact energy was dispersed in the composites. However, commingled and double-

wrapped yarn composites decreased damage tolerance because of carbon fibre damage during 

the yarn manufacturing process and overlapped wrapped yarn structure. The compressive 

strength of commingled yarn composite was slightly improved after PP fibre de-sizing. However, 

it is still lower than neat CF composites. Therefore, this result shows that PP multifilament 

spreads impact energy; however, damage tolerance can be increased when a proper hybrid yarn 

structure is applied. 
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Abstract: The effect of using thin plies to increase the bearing strength of composite laminates 
was investigated. Five different composite laminates were manufactured using a single material 
system with varying proportions of thin plies (100% thick-ply, 50% thin-ply and 100% thin-ply). 
Bearing tests were performed and the results from the tests are investigated. The results show 
that performance in terms of bearing strength at onset of damage, and ultimate bearing stress 
increase proportionally with the increasing amount of thin plies within the stack. Microscopic 
examination of the failure modes for all laminates was performed at the center of the hole to 
determine the dominant failure mode. Transition zone was investigated where both thin and 
thick plies were designed so that the thin plies are used only when more strength is required. 

Keywords: Thin Ply; Matrix crack; Bearing strength, Hybrid laminate. 

1. Introduction 

Composite materials have found usage in many industrial applications and more recently they 
are increasingly used in aerospace panels and airframes. The use of composites in the aerospace 
industry is justified by their excellent specific modulus and strength. When a composite laminate 
is loaded in tension with increasing load it will eventually fail (macroscopically). The failure is 
preceded by initiation and evolution of several microdamage modes and if the amount of 
damage increases during, for example the service life of the structure, laminate thermo-elastic 
properties are reduced. Several studies have been published describing the effect of damage 
development in composite laminates on the thermo-elastic properties [1-5]. Hence, it is 
desirable to suppress the damage development, especially the initiation of transverse cracks, 
which is typically the origin for the successive damage modes: delaminations and fiber breaks. 
One way to realize this effect is by reducing the thickness of the plies in the laminate which will 
effectively increase the transverse tensile strength of a ply. The general effect of an increased 
first crack formation strain in thin layers of laminates in tension is described in [6, 7]. Another 
example of the thin-ply effect was demonstrated by Sihn et al. [8], who performed an 
experimental campaign comparing the mechanical properties of conventional laminates to thin-
ply laminates. In this study it was observed that without special resins, the thin-ply laminate 
composites suppress microcracking, delamination and splitting damage for static, fatigue and 
impact loadings. In [9], quasi-isotropic laminates were prepared using both standard prepregs 
and thin-ply prepregs in order to examine the effect of ply thickness on the damage 
accumulation processes. Clear difference on the damage accumulation process between 
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standard laminates and thin-ply laminates was identified; fiber fractures occurred in thin-ply 
laminates. The effect of ply thickness on the crack propagation mechanism was discussed by 
Saito et al. [10] with respect to the energy release rate of the intralaminar transverse crack 
calculated using finite element analysis. They verified the crack suppression effect using thin ply 
and they concluded that this effect is apparently caused by a decrease in the energy release rate 
at the crack tip in the thin layer. Numerical studies presented in [11-13] analyzing the influence 
of ply thickness on the in-situ strengths showed a significant improvement in transverse cracking 
and delamination resistance when using thin-ply based laminates. 
The use of thin plies is beneficial; however, it is very costly to make a part with 100% thin plies. 
For that reason, it is desirable to achieve a hybrid solution, where thin plies are used where they 
can contribute the most performance to the structure and conventional plies are used otherwise 
The work in [14,15] demonstrated that for laminates with a combination of thin and thick plies, 
both the amount and the distribution of thin plies influences the failure behavior and failure 
loads. Several experiments were performed on unnotched as well as notched and bearing 
loaded specimens and the effect was also found to be depending on loading condition. 
One potential application where the crack suppression characteristics of thin-ply laminates may 
be advantageous, is in bolted joints where composite structures are subjected to bearing loads. 
The effect of using thin plies to increase the bearing strength of composite laminates has been 
investigated in [16]. The results show that performance in terms of bearing stiffness, strength at 
onset of damage, and ultimate bearing stress increase proportionally with the increasing 
amount of thin plies within the stack. Shifting from a 100% conventional ply laminate to a 100% 
thin-ply laminate gave an increase of 47% in the strength at onset of damage.  
The current study sets out to evaluate the performance of thin-ply material, specifically in 
bearing strength, in a series of laminates manufactured with a single material system. 

2. Layups and testing 

2.1. Material selection and layups 

This study consists of 3 materials provided by the Swedish SME Oxeon: Textreme 80 (thin-ply), 
Textreme 160 (thin-ply), and UD (thick-ply). For a volume fraction about 60%, the thickness of 
one layer of Textreme 80 (T80), Textreme 160 (T160) and UD (thick-ply) is 40 micrometers, 80 
micrometers and 128 micrometers respectively. 
With a combination of thick and thin plies, the following 5 laminates were manufactured in an 
autoclave.  
 
Laminate ID 1: This laminate is made of 50% Textreme 80 (T80) and 50% of 100%UD thick-ply. 

Laminate ID 2: This laminate is completely made of Textreme 80 (T80) which is 100% T80 thin-
ply. 

Laminate ID 3: This laminate is made of 100% UD which is 100% thick-ply. 

Laminate ID 4: This stack consists of 100% Textreme 160 (T160) which is 100% T160 thin-ply.  

Laminate ID 5: This laminate is made of 50% Textreme 160 (T160) and 50% of 100% UD thick-
ply. 

Table 1 shows the layups used in testing. UD thick-ply is showed in bold text. 
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Table 1: Layups description for laminates tested. 

Laminate ID Materials used Lay-up 
1 50% T80 [((0/90)/45/(0/90)/-45/(0/90))3]s 
2 100% T80 [((0/90)/(45/-45))10]s 
3 100% UD [(0/90/45/-45)3]s 
4 100% T160 [((0/90)/(45/-45))5]s 
5 50% T160 [((0/90)/45/-45/(0/90)/45/-45/(0/90))1,5]s 

 
2.2. Bearing test and standards 

Bearing strength is defined as the maximum stress load that the unit can bear before the 
structure fails. The bearing stress of the composite laminate at each data point is calculated 
using the equation 1.  σ = ∗ ∗           (1) 
Where σ is the bearing stress, P is the bearing force, k is the force per hole factor, D is the hole 
diameter, h is the thickness of the test specimen.  
Ultimate bearing strength F is calculated according to the equation 2. 𝐹 = ∗ ∗           (2) 
Where Pmax is the maximum applied bearing force prior to bearing failure. 
All mechanical testing process follows a particular standard. Here, bearing test is performed 
according to ASTM D5961. This standard consists of 4 different procedures A, B, C, D. And 
amongst these, procedure A, double-shear tensile loading as in figure 1 is used. 

 
Figure 1: Bearing test assembly. 

According to this procedure, a flat, constant rectangular cross-section specimen with the 
centerline hole is located near the end of the specimen and is loaded at the hole in the bearing. 
The bearing force is created by loading the assembly in tension in a testing machine. 

3. Results 
3.1. Bearing tests 

The main aim of the work was to investigate the bearing strength of all the five layups mentioned 
above.  
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Figure 2: Bearing stress/strain curve of 100% T80 loaded at 70%, 80% and 100% of its ultimate 
load. 

Figure 2 shows the example of the bearing stress/strain curve of materials which were loaded 
up to 70%, 80% and 100% of each layup’s ultimate strength. 

 

Figure 3: Onset strength of all layups 

 

Figure 4: Ultimate bearing strength of all layups. 
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The Figure 3 and Figure 4 show the graph of onset strength and ultimate bearing strength (UBS) 
respectively of all the five layups obtained after the compensation made with respect to fiber 
volume fraction. It is clearly seen from the compiled data that the values of onset strength and 
the UBS of 100% T80, with completely thin plies is the highest. 

 

Figure 5: Ratio of onset strength to ultimate bearing strength for all layups. 

Figure 5 shows the ratio of the onset strength to ultimate bearing strength. It is seen that 100% 
T80 has the higher ratio i.e, the onset strength to ultimate bearing strength of the layup is 62% 
of the ultimate strength which is a very good value as the layup can take more load within the 
elastic limit when compared to the other layups and this is the biggest advantage of using the 
thin plies. All Textreme layups used in this work i.e, 50% T80, 50% 160, 100% T160 are under the 
same group as they have the onset strength 55% of its ultimate strength.  

3.2. Microscopic failure analysis 

The main objective in this section is to investigate damages at the initial point of failure and to 
characterize the modes of failure present in the tested specimen. 

 

Figure 6: Area investigated with the optical microscope for damage. 

Point A in Figure 6 shows the edge where the specimens are investigated for damage under the 
optical microscope. 
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Figure 7: Fractography of 50% T160 and the damages caused at 80% of its ultimate loading. 

An example of microscopy image for laminate ID5 is showed in Figure 7. Fiber kinking combined 
with transverse cracks and delamination were observed as the main failure modes close to the 
hole for all samples. The interaction between these failure mechanisms forms shear cracks along 
the whole thickness. Similar failure modes were detected by [16,17] where damage in composite 
laminates was investigated as a function of applied loads in bolted joint specimens. It was shown 
that at very high applied bearing stress, both matrix cracking and fiber kinking were observed. 

3.3. Transition zone of hybrid laminates 

As it is shown above, the use of thin plies is beneficial, the most obvious solution to increase the 
bearing strength is to use a laminate with 100% thin plies. This strategy has some obvious 
drawbacks in terms of cost. Thin-ply materials are considered more expensive than conventional 
standard thickness pre-preg materials. If thin-ply is used for a part, more layers are needed for 
the same total thickness and thus more time is required in production. For applications where 
performance is paramount, but costs are still required to be competitive, it would be desirable 
to achieve a hybrid solution, where thin plies are used where they can contribute the most 
performance to the structure and conventional plies are used otherwise. In this section, 
transition zone is introduced where both thin and thick plies are designed so that the thin plies 
are used only when more strength is required. Laminates with three different types of joints 
(Overlap joint, Butt joint and Edge joint) were considered as it is showed in Figure 8. In this case, 
to the left is the thin-ply and to the right is the thick-ply.  
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a) Overlap joint 

 

b) Butt joint 

 

c) Edge reinforcement 

Figure 8: Types of joints used in the transition zone 

Specimens were prepared and tested to determine the tensile strength. Out of seven specimens, 
five were loaded up to their ultimate strength and the rest is loaded up to 70% of their ultimate 
load to check for the damages. It was clearly shown that the specimens do not display any onset 
damage, so it was difficult to see the growth of damage, and there was no apparent damage 
present in the specimens.  
The results are presented in Table 2, where edge reinforcement shows the highest strength. 

Table 2: Tensile stress and maximum load values obtained from the tensile test. 

Material used and the 
join method 

Maximum 
load (kN) 

Tensile stress at 
max load (MPa) 

Total thickness of 
layup (mm) 

UD thick +T160, lap 
joint 

38.8 502 3.1 

UD thick+T160, butt 
joint 

38.19 501 3.04 

UD thick +T160, edge 
reinforcement 

32.73 843 1.55 

 
4. Conclusion 

Using a double lap shear loading setup, the rectangular test specimens with different lay-up 
sequences were loaded into the bearing through the fastener. 100% T80 outperformed all 
layups with highest onset strength of 704.03MPa and highest ultimate bearing strength of 
1134.13MPa when compared to all five layups. Fiber kinking combined with transverse cracks 
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and delamination were observed as the main failure modes close to the hole for all samples. 
Transition zone was investigated where both thin and thick plies were designed so that the thin 
plies are used only when more strength is required, and the highest strength was obtained for 
edge reinforcement. 

5. References 

1. Berthelot JM. Transverse cracking and delamination in cross-ply glass-fiber and carbon-fiber 
reinforced plastic laminates: static and fatigue loading, Applied Mechanics Review 2003; 
56(1):111-147. 
2. Kashtalyan M, Soutis C. Analysis of composite laminates with intra and intrelaminar damage, 
Progress in Aerospace Sciences 2005; 41:152-173. 
3. Varna J, Berglund LA. Thermo-elastic properties of composite laminates with transverse 
cracks. Journal of Composites Technology & Research 1994; 16:77-87. 
4. Varna J, Berglund LA. Multiple transverse cracking and stiffness reduction in crossply lamintes. 
Journal of Composites Technology & Research 1991; 13:2 97-106. 
5. Loukil MS, Varna J, Ayadi Z. Engineering expressions for thermo-elastic constants of laminates 
with high density of transverse cracks, Composite Part A: Applied Science and Manufacturing 
2013; 48(1):37-46 
6. Parvizi A, Garrett KW, Bailey JE. Constrained cracking in glass fibre-reinforced epoxy cross-ply 
laminates. Journal of Materials Science 1978; 13:195-201 
7. Dvorak GJ. Analysis of first ply failure in composite laminates. Engineering Fracture Mechanics 
1986; 25:763-770 
8. Sihn S, Kim RY, Kawabe K, Tsai SW. Experimental studies of thin-ply laminated composites. 
Composites science and technology 2007; 67:996-1008 
9. Yokozeki T, Kuoda A, Yoshimura A, Ogasawara T, Aoki T. Damage characterization in thin-ply 
composite laminates under out-of-plane transverse loadings Composite structures 2010; 93:49-
57 
10. Saito H, Takeuchi H, Kimpara I. Experimental evaluation of the damage growth restraining in 
90 layer of thin-ply CFRP cross-ply laminates. Advanced composite Materials 2012; 21:57-66 
11. Camanho PP, Davila CG, Pinho ST, Iannucci L, Robinson P. Prediction of in situ strengths and 
matrix cracking in composites under transverse tension and in-plane shear, Composites Part A: 
Applied Science and Manufacturing 2006; 37:165-176.  
12. Arteiro A, Catalanotti G, Melro A, Linde P, Camanho P. Micro-mechanical analysis of the in 
situ effect in polymer composite laminates, Composite Structures 2014; 116:827-840. 
13. Amacher R, Cugnoni J, Botsis J, Sorensen L, Smith W, Dransfeld C. Thin ply composites: 
Experimental characterization and modelling of size effects. Composites science and technology 
2014; 101:121-132 
14. Furtado C, Arteiro A, Catalanotti G, Xavier J, Camanho PP. Selective ply-level hybridisation 
for improved notched response of composite laminates. Composite Structures 2016; 145:1-14 
15. Arteiro A, Catalanotti G, Xavier J, Linde P, Camanho PP. A strategy to improve the structural 
performance of non-crimp fabric thin-ply laminates, Composite Structures 2018; 188:438-449 
16. Cameron CJ, Larsson J, Loukil MS, Murtagh T, Wennhage P. Bearing strength performance of 
mixed thin/thick-ply quasi-isotropic composite laminates. Composite Structures 2021; 
261:113312. 
17. Camanho PP, Lambert MA. Design methodology for mechanically fastened joints in 
laminated composite materials. Compos Sci Technol 2006; 66:3004-20. 

1006/1211 ©2022 Loukil 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 

ASSESSMENT OF ALUMINUM FOILS INTERLEAVING ON THE CRYOGENIC 

IMPACT RESPONSE OF CFRPs: CROSS-PLY, THIN-PLY AND HYBRID 

CONFIGURATIONS 

 

Claudia, Sergi a, Nicola, Ierardo b, Luca, Lampani c, Andrea, Calzolari d, Teodoro, Valente a, 

Fabrizio, Sarasini a, Jacopo, Tirillò a 

a: Department of Chemical Engineering Materials Environment, Sapienza University of Rome & 

UdR INSTM (Rome, IT), claudia.sergi@uniroma1.it  

b: European Space Agency – Space Transportation Systems – VEGA and Space Rider 

Engineering ESA-ESRIN 

c: Department of Mechanical and Aerospace Engineering, Sapienza University of Rome 

d: ITW Test and Measurement Italy, Instron CEAST Division 

 

Abstract: The aerospace field benefited from CFRPs extraordinary mechanical properties to 

develop lighter components, like cryogenic pressure vessels. The main issue with the production 

of CFRP cryogenic tanks is the reduction of fuel leakages due to percolation phenomena. This 

work assessed two strategies in an attempt to decrease walls permeability while preserving 

CFRPs impact response in cryogenic conditions. The first strategy envisaged the manufacturing 

of different CFRPs configurations characterized by the same thickness, but a different plies 

number. It was observed that thin-plies display an impact resistance much lower than traditional 

CFRPs, but the use of sandwich-like laminates, where thin-plies form the inner core, allows to 

increase plies number while preserving composite mechanical properties. The second strategy 

entailed aluminum foil interleaving which does not influence laminates impact response, but 

slightly reduces their residual flexural properties. This problem can be fixed by increasing 

aluminum surface roughness and resulting mechanical interlocking with the matrix through 

oxidation treatments.  

Keywords: CFRP, Aluminum foils interleaving, low-velocity impact, cryogenic conditions, 

damage tolerance 

1. Introduction 

Thanks to a successful combination of lightness and high mechanical properties, polymer matrix 

composites are widespread in most industrial sectors such as automotive, naval, aviation and 

aerospace. The main goal of all these fields is to decrease structures weight while preserving 

stiffness and strength. In 1970s, the aerospace industry identified the great potential of polymer 

composites for the substitution of aluminum in cryogenic pressure vessel production thus 

funding many research studies on glass fiber reinforced epoxy [1]. 

Meanwhile, high-strength and high-modulus carbon fibers were progressively developed [2] 

and, as a result of their unparalleled high specific mechanical properties, they became a 

cornerstone in high-technology industries such as aerospace for the development of carbon 

fiber reinforced polymers (CFRPs) [3]. Despite their unique mechanical performance, CFRPs are 

characterized by a poor interlaminar fracture toughness which makes them dramatically prone 

to impact damage. This weakness becomes even more critical in severe conditions like the ones 
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reached in cryogenic propellant tanks [4,5]. Furthermore, cryogenic pressure vessels must be 

designed to minimize propellant leakages by reducing their permeability throughout the walls. 

To this aim, the present work evaluated different CFRP configurations to minimize propellant 

leakages while preserving the impact strength of the composites. Bechel and Kim [6] and 

Sandoval Rosales [7] demonstrated that thin-ply configurations are characterized by a higher 

resistance to crack initiation under cyclic stress, included thermal cycling, than traditional CFRPs. 

At the same time, thin ply CFRPs display a completely different impact damage mode, i.e., an 

early fiber breakage due to delamination delay and matrix cracking, which significantly reduces 

their impact resistance [8]. In light of this, the hybridization of plies with different thickness 

might be a suitable way to reduce propellant permeability while preserving structure integrity 

as a consequence of impact events. In this sense, Sasikumar et al. [9] provided some preliminary 

results carrying out impact tests at room temperature. In this study plies hybridization feasibility 

was assessed in cryogenic impact conditions, performing tests at room temperature, -40 °C and 

-70 °C and considering three different CFRP configurations, i.e., standard plies (RC), thin plies 

(TP) and sandwich-like configurations.  

Another approach to prevent propellant leakages through tank walls entails the introduction of 

metallic barriers throughout the composite laminates. Wei et al. [10] assessed the feasibility of 

aluminum foils interleaving on CFRP laminates for cryogenic propellant tanks disclosing an 

increase of 15 times in CFRP gas barrier properties. In view of this, aluminum foils interleaving 

was assessed in the present work for all CFRP configurations evaluating its effect on laminates 

impact response at room temperature and in cryogenic conditions.  

Furthermore, Wei et al. proved that aluminum oxidation through NaOH treatment allows to 

increase foils surface roughness thus improving the interfacial strength with the carbon prepregs 

through mechanical interlocking. In the present study, aluminum oxidation was optimized, and 

the treated foils were interleaved in the three CFRP configurations to assess their impact 

response always at room temperature and in cryogenic conditions.  

The impact campaign was supported by a post-impact analysis to evaluate composite damage 

extent, i.e., permanent indentation and delaminated area, through profilometry and C-scan, and 

their residual mechanical properties through 4-point bending tests.  

2. Materials and methods 

2.1 Materials and composites manufacturing 

All CFRP laminates were manufactured by vacuum bagging and cured in autoclave using a cross-

ply configuration [0/90]. Standard plies laminates used as reference (RC) were manufactured 

with the unidirectional carbon/epoxy prepreg Arovex®180 (150 g/m2) provided by Zyvex 

Technologies, while thin-ply laminates (TP) were manufactured with the unidirectional 

carbon/epoxy prepreg ThinPregTM 402 (30 g/m2) provided by North Thin Ply Technology.  In 

particular, RC laminates were produced with 16 plies according to [0/90]4s stacking sequence 

while TP laminates were produced with 60 plies according to [0/90]15s stacking sequence. 

Concerning hybrid sandwich-like laminates, the outer layers of the composite were 

manufactured with 4 plies of RC each, while the core of the laminates was manufactured with 

30 plies of TP according to the configuration shown in Figure 1. The average thicknesses of the 

laminates are 1.85 mm for RC, 1.87 mm for TP and 1.82 mm for sandwich-like.  
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Figure 1: Sketch of the hybrid laminates with the sandwich-like configuration. RP: Regular-Ply, 

TP: Thin-ply 

The aluminum interleaved laminates were produced by inserting four aluminum foils in each 

composite according to stacking sequence [0/90/0/90/0/90/i/0/i/90]s for RC laminates, stacking 

sequence [0/90/i/0/90/0/90/i/0/90/0/90]S  for the twenty central plies of TP laminates and 

stacking sequence ([0/90/0/90]RC/i/[0/90/0/90]TP/i/[0/90/0/90/0/90/0] TP)s for hybrid sandwich-

like composite. Aluminum foils with a 10 μm thickness were used to keep as constant as possible 

specimens’ thickness. In particular, average variations of 80 μm in the overall thickness were 

observed for all laminate configurations. 

Aluminum foils oxidation was carried out through NaOH water solution at different operating 

temperatures, times and solution concentrations in order to optimize surface roughness while 

preserving foil integrity. The three different treating conditions employed are summarized in 

Table 1.  

Table 1: Operating conditions used to carry out aluminum oxidation. 

Temperature  
25 °C 65 °C 

Concentration 

0.2 M  X (30 seconds) 

1.25 M X (30 seconds) X (20 seconds) 

 

The best results were achieved with the 1.25 M concentration and the 25 °C temperature which 

allow to obtain an increase of 92.5 % in Ra roughness and of 113 % in Rq roughness with respect 

to the as-received aluminum foils, while preventing the formation of undesired residual 

oxidative products. These treatment parameters were selected to oxidize the aluminum foils 

destined for CFRP interleaving. 

2.2 Impact and post-impact analysis 

Impact tests were performed in a Instron drop weight tower at room temperature, -40 °C and -

70 °C. Samples were pre-conditioned for 1 hour at the testing temperature. A hemispherical 

impactor of 12.7 mm diameter and a circular sample holder with an unsupported area of 40 mm 

were used. Specimens with a length of 150 mm and a width of 100 mm were used, as per the 

typical puncture and damage impact tests requirement for automotive testing protocols. The 

impact energy levels used for each configuration are summarized in Table 2. All configurations 

available were tested at 5 J to have a direct comparison of laminates impact response, damage 

extent and residual mechanical properties. 
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Table 2: Impact energy levels used for each CFRP configuration. 

Aluminum Interleaving 
None 

Untreated 

Aluminum 

Oxidized 

Aluminum Configuration 

RC 5 J, 7.5 J 5 J 5 J 

TP 2.5 J, 5 J 2.5 J, 5 J 2.5 J, 5 J 

Sandwich-like 5 J, 7.5 J 5 J 5 J 

 

Laminates damage extent was assessed through profilometry and C-scanning. In particular, 

permanent indentation depth was evaluated through a laser profilometer by Taylor Hobson 

while delaminated areas were evaluated through OmniScan MX2 ultrasonic scan. Finally, the 

residual flexural properties were evaluated according to ASTM D6272 through 4-point bending 

tests performed in a Zwick/Roell Z010 machine with a support span of 120 mm, a load span of 

60 mm and a test speed of 2.5 mm/min. 

3. Results and discussion 

3.1 CFRP configurations comparison 

The first aim of the work was to assess ply thickness hybridization to increase plies number in 

the laminates to minimize propellant leakages while preserving the impact performance. Figure 

2 shows the force-time and energy-time curves of all CFRP configurations impacted at room 

temperature and -70 °C. TP structures are characterized by an impact response completely 

different from RC ones as already acknowledged in many research works (8). In particular, they 

display a much lower peak force and a much higher contact time. This must be ascribed to the 

intrinsic lower bending stiffness of TP laminates, almost 30 % lower, which entails a lower 

capacity of the material to store energy elastically due to the lower elastic limit. This strong 

difference in behavior must be also due to the different damage mechanism of the two types of 

laminates, as confirmed by the damage mode shown in Figure 3. The first energy dissipation 

mechanism in standard plies RC is delamination, which does not affect fiber or matrix integrity 

thus preserving the elastic response of the material. On the contrary, TPs are characterized by 

an improved interlaminar strength and dissipate energy mainly through fibers breakage thus 

preventing their elastic response and leading sooner to material penetration.  

The penetration of impactor in TP laminates causes a higher permanent indentation which is 7.5 

and 14.5 times higher than RC ones at room temperature and -70 °C, respectively. This analysis 

is further corroborated by energy evolution as a function of time at 5 J. In fact, RC configuration 

absorbs only a scant amount of the impact energy thus confirming the elastic response of the 

laminates while TP configuration absorbs almost all the impact energy thus leading to the 

premature penetration of the laminates. 

Observing sandwich-like composites response curves and damage mode, it is possible to 

acknowledge a behavior closer to RC meaning that this configuration is actually an effective 

solution to increase the number of plies in the composite without affecting excessively the 

impact performance of the laminate. Moreover, sandwich-like composites are characterized by 

superior residual flexural strength with respect to RC ones, thus ensuring improved reliability in 

case of impact events. 
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Figure 2: Force-Time and Energy-Time curves of RC, TP and Sandwich configurations impacted at 

5 J at room temperature and -70 °C 

 

 

Figure 3: Damage mode of RC, TP and sandwich-like composites after a 5J impact at room 

temperature 
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3.2 Aluminum interleaving effect 

As demonstrated by the impact response curves shown in Figure 4, aluminum foils interleaving 

does not alter laminates impact response, and no significant changes can be detected for neither 

as-received nor oxidized aluminum foils. Concerning the post-impact response, as-received and 

NaOH treated foils do not modify substantially the damage mode and the residual flexural 

properties of TP laminates while some differences can be observed for RC ones. In particular, 

non-treated aluminum slightly decreases the residual flexural strength of the composites 

probably due to an easier propagation of impact induced cracks at foil prepreg interface. This 

phenomenon is reduced with oxidized aluminum which ensures the same residual flexural 

properties of non-interleaved RCs thanks to the higher surface roughness that promotes the 

mechanical interlocking with the epoxy matrix. This means that oxidized aluminum is an 

effective strategy to reduce fuel leakage without jeopardizing the impact and post-impact 

performance of the composite structure. 

 

Figure 4: Force-Time and Energy-Time curves of RC, TP and Sandwich configurations without Al 

foil interleaving, with as received Al interleaving (NT) and oxidized Al (T) interleaving impacted 

at 5 J at room temperature  

4. Conclusions 

The present work assessed two different strategies two reduce fuel permeability and leakages 

in CFRPs composites, meant to cryogenic pressure vessel manufacturing, while preserving their 

impact and post-impact properties which are the main point of weakness of these materials. In 

particular, the effect of plies number and thickness was investigated through different CFRPs 

configurations, i.e., RC, TP and hybrid sandwich-like, together with the effect of aluminum foils 

interleaving. 
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Concerning the effect of plies number and thickness, it was proved that thin plies are 

characterized by a much lower impact strength than traditional CFRPs with the same thickness 

both at room temperature and in cryogenic conditions and this must be ascribed to a drastic 

change in the damage mode. At the same time, sandwich-like hybrid laminates, produced with 

a thin plies inner core and traditional CFRPs skins, are able to ensure an impact response and 

residual flexural properties comparable with RC ones thus preserving the overall mechanical 

performance while increasing plies number to prevent fuel loss.  

Considering the effect of aluminum foils interleaving, it is possible to conclude that it does not 

affect substantially the impact response of CFRPs and it allows to retain the same residual 

flexural strength as a consequence of NaOH treatment. Oxidation increases aluminum surface 

roughness thus promoting mechanical interlocking with CFRP prepregs and increasing the 

energy necessary for crack propagation.  

In conclusion, sandwich-like CFRPs interleaved with oxidized aluminum foils are an interesting 

solution to improve cryo-tanks retaining performance while preserving their mechanical 

functionality.  
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Abstract: Out of die ultraviolet (UV) cured pultrusion is an automated process for manufacturing 

bent profiles that can replace the labour-intensive processes currently employed for 

manufacturing stiffeners for vessels structures. As the applied pulling forces are lower than in 

conventional pultrusion, profiles with low longitudinal fibre content can be manufactured, 

improving the transverse mechanical properties of the pultruded composites. Since impact 

response is significantly relevant for naval applications, in this paper, the low-velocity impact 

performance of a multiaxially reinforced UV pultruded profile has been compared to that of a 

typical pultruded composite. The impact resistance achieved for the multiaxial reinforcement 

configuration showed an 85% higher perforation energy threshold and a 100% higher maximum 

peak force than in the reference one. The damage tolerance of the multiaxial configuration was 

also higher, as when suffering a 30 J impact retained 60% of the stiffness, whereas the 

conventional pultruded composite only did 45%. 

Keywords: Impact behaviour; Pultrusion; Reinforcement configuration; UV curing; Damage 

tolerance 

1. Introduction 

The manufacturing processes currently employed in composite vessels are eminently manual, 

representing a high production cost for the shipyards. Moreover, the applied manufacturing 

technologies require highly skilled labour, present low production rates, and do not ensure 

repeatable mechanical properties, negatively affecting the robustness of the process. The 

consequences of these issues become even more noticeable in the specific case of the vessel 

hull or superstructure. These structures consist of a stiffened skin where each stiffener must 

have a different geometry adapted to the required shape. The stiffening profiles are 

manufactured by manually laminating over expanded polyurethane preforms, which are 

previously machined to the specified geometry and bonded to the skin [1]. The lack of 

robustness of this process leads to the oversizing of the vessel structures, not to mention that 

preforms do not have any function in service. Therefore, introducing automated and flexible 

technologies for manufacturing composite vessel structures would provide a competitive 

advantage to the European shipyards. 

Pultrusion is one of the most automated and productive processes for manufacturing composite 

profiled shapes [2]. However, their use is limited because just straight or constant radius 
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stiffeners can be manufactured by thermally cured pultrusion [3–7]. A feasible option for 

manufacturing profiles with a variable curvature is curing the pultruded composite out of the 

die by employing UV radiation. This approach is implemented in the out of die UV cured 

pultrusion technology [8,9]. Additionally, the pulling forces applied in this process are lower than 

in conventional pultrusion since the profile is cured out of the die. Thus, the amount of fibre 

reinforcement that must be oriented towards the longitudinal direction to bear with the applied 

pulling force can be reduced. Therefore, pultruded profiles manufactured by out of die UV cured 

pultrusion can offer enhanced transverse mechanical properties as more fibre reinforcement 

can be placed with that orientation. This feature is especially beneficial for naval applications, 

where stiffeners have to be able to withstand complex loading conditions, as well as being 

exposed to unintended impacts. 

Hence, the present paper analyses how the impact response of stiffeners could be improved 

when taking advantage of the greater freedom for defining the profiles reinforcement 

configuration provided by out of die UV cured pultrusion. For doing so, a multiaxially reinforced 

pultruded composite made of quadriaxial non-crimp fabrics and unidirectional roving has been 

subjected to drop weight low-velocity impact tests. The impact behaviour reported for this 

reinforcement configuration has been compared to that of a typical pultruded composite. The 

peak load evolution, the damage, penetration and perforation thresholds, and the after impact 

residual stiffness of both reinforcement configurations have been experimentally determined to 

perform such a comparative study. 

2. Methodology 

2.1 Materials 

The pultruded composites analysed in the present study were made of a photocurable vinyl 

ester acrylate resin provided by Irurena Group (IRUCRIL GFR-30 LED) and had a 3 mm thick and 

75 mm wide flat plate geometry. The two different reinforcement configurations, illustrated 

in Figure 1, were tested. A reinforcement configuration consisting of a thick roving (4800 TEX) 

central layer surrounded by stitched continuous strand mat (CSM) tapes (300 g/m2) typically 

employed in conventional pultrusion [10–12] was set as a reference; while the multiaxial 

reinforcement configuration had a thinner roving (4800 TEX) core with two quadriaxial non-

crimp fabric tapes (600 g/m2) placed on each side. The mat tapes in the reference configuration 

are 25 % of its reinforcement, while the multiaxial configuration has a 40 % of the fibre 

reinforcement placed in non-longitudinal orientations. 

(a) 

 

(b) 

 
Figure 1. Reinforcement of the studied pultruded laminates: (a) reference and (b) multiaxial 

configuration. 
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2.2 Manufacturing process 

The out of die UV cured pultrusion (Robtrusion®) line developed by the Polymer and Composites 

Technology Research Group from Mondragon University and Irurena Group was used for 

manufacturing the tested composites. This machine uses a resin open bath to impregnate the 

fibre reinforcement, which is then shaped and compacted in a die with a 100 mm length. Two 

FireJet FJ240 UV LED sources (Phoseon) placed at the top and bottom of the profile right at the 

exit of the die are used to cure the composite. A KR 510 R3080 (Kuka) robot arm is employed to 

pull the profile following a straight path with a velocity of 1.2 m/min. 

To ensure that all the tested specimens had the same curing degree, they were subjected to a 

post-curing of 3 hours at a temperature of 100 ºC. Additionally, the ASTM D3171 standard was 

followed to experimentally determine the fibre, resin, and void volumetric content in order to 

assure that the quality of both analysed reinforcement configurations was alike. 

2.3 Low-velocity impact tests 

A drop weight Fractovis-Plus (CEAST) machine was used to perform the low-velocity impact 

tests. Initial drop heights ranging from 50 mm to 1000 mm and striker masses from 2 kg to            

20 kg were set to define the applied incident impact energies ranging from 1 J to 200 J. A 

clamping ring with 40 mm inner and 60 mm outer diameters held the square specimens cut from 

the manufactured profiles during the impact events. These specimens were impacted with a 20 

mm diameter hemispherical instrumented striker equipped with a 20 kN load cell, and an anti-

rebound system ensured that they were impacted just once. The progress of the contact force 

generated between the striker and the specimen during the impact event was reported. The 

absorbed energy was computed by integrating the force versus time curves [13] following the 

next equations, 𝑎(𝑡) = 𝐹(𝑡)𝑚 · g                    (1) 𝑣0 = √2gℎ                   (2) 𝑣(𝑡) = 𝑣0 + g𝑡 − ∫ 𝐹(𝑡)𝑚 𝑑𝑡𝑡0                  (3) 𝛿(𝑡) = 𝑣0𝑡 + g𝑡22 − ∫ 𝐹(𝑡)𝑚 𝑑2𝑡𝑡0                   (4) 𝐸(𝑡) = ∫ 𝐹(𝛿)𝑑𝛿𝛿(𝑡)0                   (5) 

where F(t) is the contact force curve, a(t) is the acceleration experienced by the impactor, m is 

the mass of the impactor, g is the gravitational acceleration, t is the time, v0 is the initial impactor 

velocity, h is the initial height of the impactor, v(t) is the impactor velocity curve, δ(t) is the 

specimen deflection and E(t) is the absorbed energy curve. 

A multi-parameter analysis has to be addressed to assess the impact behaviour of composites 

[14]. Usually, the peak force and dissipated energy as a function of the incident impact energies 

are reported. But additionally, the three-impact test method proposed by Feraboli et al. [14] 

was applied in this work. This method is based on the fact that the contact time experienced for 

a subcritical impact is a property of the striker and specimen stiffness and allows to 

experimentally determine the residual transverse stiffness of the composite specimens in the 
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same way as the Compression After Impact standard test (ASTM D7136) does. It consists of a 

first subcritical impact performed to measure the impact contact time when no damage is 

generated, followed by a second supercritical impact which induces damage in the specimen, 

and finally, a third subcritical impact equal to the first one. Considering that the impact 

conditions are the same, the enlargement in the contact time measured for this third subcritical 

impact with respect to the one experienced in the first impact can only be a consequence of a 

decrease in the specimen’s stiffness. Therefore, the residual stiffness of the composite can be 

quantified from the ratio between the contact times registered in the subcritical impacts 

performed when the specimen was undamaged and when it had already been damaged. 

As the tested specimens are not opaque, the extent of the generated delamination damage 

could be analysed with the backlighting technique [15]. Computer vision was applied to avoid 

any subjectivity when determining the delaminated areas. 

3. Results and discussion 

3.1 Fibre and void content 

The high fibre content and low porosity obtained in the pultruded composites manufactured by 

out of die UV cured pultrusion evidence the process quality. As collected in Table 1, a similar 

fibre content was achieved for the reference and the multiaxial configurations, making them 

suitable to study the effect of the reinforcement configuration on their impact response. 

Table 1: Fibre and void volume content for each pultruded composite. 

Pultruded composite Fibre volume content [%] Void volume content [%] 

Reference 62.8 ± 0.3 0.3 ± 0.1 

Multiaxial 62.1 ± 0.7 1.3 ± 0.2 

 

3.2 Impact resistance 

The trends followed by the impact response of both reinforcement configurations can be studied 

from the peak force and dissipated energy plots. As usual in thin composite plates [14], the peak 

force evolution from Figure 2 shows how it increases with the impact energy as long as only 

delamination damage is experienced and reaches a plateau when fibre breakage starts. A    

13400 N maximum peak force is obtained for the multiaxial reinforcement configuration, while 

the reference configuration gets to a 6800 N maximum. 

Three regimes can be differentiated according to the permanent deformations generated in the 

specimens in the dissipated energy plot from Figure 3. In the first regime, the low incident 

impact energies are not enough to dent the specimen surface and the striker rebounds. 

Therefore, the dissipated energy is below the 1:1 dashed line representing the available impact 

energy. The dissipated energy quadratically increases throughout the first regime until a point 

where the striker no longer rebounds, beginning with the second regime. From this point on, 

specimens are penetrated by the striker, and all the incident impact energy is dissipated. Finally, 

in the third regime, the incident impact energy is enough to perforate the specimens, and the 

dissipated energy reaches an asymptote. 
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Figure 2. Peak force plot for the reference and multiaxial configurations. 

 
Figure 3. Dissipated energy plot for the reference and multiaxial configurations. 

The critical impact energy above which the specimens experience damage is almost the same 

for both reinforcement configurations, as it is determined mainly by the resin fracture 

toughness. However, the improvement in the impact resistance provided by the multiaxial 

reinforcement configuration is evidenced by the considerably higher penetration and 

perforation impact energy thresholds achieved in comparison to the reference configuration. 

These characteristic impact energies are collected in Table 2. 

Table 2: Delamination, penetration and perforation energy thresholds for the reference and the 

multiaxial configurations. 

Pultruded composite Critical energy [J] Penetration threshold [J] Perforation threshold [J] 

Reference 1.2 50 75 

Multiaxial 1.3 115 140 

 

As the testing conditions are the same for both reinforcement configurations, the energy 

dissipated in the rebound region is related to the extent of the delamination generated in the 

specimens [14]. Hence, the delamination observed in Figure 4 for a 25 J impact are alike for both 

reinforcement configurations because the energy dissipated is similar in the two cases. A 
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considerable delamination growth is noticed either in the multiaxial and the reference 

configurations along the pultrusion direction due to the bending stiffness difference between 

the tape and roving layers for that direction. However, in the multiaxial configuration, the 

delamination does not grow as much as in the reference one in the transverse direction.  

(a) 

 

(b) 

 

Figure 4. Delamination contours for the 25 J impact energy on the (a) reference and (b) 

multiaxial reinforcement configurations. 

3.3 Damage tolerance 

The mechanical performance loss caused by the impact events has to be assessed to completely 

address the impact response improvement provided by the multiaxial reinforcement 

configuration. Thus, the damage tolerance of both studied reinforcement configurations has 

been analysed, experimentally determining their post-impact residual stiffness when just 

delamination damage is experienced. As plotted in Figure 5, for low energy impacts close to the 

delamination threshold, that is to say, up to 10 J impacts, a similar decrease is observed in the 

residual stiffness of both configurations. From that impact energy on, the residual stiffness 

retained by the multiaxial configuration remains constant with a value of 60 % of the original 

one, while the reference configuration steadily losses stiffness, up to a point where for a 30 J 

incident impact energy, just 45 % is left. 

 
Figure 5. Residual stiffness plot for the reference and multiaxial reinforcement configurations. 
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4. Conclusions 

The high quality of the pultruded composites manufactured by out of die UV cured pultrusion 

was contrasted. Two high fibre content profile configurations were satisfactorily manufactured, 

presenting a restrained void content, which gives an example of the reinforcement 

configurations that can be implemented in the profiles produced with this technology. 

The drop weight low-velocity impact tests performed in specimens from both reinforcement 

configurations showed how, at incident energies close to the delamination threshold, the effect 

of the reinforcement configuration is not appreciated. However, as higher impact energies are 

applied, the improvement in the impact resistance and damage tolerance procured by the 

multiaxial reinforcement configuration arises. A 100 % higher maximum peak force, a 125 % 

higher penetration threshold, and an 85 % higher perforation threshold were obtained in 

comparison to the reference configuration. Additionally, the capacity of retaining stiffness after 

suffering an impact event is better in the multiaxial configuration, which even when presenting 

delamination of a considerable extent, still maintained 60 % of its original stiffness. 

So, the present work evidence that apart from the productive benefits that an automated 

process like out of die UV cured pultrusion would provide to the manufacturing of stiffeners for 

vessels structures, other benefits related to the enhancement of their impact response could be 

attained.  
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Abstract: The key disadvantage that hinders the implementation of natural fibre composites 

such as flax, is its questionable long-term durability when subjected to different moisture 

conditions. This study aims to investigate the durability of interfaces at microscale in flax fibre 

composites using the micro-droplet test method, focusing on the performance after cycling 

between high and low humidity levels. Elementary flax fibre with epoxy droplets is subjected to 

hygroscopic cycling between 30% RH and 80% RH for half, one, four, eight and twelve cycles 

respectively. These samples are further tested using microbond test measuring approximately 30 

droplets per hygroscopic cycle, providing huge amount of data to precisely study the interfacial 

adhesion. Interfacial shear strength is calculated using linear regression fit and numerical stress-

based analysis. An increasing trend for first half cycle followed by interfacial degradation of up 

to 40% is observed until 12 hygroscopic cycles. Interface toughness is studied for every alternate 

cycling cases.  

Keywords: flax fibre; microbond; adhesion; durability; hygroscopic cycling.  

1. Introduction 

The current environmental issues have led to the use of natural fibre reinforcements to promote 

sustainability and circular economy. Natural fibre reinforcements have many advantages over 

inorganic fibres, having high specific properties with low density coupled with low carbon 

footprint. Given the availability and excellent mechanical properties, flax fibres (Linum 

Usitatissimum) are a substitute for synthetic fibres. In terms of stiffness, they are at par with 

glass fibres, while having ~40% lower density leading to higher specific properties. However, the 

key disadvantage that hinders their implementation in bio-composites is their sensitivity to 

moisture absorption [1]. The cell wall of the elementary fibres consists of four different layers 

of cellulose micro fibrils embedded in a matrix of hemicellulose and lignin. The cell wall also 

contains a hemicellulose and pectic component, which is predominantly amorphous hydrophilic 

polysaccharides. These components are highly accessible to water molecules and have a high 

OH to C ratio [2]. When the fibre is exposed to moisture (humid environment), the cell wall 

absorbs moisture, and the water molecules accumulate between the micro-fibrils causing the 

fibre to swell. In contrast, the fibre shrinks when exposed to dry environments. Those 

hygroscopic instabilities lead to damage developed during the material’s lifetime when it is 

exposed in realistic environments which follow a cycling fluctuation between high and low 

humidity levels. 
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The consecutive wet-dry cycles induce tensile and compressive stresses in reinforced 

composites. A significant drop in transverse tensile strength is observed when the flax fibre 

composite (FFC) is subjected to six consecutive wet-dry cycles [3]. The fibre-matrix debonding 

was quite significant at the laminate level. Similar observations were made by Laetitia et. al 

wherein a 20% drop in transverse tensile strength was observed within one week of aging [4]. 

Although, there is a clear indication of the interfacial degradation, the humidity aging 

mechanisms in FFC’s have mostly been studied at the macroscale.  

Localized interfacial study can be carried out using micromechanical techniques such as the 

microbond (MB) test [5]. The MB test can be used to study the local interfacial shear strength 

(IFSS) as well as interfacial toughness (critical energy release rate) to some extent of precision 

by using analytical models. MB test has been widely used to study the IFSS of flax fibre with 

epoxy/PP/PLA droplets [6, 7]. Existing literature on aging test using water immersion technique 

shows subsequent drop in IFSS as a function of immersion time using microdroplet tests [8]. To 

the best of our knowledge, the current state of the art does not provide any scientific literature 

on interfacial degradation of flax fibre at microscale with hygroscopic humidity cycling. 

In this work hygroscopic cycling process is carried out for single flax fibre-epoxy samples. A high 

precision microbond test is carried out to study the local interfacial degradation. To determine 

the IFSS, the slope of the linear regression fitting using maximum force (𝐹𝑚𝑎𝑥) and Zhandarov’s 
approach (stress-based analysis) using debond force (𝐹𝑑) was carried out. Interfacial toughness 

(𝐺𝑖𝑐) is determined using an energy-based approach. A critical study on frictional sliding force as 

well as accurate determination of debond force using force-strain derivative is presented in this 

paper. 

2. Materials and methods 

2.1 Sample preparation 

Elementary flax fibres were carefully extracted from commercially available FLAXTAPE© fabric 

(provided by Lineo NV, France). Fibres with diameters 15µm to 20 µm are only chosen for the 

test. No prior treatment is applied to the fibre. The epoxy system Epikote 828 LVEL together 

with a 1,2-diaminocylcohexane (Dytek DCH-99) hardener from Hexion was used with a 100/15.2 

mixing ratio, following the manufacturer’s guidelines. The droplets were deposited on the 

elementary flax fibre using a steel filament of diameter 20 µm. This entire process is carried out 

in a controlled environment at standard conditions (23⁰ C, 50%RH). After deposition of the 

 

Figure 1. Experimental process of hygroscopic cycling and testing. 
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droplet on the single flax filament the epoxy left to cure for three hours at 150⁰ C under inert 

atmosphere (N2). 

2.2 Hygrothermal exposure 

The desired humid environment was achieved using desiccators containing saturated salt 

solutions which were prepared following the ASTM E104 [9]. The high relative humidity (RH) 

environment achieved using a saturated Potassium Chloride (KCl) solution with a RH point of 

80% at 60 ⁰C, and the low humidity using a saturated Magnesium Chloride (MgCl) solution with 

a RH point of 30% at 60⁰ C. One hygroscopic cycle is represented by exposure to high RH followed 

by exposure to low humidity for 4h each (Fig. 1). The exposure time was selected based on the 

approximate time needed for the salt solution to re-equilibrate back to its conditions after 

opening the desiccator, plus the time needed for the saturation of a fully exposed single flax 

fibre. 

2.3 Microbond test 

MB test was performed using FIBRObond device (manufacturer – Fibrobotics Oy, Finland). The 

technical details of the device can be found in reference [10]. Load was measured using 1N load 

cell with frequency of 1kHz and the blade speed is kept constant at a rate of 0.008 mm/s.  

Approximately 35 to 40 droplets were tested per cycle. It’s a well-known fact that the MB test 

with flax fibres leads to significant scatter of maximum force (𝐹𝑚𝑎𝑥) due to asymmetric shape of 

the fibre, variation of fibre diameter and the variation of surface properties along the length of 

the fibre. To reduce the error source, the diameter of the fibre was measured close to the 

droplet ends before testing, for every individual droplet. Apart from the measured load, 

corresponding fibre strain was measured using Fibre Bragg grating sensor using a specialized 

sample holder [11]. The test was carried out at standard room conditions.  

2.4 Interfacial shear strength and interfacial toughness 

Two different approaches for the determination of the IFSS from the recorded results of the 

microbond test are used in this study.  In the first approach, 𝐹𝑚𝑎𝑥  is plotted as a function of 

embedded area (𝐴𝑒𝑚𝑏) and a linear regression is used to determine the IFSS from the slope [10, 

12]. In the second approach stress-based model introduced by Zhandarov et. al is used to 

estimate the IFSS using debond force (𝐹𝑑) [13, 14]. The analytical model of stress-based analysis 

consists of a Nayfeh shear-lag parameter (𝛽) given by, 

Where 𝐸𝑓, 𝐸𝑚are the elastic modulus 𝐺𝑓 , 𝐺𝑚  are the axial shear modulus 𝑉𝑓 , 𝑉𝑚 are the volume 

fractions, of the fibre and droplet respectively and 𝑟𝑓  is the radius of the fibre. Eq. (1) results in 

negative 𝛽2values for very small droplets and cox shear lag parameter was used for such 

droplets. The cox shear lag parameter is given by, 𝛽 = [2𝐺𝑚 𝐸𝑓ln (𝑉𝑓−1)⁄ ]1 2⁄ . Here we follow 

the traditional approach of this technique, wherein the 𝐹𝑑 which is a “kink” in force-

displacement curves is selected. Generally, this technique is the easiest and fastest but leads to 

larger standard deviation (references) of IFSS but could be significantly reduced if the 𝐹𝑑 is 

𝛽 = [  
 2𝑟𝑓2𝐸𝑓𝐸𝑚 ( 𝐸𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑓𝑉𝑚4𝐺𝑓 + 12𝐺𝑚 ( 1𝑉𝑚 𝑙𝑛 1𝑉𝑓 − 1 − 𝑉𝑓2 )) ]  

 12
 

 

 

(1) 
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determined accurately. The kink in force-displacement curves might not be clearly 

distinguishable for all the curves but could be determined quite precisely with force-strain plots. 

From our previous publication, it was clear that this kink generally gives a sharp peak when force-

fibre strain derivatives are taken. Finite element simulations have also confirmed the peak being 

onset of damage at the interface. For the droplets where the kink is clearly not visible, we use 

this similar analogy by taking the first derivative of force strain curve to precisely estimate the 𝐹𝑑. On this basis, local IFSS (𝜏𝑑) can be estimated using Eq. (2) given by, 𝜏𝑑 = 𝐹𝑑𝛽2𝜋𝑟𝑓 coth(𝛽𝑙𝑒) + 𝜏𝑡ℎ𝑒𝑟tanh (𝛽𝑙𝑒2 ) 
(2) 

and  𝜏𝑡ℎ𝑒𝑟 is given by 𝜏𝑡ℎ𝑒𝑟 = (𝛽𝑟𝑓𝐸𝑓(𝛼𝑓 − 𝛼𝑚)∆𝑇)/2 , where 𝛼𝑓  and 𝛼𝑚  are the co-efficient of 

thermal expansion of the fibre and the droplet respectively and ∆𝑇 is the difference between 

the test temperature and stress-free temperature (-90⁰ C in our case). Frictional stress (𝜏𝑓𝑟𝑖𝑐) is 

calculated using the equation, 𝜏𝑓𝑟𝑖𝑐 = 2𝜋𝑟𝑓𝐴𝑒𝑚𝑏/𝐹𝑓𝑟𝑖𝑐.  

To estimate the critical energy release rate (𝐺𝑖𝑐), we use the analytical model of Scheer and 

Nairn which is simple in nature with a direct approach [15]. Using this, 𝐺𝑖𝑐 can be calculated 

using Eq. (3) given by, 

Where 𝐷3𝑠 = 0.5(𝛼𝑓 − 𝛼𝑚)  and 𝐶33𝑠 = 0.5(𝐸𝑓−1 + 𝑉𝑓𝑉𝑚−1𝐸𝑚−1). Deviation of results using Eq. 

(3) in comparison to finite element models as previously observed [16], but this initial estimate 

is good for the comparison with different cycles. 

3. Results and discussions 

3.1 Estimation of 𝑭𝒅 using force-strain derivatives 

The first derivative of force strain curve (𝜕𝐹/𝜕𝜀) shows significant first peak which indicates the 

damage initiation 𝐹𝑑 (Fig. 2 c-e). Similar peaks were observed in Ref [16] which indicated damage 

initiation at the interface and it was further confirmed using finite element analysis.  The peak 

𝐺𝑖𝑐 = (𝐹𝑚𝑎𝑥𝜋𝑟𝑓2 + 𝐷3𝑠∆𝑇𝐶33𝑠 )2 𝑟𝑓𝐶33𝑠2  
(3) 

 

Figure 2. (a) Normalized force-time curves; (b) normalized strain time curves; (c-e) first 

derivative curves as a function of strain. 
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shifts backwards as the hygroscopic cycles increases, giving a clear indication of the decline of 𝐹𝑑. This is critical for the analytical model of stress-based analysis, as local IFSS can be measured 

with minimal standard deviation using 𝐹𝑑 obtained using this process. 

3.1 Analytics of stress-based analysis 

The Nayfeh parameter 𝛽 presented in Eq. (1) is plotted as a function of embedded area as shown 

in Fig. 3. The trend line of 𝛽 agrees well with the published literature. Very few droplets (~6) 

showed negative 𝛽 values, for which 𝛽 parameter of Cox was used. The plot of droplet diameter 

as a function of embedded area (Fig. 3 (b)) shows that, with the increase in number of moisture 

cycles increasingly larger droplets can be tested. The probability of the droplet diameters is 

largely seen between 0.04 to 0.13 mm for all cycles. 

 3.2 Frictional force  

The Weibull probability plot shown in Fig. 4 (a) and (b) indicates that there are two groups of 

friction forces. In first group, 𝐹𝑓𝑟𝑖𝑐  increases as droplet 𝐴𝑒𝑚𝑏  increases whereas in the second 

group 𝐹𝑓𝑟𝑖𝑐  is almost close to zero irrespective of 𝐴𝑒𝑚𝑏. This is due to the fact that there are 

several droplets on a single fibre and as the tested droplets are far away from the fixed position 

 

Figure 3. (a) Nayfeh parameter and (b) distribution of droplet diameters- as a function of 

embedded length  

 

Figure 4. Plots to illustrate the two frictional stress groups during the MB test. 
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of the fibre, large amount of elastic energy is stored in the fibre. When these droplets debond 

from the fibre this elastic energy transforms to kinetic energy, detaching the droplet with 

minimum friction. Around 4 to 6 droplets per cycle are observed with such behavior. For the 

estimation of 𝜏𝑓𝑟𝑖𝑐  , these droplets are discarded. 

3.3 MB test results 

The IFSS obtained using linear regression fit and stress-based approach predict similar results 

(Fig. 5 a, b). The IFSS increases for half cycle by 5% and then gradually decreases up to 55% for 

 

Figure 5. (a)-(d) Measurement results of MB test; (e) variation of IFSS, 𝜏𝑑 and 𝐺𝑖𝑐 for 

different cycles; (f) SEM images of the droplets. 
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twelve cycles.  In addition, the work done to debond the droplet decreases with increase in 

hygroscopic cycles indicating the weak interface. The increase of IFSS for half a cycle by 5% might 

be due to the post curing effect on the droplet which causes the droplets to shrink, in turn 

improving the interfacial strength. But the gradual decrease of IFSS and work done is a clear 

indication of interfacial degradation when subjected to hygroscopic cycles. It is also interesting 

to see that the frictional stress also decreases when the cycles are increased (Fig 5 (c)). As the 

free surface of the fibre is exposed directly to the moisture variations, there is a possible removal 

of pectin from the fibre surface. Longer exposure times would result in removal of pectin in 

larger concentrations and residual stresses from the sample preparation (e.g. slight shrinkage of 

matrix) tend to relax in any system and environment with residual stresses. Scanning electron 

microscopy (SEM) images clearly show the plasticization of the droplet. When the droplet is 

exposed to moisture for longer period, the moisture diffuses through the epoxy droplet causing 

it to plasticize. This also explains the reason behind the interfacial toughness which does not 

change significantly up to eight cycles. With twelve hygroscopic moisture cycles, the load bearing 

capacity of the interface is so weak, that this also results in significant drop of interfacial 

toughness. 

The degradation of the interface can be explained due to the significantly higher hygroscopic 

dimensional instability of the fibre compared to the matrix which leads to swelling (80% RH) of 

the fibre constrained by the matrix leading to stress generated at the interface followed by 

shrinkage (30% RH) leading to interfacial debonding. Furthermore, the flax surface is covered 

with highly polar –OH bonds where the moisture may penetrate and degrade the adhesion by 

forming hydrogen bonds between the –OH groups and the water molecules. Hence, the 

adhesion between fibre and matrix would weaken. 

4.  Conclusions 

In this research, the interfacial degradation of flax fibre-epoxy, with a systematic procedure of 

sample preparation as well as high precision testing is presented and supplemented by analytical 

models. Following important conclusions can be drawn: 

• Estimation of 𝑭𝒅 using force-strain derivatives serves as an excellent tool to accurately 

estimate the 𝝉𝒅 which serves as an important input to the stress-based model.  

• A progressive degradation of interfacial shear strength is observed when subjected from one 

to twelve hygroscopic cycles.  

• Analysis of friction reveals a drop in frictional stress with increasing hygroscopic cycles 

because of moisture exposure for longer duration; it is hypothesized that this could be 

attributed to, possible removal of pectin from the surface of flax fibres.  

• The micro-mechanical behaviour of the epoxy transitions from an initially elastic to a softer 

plastic deformation of the droplets after hygroscopic exposure, due to the water diffusion 

into the droplet. 
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Abstract: The long-term performance of natural fibre reinforced thermoplastic (NFRP) 

composites is critical for developing more sustainable structures. The defects developed in NFRP 

due to fibre swelling and shrinkage in wet service conditions constitute a significant issue. Here, 

a method for restricting the in-service swelling and shrinkage of NFRP is proposed. The NFRP 

composites were processed with swollen fibres stored in moist conditions before thermoplastic 

resin infusion. The swelling of water-saturated NFRP was decreased up to 56% by non-dry fibres. 

The similar in-plane shear strength and transverse tensile strength of NFRP composites processed 

with oven-dried and preconditioned fibres (at 50% RH) showed the in-situ polymerisation of poly 

(methyl methacrylate) (PMMA) to be insensitive to moisture. Processing composites with 

preconditioned fibres (at 90% RH) decreased the water immersion ageing sensitivity for in-plane 

shear properties of NFRP from 30% to nearly zero. 

Keywords: Biocomposites; Adhesion; Durability; Mechanical testing; X-CT analysis 

1. Introduction 

Flax fibre reinforced thermoplastic (NFRP) composites offer low density, good stiffness and 

damping properties for structural applications [1,2]. The thermoplastic infiltration is often 

realised at elevated temperatures (above 100 °C). The intrinsic moisture bound to hydrophilic 

fibres is removed by oven-drying to avoid processing induced porosities due to fibre moisture 

evaporation. The water absorption of composites processed with oven-dried fibres can create 

residual stresses (up to 11 MPa, for 50% RH [3]) due to the high radial swelling coefficient of flax 

fibres (βf,r: 1.9 [4]). Such residual stresses can create matrix cracking and debonding around fibre 

and matrix interface [4]. The hydrothermal swelling of NFRP can be restrained by using high 

stiffness polymer matrix systems [5] and potentially using swollen (namely non-dry) fibres [6]. 

The advantages of processing NFRP with non-dry fibres are not yet explored. 

In this article, the hydrothermal durability of non-dry flax fibre reinforced poly (methyl 

methacrylate) (PMMA) thermoplastic composites was investigated. It was hypothesised that in-

situ polymerisation of PMMA could be insensitive to water molecules as the MMA monomers 

are emulsion polymerised in an aqueous medium [7]. The microstructure of composites was 

studied by X-ray computed tomography. The hydrothermal durability of composites was studied 

by the water immersion method. The effect of ageing on the interfacial adhesion of composites 

was studied based on quasi-static in-plane shear and transverse tensile testing.  
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2. Materials and methods 

Non-crimp flax yarn fabrics of unidirectional (UD) types with an areal density of 300 g/m2 were 

provided by Bcomp (Fribourg, Switzerland). A liquid thermoplastic resin based on methyl 

methacrylate (Elium® 188, Arkema, Colombes, France) and an organic dibenzoyl peroxide 

powder with phthalate (BP-50-FT1, United Initiators GmbH, Pullach, Germany) with 3 wt% 

initiator to resin ratio were used as the polymer matrix system. The in-situ polymerisation of 

Elium® 188 was realised at 23 °C to reduce moisture evaporation present in non-dry flax fibres. 

The resin system in this article (Elium® 188) was named PMMA throughout the text. 

Flax fibre reinforced PMMA composite panels with a fibre volume fraction (Vf) of 40% were 

manufactured based on the vacuum-assisted resin infusion (23 °C, 0.6 bar vacuum pressure) 

method. After infusion, composites were placed in a hydraulic press with steel-made spacers (2 

mm in thickness) to assure consistent thickness values. Composites manufactured with oven-

dried fibres (115 °C, 2 h), fibres preconditioned at 50% RH (23 °C, 24 h), and fibres 

preconditioned at 90% RH (23 °C, 24 h) were respectively labelled as Dry, RT, and RH. The 

moisture content of fibres was measured by an analytical balance (model GR-202, A&D Ltd, 

Tokyo, Japan). For these measurements, the average weight for three pieces of fabrics (10 mm 

× 10 mm; width × length) was measured consecutively after oven-drying and humidity 

conditioning. The weight gains of RT and RH fabrics after conditioning were respectively 8.1 ± 

0.2 wt% and 16.8 ± 0.2 wt% compared to oven-dried (Dry) fabrics. After manufacturing, 

composite laminates were stored at 50% RH (23 °C) for three months to reach equilibrium before 

ageing and mechanical testing. Upon reaching equilibrium, the composites' microstructure and 

fibre volume fraction were characterised by X-ray computed (X-CT) tomography (Phoenix 

Nanotom, General Electric, Germany). All humidity conditioning protocols were performed in a 

humidity chamber (model VC 0018, Vötschtechnik, Balingen, Germany). 

The hydrothermal ageing of composites was performed by immersing the panels into a sealed 

container filled with deionised water at 23 °C for 40 days. Prior to the water immersion ageing, 

the free edges of composites panels were sealed with PMMA resin. The weight gain of the panels 

was measured in 2 h intervals during the first day and then in 24 h intervals for the remaining 

period. The surface water of the panels was wiped before weight measurements. The thickness 

swelling of the panels right after the saturation point was measured with a micrometre. 

Composite panels were then stored in 50% RH (23 °C) for two months to reach equilibrium. 

Quasi-static tensile testing was carried out with a universal tester (model 5967, Instron, MA, 

USA). The effect of water immersion ageing on the interfacial adhesion in composites was 

examined based on quasi-static transverse tensile testing (with [90]4 composite lay-up, 500 N 

load cell, and 1 mm/min crosshead movement rate) and in-plane shear testing of composites 

(with [+45/-45]SE lay-up, 30 kN load cell, and 5 mm/min crosshead movement rate) according to 

ASTM D3039 and ASTM D3518 standards, respectively. Full-field deformation was measured 

with a stereo optical extensometer (StrainMaster Compact, LaVision, Göttingen, Germany). 

Rectangular-shaped specimens with dimensions of 150 mm × 25 mm × 2 mm and 200 mm × 25 

mm × 2 mm (length × width × thickness) were prepared respectively for transverse tensile and 

in-plane shear testing. Specimens were cut from the composite panels with a band sawing 

machine (model RBS904, Ryobi). Tapered glass epoxy tabs were used to reduce the stress 

concentration at the gripped section of the specimens.  
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3. Results and discussions 

3.1 X-ray computed (X-CT) tomography of composites 

The internal microstructure of flax PMMA composites processed with oven-dried (namely Dry) 

fibres and precondition fibres (namely RH) after three months of stabilisation at 50% (23 °C) are 

presented in Figure 1. Both composites are almost free of voids regardless of the initial fibre 

moisture content during flax PMMA resin infusion. The void-free structure of composites 

indicates that the in-situ polymerisation of PMMA is not sensitive to the presence of moisture. 

The moisture insensitivity of the resin can be relevant to the synthesis type of methyl 

methacrylate, which is emulsion polymerisation in an aqueous medium [7]. Minimal traces of 

interfacial debonding between fibre and matrix are evident within fibre yarns in Dry composite 

(Figure 1A). Those limited debonding lines (cracks) in Dry-type composite can be related to the 

swelling of oven-dried flax fibres during the stabilisation period at 50% RH. On the contrary, 

highly swollen RH fibres have shrunk during the drying (stabilisation) period at 50% RH (Figure 

1B). The extensive interfacial debonding lines (cracks) within fibre yarns are evident for RH-type 

composite. The average size of crack openings (width) in RH is 9.7 ± 3.1 µm, which is 177% higher 

than the average crack opening size in Dry-type composite (3.5 ± 0.3 µm). The large debondings 

can dramatically reduce the interfacial shear strength of RH composites. The results here 

accentuate the significance of hygroscopic residual stresses in non-dry flax PMMA composites 

due to flax fibres' high radial swelling coefficient (βf,r: 1.9 [4]). 

 

Figure 1. Non-destructively captured microstructure of composites based on X-CT after three 

months stabilisation period at 50% RH (23 °C).  

3.2 Water sorption characteristics of composites  

The water sorption-time histories of flax PMMA composites are presented in Figure 2A. After 

reaching equilibrium (at 50% RH, 23 °C for three months), the composites' moisture content is 
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shown as zero water sorption. Composites stabilise after the first 4 days of rapid water sorption 

and reach the saturation point with weight gain of 9.6% (Dry), 9.1% (RT), and 8.9% (RH) after 28 

days. Processing composites with swollen (non-dry) RT and RH fibre reduces the thickness 

swelling at the saturation point of flax PMMA by 47% and 56%, respectively (Figure 2B). In 

conclusion, processing composites with swollen (non-dry) fibres limited the hygroscopic swelling 

and shrinkage of composites which can reduce the hygroscopic residual stress-induced defects. 

 

Figure 2. Water sorption-time history (A) and thickness swelling of composites (B) 

3.3 Transverse tensile properties of composites 

The transverse tensile strength (ST) and elastic modulus (ET) values of flax PMMA composites are 

presented in Figure 3. Before water immersion ageing, composites processed with oven-dried 

fibres (namely Dry) and conditioned fibres at 50% RH (namely RT) have similar transverse tensile 

strength (Dry: 14.5 ± 0.3 MPa, and RT: 13.7 ± 0.5 MPa) and elastic modulus (Dry: 3.1 ± 0.3 GPa, 

and RT: 3.1 ± 2 GPa) values. It is worth noting that the transverse tensile moduli of Dry and RT 

composites are in the same range as the tensile elastic modulus of the matrix (EPMMA: 3.17 ± 0.2 

GPa). Similar ST and ET values of RT and Dry composites show that in-situ polymerisation of 

PMMA is not sensitive to fibre moisture during resin infusion. However, the RH composites 

processed with non-dry fibres conditioned at 90% RH have 38% and 48% lower ST and ET than 

Dry composites. RH's inferior ST and ET values can be ascribed to the debonding cites between 

fibre and matrix (see Figure 1) due to the shrinkage of highly swollen RH fibres from 90% RH 

during manufacturing to 50% RH during the stabilisation period. 

 

Figure 3. Transverse tensile strength (A) and elastic modulus (B) of flax PMMA composites 
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In Figure 3, the ST and ET properties of Dry and RT composites deteriorate by approximately 50% 

after one ageing cycle, including 40 days of water immersion, followed by a stabilisation period 

of 2 months at 50% RH (23 °C). For the similar ageing cycle, the deterioration in ST (18%) and ET 

(12%) properties of RH composites is notably limited compared to Dry and RT. Interestingly, the 

ST and ET properties of Dry, RT, and RH are in the same range after one water immersion ageing 

cycle.  

In summary, the processing of flax PMMA composites with non-dry fibres conditioned at 50% 

RH did not alter composites' interfacial adhesion (based on ST values). Especially, similar ET values 

of Dry and RT composites indicated that in-situ polymerisation of PMMA is not sensitive to 

moisture. After one cycle of water immersion ageing, the ST and ET values of composites were in 

the same range regardless of the initial moisture content of fibres during the resin infusion. The 

mechanical performance of RH composites was relatively stable before and after the water 

immersion ageing. 

3.4 In-plane shear properties of composites 

The typical representative in-plane shear stress-strain curves of flax PMMA composites with 

[+45/-45]SE lay-up are presented in Figure 4. In this section, the offset in-plane shear strength 

(𝜏12
offset) is defined as the stress value at 0.2% engineering shear strain. The maximum in-plane 

shear strength (𝜏12
max) is defined as the stress value at 5% engineering shear strain according to 

the testing standard (ASTM D3518). The shear chord modulus of elasticity (G12
Chord) is 

determined in the engineering shear strain range of 2000 µε to 6000 µε. 

 

Figure 4. In-plane shear stress-strain plots of flax PMMA composites before water immersion 

ageing (A) and after ageing (B) 

Before water immersion ageing (Figure 5), Dry and RT composites have similar 𝜏12
max and G12

Chord 

values. The RH composites manufactured with highly swollen fibres conditioned at 90% RH have 

respectively 23% and 18% lower 𝜏12
max and G12

Chord values than the Dry specimens processed with 

oven-dried fibres.  
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Figure 5. Effect of water immersion ageing on 𝜏12
Max (A) and G12

Chord (B) values of composites 

In Figure 5, one ageing cycle (water immersion and stabilisation) reduces the 𝜏12
max and G12

Chord 

of Dry and RT by approximately 30%. Ageing has only a minor effect (8%) on the 𝜏12
max of RH 

composites. Interestingly, the G12
Chord of RH is not sensitive to ageing and offers a higher G12

Chord 

value (by 18%) compared to aged Dry and RT. Composites processed with oven-dried and non-

dried fibres present similar 𝜏12
max values after one ageing cycle. It is worth noting that the in-

plane shear strength of composites is less sensitive to the hydrothermal ageing than the 

transverse tensile strength (see Figures 3 and 5). The overall in-plane shear performance of flax 

PMMA composites is summarised in Table 1.  

Table 1: In-plane shear properties of flax PMMA composites with [+45/-45]SE lay-up 

Composite G12
Chord (GPa) 𝜏12

Offset (MPa) 𝜏12 Max (MPa) 𝛾12 Failure (%) 

Dry 1.6 ± 0.1 17.6 ± 0.7 27.7 ± 0.9 19.4 ± 1.2 

Dry-Aged 1.1 ± 0.1 8.6 ± 0.4 18.1 ± 0.7 29.6 ± 1.3 

RT 1.6 ± 0.1 16.6 ± 0.4 26.6 ± 0.3 27.6 ± 1.3 

RT-Aged 1.1 ± 0.1 13.2 ± 0.6 18.7 ± 0.4 28.6 ± 1.4 

RH 1.3 ± 0.1 13.2 ± 0.8 21.3 ± 0.5 34.4 ± 1.9 

RH-Aged 1.3 ± 0.1 12.3 ± 0.8 19.5 ± 0.3 26.1 ± 1.5 

 

In summary, the results in this article presented a possibility to tailor the hygroscopic expansion 

and hydrothermal durability of flax PMMA composites based on the initial fibre moisture 

content during the in-situ polymerisation. The findings here can be beneficial for manufacturing 

natural fibre reinforced thermoplastics (NFRP) for various applications such as 3D/4D printing 

[8] and out of autoclave processing of large NFRP products. The fatigue testing of flax PMMA 

composites after water immersion ageing will be performed in future work to understand the 

effect of non-dry fibres on the interfacial adhesion over dynamic loading ranges. 
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4. Conclusions 

This article showed that flax PMMA thermoplastic composites manufactured with oven-dried 

and non-dry fibres conditioned at 50% RH offer similar interfacial adhesion properties. 

Composites processed with preconditioned fibres at 50% RH (namely RT) and 90% RH (namely 

RH) had respectively 47% and 56% lower thickness swelling due to water sorption compared to 

NFRP with oven-dried fibres (namely Dry). Lower thickness swelling of non-dry composites can 

reduce the hygroscopic residual stresses and debond cites between fibre and matrix in wet 

service conditions. For both Dry and RT composites, the transverse tensile strength (ST) and in-

plane shear strength (𝜏12 Max) respectively reduced by 50% and 30% after a water immersion 

ageing cycle. The RH composites were least affected by ageing in ST (by - 18%) and 𝜏12 Max (by - 

8%). After one ageing cycle, the ST and 𝜏12 Max of all three types of composites were in the same 

range regardless of the initial fibre moisture content during the manufacturing. Interestingly, 

the shear chord modulus of elasticity (G12
Chord) of RH composites was not affected by the ageing 

cycle and was 18% higher than aged Dry and RT. 
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Abstract 

Different bio-inspired Bouligand thin-ply Carbon-Fibre-Reinforced Polymer (CFRP) laminates 

with a pitch angle as low as 2:07° are realised, which is the smallest pitch angle realised in 

literature. The angle is therefore close angles found in biological microstructures. Low-Velocity 

Impact (LVI) and residual compressive strength tests determined the damage tolerance of the 

structures. Investigated were interlaminar fracture toughness and two different metal foil-

Bouligand-CFRP-hybrids. The low pitch angle results in significantly higher residual strengths 

than 45° quasi-isotropic (QI) layups, despite the significantly lower proportion of 0° fibres. Higher 

fracture toughness and hybridisation with steel layers lead to reduced matrix damage without 

increasing residual compressive strength. In-plane plane tension properties are determined with 

a pitch angle of 2:59°. The results reveal that the unnotched tensile strength is significantly 

lower. However, only helicoidal, sub-critical matrix cracking and no delamination occur before 

final failure. The sub-critical matrix cracking leads to almost no notch sensitivity and a similar 

open-hole-tensile strength to 45°-QI layups despite the low number of 0°-fibres. 
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Abstract:  There has been extensive development in the offshore and marine industries of the 

use of polymer composite materials and understanding the durability of these materials is a 

significant challenge.  Numerous test methods exist for the accelerated ageing of polymeric 

materials at the laboratory scale, but tests employing a combination of exposure conditions (e.g. 

at elevated temperature, under pressure, under a mechanical load) are lacking.  

In this work elevated temperatures are used to accelerate the ageing of polymer composite 

specimens when exposed to different combinations of immersion in water, pressure and 

mechanical loading. The results show that the behaviour of the material exposed to different 

combinations of exposure conditions, produces changes in residual properties (i.e. flexural 

modulus flexural strength and Tg) which are complex. Of immediate significance to 

understanding the behaviour of composites in a marine environment is the observation of a very 

significant decrease in the rate of moisture absorption for specimens tested under a pressure of 

300 bar.   

Keywords: Durability; moisture diffusion; pressure; mechanical properties; degradation 

1. Introduction 

There is a significant industrial need to develop suitable test methods and models to understand 

the ageing of polymer composite materials. In subsea environments, materials are subjected to 

exposure to moisture, pressure, and mechanical loading. Under these conditions, maintenance 

and repair of structures is challenging and therefore it is essential to ensure the long-term 

performance, often required up to 25 years, in order to maintain both safety and cost 

effectiveness. To achieve this, it is necessary to understand the degradation mechanisms 

occurring in the material and the subsequent deterioration of material properties. 

It has been shown that absorption of water into a composite reduces the mechanical properties  

such as a reduction in tensile strength (1–3), interlaminar shear strength (4), flexural strength 

and modulus (5,6). The glass transition temperature (Tg) of a polymer is also reduced with 

moisture ingress due to plasticization (7–10). Therefore, it is essential to understand how water 

diffuses into a composite material in different environments, and how the exposure conditions 

affect the relationship between moisture absorption and property degradation. Of interest in 

this work is the effect of pressure on moisture absorption, and the effect of load. 

Accelerated ageing tests can be used to evaluate the likely long-term behaviour of a 

material/component under service conditions. This is achieved by increasing the severity of test 

conditions in the laboratory to reduce the test time. However, such an approach is only effective 

provided the degradation mechanisms do not change under the accelerated conditions. In 
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addition, any synergy effects between exposure conditions with respect to the degradation 

mechanisms must be considered, for example the effect of applied pressure and/or mechanical 

load on the moisture absorption. 

The most widely used method of evaluating the long-term exposure of a material to water is to 

accelerate uptake using elevated water temperature. Typically, these conditions will range from 

ambient temperatures to 60oC, dependent on the Tg of the material (11) although it is advisable 

not to test above Tg-20oC (12,13) so as not to alter any material properties during ageing. This is 

due to the potential decrease in Tg due to prolonged immersion in water, where an increase in 

molecular mobility disrupts hydrogen bonding and van der Waals interactions in the polymer 

chain, plasticising the matrix (14)(9). There are two competing mechanisms by which pressure 

may affect water uptake, firstly by accelerating the diffusion by forcing more water into the 

material, but secondly by reducing the amount of water able to enter the composite due to 

compression of the material (8,12,13,15–18). This compression reduces the free volume 

available for water to occupy. 

A simple approach to explore the effect of load during moisture ageing is to apply a tensile stress 

to a specimen while immersed in water. A recent study (19), found that the application of a 

preload to a material before immersion at 60oC had a small effect on water uptake in the 

composite material; an increase of 6% preloaded compared to 5% uptake in an undamaged 

material. Applying a tensile load during exposure at 60oC in water had a much greater effect, 

where water uptake increased up to 9% by weight, and some specimens failed prematurely. 

Other work has shown that low loads have only a small effect on the diffusion into the material, 

where deformation is still in the elastic region, but significantly higher loading (which produce 

damage in the material such as resin cracking) leads to more channels for moisture ingress 

(16,20,21). 

However, exposure of composite specimens both pre-stressed and immersed in water while 

subjected to a flexural load have shown that application of load can decrease the water uptake 

(22). Pultruded CFRP specimens were subjected to 30% or 50% bending strain, with increasing 

strain decreasing the moisture uptake. This was attributed to the bending decreasing the free 

volume in the material, removing channels for moisture to diffuse. Under a flexural load, one 

surface is in tension and the other in compression, therefore, to reduce this free volume as in 

this case, the compressive effects must dominate.  

In this paper, various experimental results are presented for the effect on moisture uptake and 

the reduction in mechanical properties (flexural strength, flexural modulus and Tg) for specimens 

exposed to 60oC immersion in water, and with the addition of a pressure of 300 bar pressure, 

and/or a flexural load equivalent to 25% of the flexural strength. 

Methodology 

1.1 Materials 

The carbon fibre epoxy composite material used in this study was obtained from Exel 

Composites. This material was a unidirectional (UD) pultrusion of dimensions 2 mm thickness, 

50 mm width and 1 m in length. All test specimens were cut to size from these strips prior to 

exposure using a CompCut diamond saw. The material was tested as received, as well as in the 

conditioned state following various accelerated ageing procedures. 
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1.2 Accelerated ageing 

Composite specimens were immersed in distilled water in a water bath at 60oC, as outlined in 

the standard ISO 62 (23), or immersed in pressure vessels at 60oC and 300 bar. Some 

specimens were also loaded during ageing using a four-point bend flexure jig within the water 

baths at 60oC, and pressure vessels at 60oC and 300 bar. A load equivalent to 25% of the 

unaged material failure load in flexure was applied under four-point loading. At least three 

repeat specimens were subjected to ageing and testing. Specimens were immersed for pre-

determined time intervals of between 2 and 112 days, and the moisture content was 

determined by gravimetric measurements. 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) =  𝑚𝑤 − 𝑚𝑑𝑚𝑑 × 100% (1) 

Here, mw is the mass of the aged specimens and md is the mass of the unaged specimens prior 

to any testing. After immersion, samples were wiped to remove any surface water prior to 

weighing. All specimens were stored at room temperature in distilled water.  

1.3 Characterisation of degradation  

The water uptake in the composite materials was modelled using a Langmuir Style Hindered 

Diffusion model, and diffusion coefficients calculated (24). Four-point bend flexure tests were 

performed following BS EN ISO 14125 (25). Specimens were cut to dimensions 2 mm x 15 mm x 

100 mm. Tests were conducted on an Instron mechanical test machine (4507/5570R) with a 20 

kN load cell, and a crosshead speed of 2 mm/min. 

Dynamic mechanical analysis (DMA) measurements were performed to determine the glass 

transition temperature, Tg, of the composite material. Measurements were performed at a 

heating rate of 3oC/min in flexure on a TA instruments Q800 Dynamic Mechanical Analyser. 

2. Results and discussion 

3.1 Moisture uptake in the polymer composite 

The increases in moisture content (weight %) in the CF epoxy composite over time when exposed 

in water at 60oC, and in water at 60oC and at a pressure of 300 bar, are shown in Figure 1(a). It 

can be seen there is overlap in the data points for moisture absorption at very low exposure 

times (up to 4 days), at which point the curves deviate with significantly less moisture ingress 

for pressurised specimens. It seems that for this material, pressure slows diffusion of water. This 

is, of course, reflected in a significant reduction in diffusion coefficient, calculated using 

Langmuir diffusion modelling (24); Figure 1(b) shows the data fitted to the Langmuir model. 

Under pressure in water at 60oC, the diffusion coefficient is 27.4 x10-13 m2s-1, whereas in water 

at 60oC (normal atmospheric pressure), it is 165.5 x10-13 m2s-1. This effect needs to be studied in 

a wider range of materials.  

In the literature, it has been suggested that bending during immersion decreases the free 

volume in the resin, so there is reduced penetration of water (22), and contrastingly that 

bending during immersion increases the diffusion coefficient (26). On the other hand, the 

application of tensile stress during water exposure has been shown to have a large effect on 

diffusion and lead to premature failure (19), though this is a simpler loading condition. 
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Figure 1 Experimental moisture uptake in the Exel CF epoxy composite when exposed at a) 60oC in water and 60oC and 

300 bar in pressure vessels, and b) plotted with the best fit Langmuir model curves 

 

 

Figure 2 (a) Experimental moisture uptake in Exel CF epoxy composite when exposed in water at 60oC and when 

exposed to 25% flexural load in water at 60oC; (b) moisture uptake in a pressure vessel at 60oC and 300 bar and 

when exposed with 25% flexural load at 60oC and 300 bar 

Figure 2(a) shows the moisture uptake for the Exel CF epoxy material specimens exposed at 60oC 

in water (same data as in Figure 1(a) and under the same conditions with an applied flexural 

load (25% of the flexural load to failure). This data clearly shows a reduced moisture uptake 

initially for specimens under the flexural load, although after about 56 days the moisture content 

of specimens under load or without load is similar. For specimens exposed to 300 bar pressure 

and the flexural load (Figure 2(b)), the additional flexural load again does not appear to reduce 

reduces the moisture uptake initially, but at longer exposure times (after about 14 days), the 

additional load reduces the moisture uptake.  

3.2 Effect of exposure conditions on property changes  

The reduction, as a consequence of accelerated ageing, in the initial values of the flexural 

strength, flexural modulus and Tg as a result of the various ageing conditions are shown in for 

the Figures 3, 4 and 5.  In all cases, the percentage property retention is shown plotted as a 

function of exposure time, and a function of moisture content, for the various conditions. 
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Figure 3 shows that when simply exposed in water at 60oC, the flexural modulus is not reduced 

to the same extent as the flexural strength and the Tg. At shorter exposure times, up to about 

14-days exposure (2.2% moisture content), there is a larger reduction in Tg and flexural strength, 

but the flexural modulus is not affected. After 28 days exposure (5.3 days1/2) the strength and Tg 

continue to decrease but at a slower rate, to about 55% and 65% respectively, and the flexural 

modulus is reduced to about 77% of the unaged value. 

 

Figure 3 Changes in material properties of the Exel CF/epoxy composite exposed in a water bath at 60oC with (a) 

increased exposure time and (b) increasing moisture content normalised to pre aged values 

The change in properties due to exposure in water at 60oC and 300 bar pressure (Figure 4) shows 

that the flexural modulus is approximately constant (after an initial reduction to about 92%) up 

to 14 days exposure and 1% moisture content, and only a further decrease with prolonged 

ageing to about 86%, even with a moisture content of 3%. The flexural strength, on the other 

hand, shows a progressive decrease in value with increased moisture content; for up to 1% 

moisture content, the flexural strength reduced to 80% of the unaged value, and with continued 

exposure (up to 112 days and about 3% moisture content) the reduction is to about 62% of the 

unaged strength. The glass transition temperature in these tests is only available up to 28 days 

exposure, but the Tg reduced significantly in over this exposure period to about 67% of the 

unaged value. It is not clear why the moisture degraded the strength to such a large extent, but 

not the stiffness, although the large reduction in Tg is perhaps indicative of significant changes 

in the matrix.  
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Figure 4 Changes in material properties of the Exel CF/epoxy composite exposed in a pressure vessel at 60oC and 300 

bar with (a) increased exposure time and (b) increasing moisture content normalised to pre aged values 

 

Figure 5 Changes in material properties of the Exel CF/epoxy composite exposed in water baths at 60oC and 25% 

flexural load with (a) increased exposure time and (b) increasing moisture content normalised to pre aged values. 

When exposed at 60oC, 300 bar and 25% flexural load (Figures 5(a) and (b)), the test results again 

show an interesting equivalence of the trends in the flexural strength and flexural modulus with 

increasing exposure, although the strength retention is consistently about 15% less than the 

modulus retention.  

Comparing the results for exposure at 60oC, 300 bar, with and without load applied, the 

interesting result that emerges is that the modulus retention for the exposure with the applied 

load is significantly worse (by about 10%) than when the load was not applied during the 

exposure. This may be because the fibre/matrix interface has been additionally degraded when 

the flexural load is applied in addition to the 300 bar and 60oC.  

3. Conclusions 

Moisture uptake in the CF epoxy composite was significantly reduced as a function of time when 

300 bar pressure was added to the conditioning at 60oC in water. The further addition of an 

applied load (25% of the flexural load to failure in 4-point bending) showed moisture uptake was 

unchanged up to about 16 days exposure but was then significantly lower after this point for the 

specimens with the applied load. Interestingly, for specimens immersed at 60oC with or without 
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the same applied flexural load, the effect of the applied load reduced the moisture uptake from 

the beginning of the exposure, though by 56 days it was found that the moisture levels were 

about the same. 

The change in material properties after exposure to various conditions showed a complex 

pattern. For specimens at 60oC with and without an applied pressure of 300 bar, the flexural 

modulus reduced much less with exposure for specimens at 60oC and 300 bar than the flexural 

strength and Tg.  On the other hand, for specimens exposed at 60oC with a flexural load, the 

trends in the reduction of flexural modulus and strength were the same, although the reduction 

in flexural strength was consistently about 15% higher.   
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Abstract: The present study investigates ultimate failure of hybrid thin-ply laminates. Hybrid 

laminates were manufactured from layers of carbon fiber and glass fiber fabrics using vacuum 

infusion of epoxy resin. Different lay-up configurations having single, double and quadruple 

layers of carbon and glass fiber layers were designed to parametrically investigate the ultimate 

strength and strain to failure under uniaxial tensile loading. In addition laminate specimens were 

polished to study the micro-damage mechanisms in the laminate layers. Results indicate an 

increased tensile strength and strain to failure when carbon and glass/epoxy layers are 

distributed into thinner layers compared to laminates with equal amount of carbon and 

glass/epoxy layers assembled into thicker layers.    

Keywords: thin-ply laminates; carbon/glass fiber hybrids; experimental testing; micro-damage  

1. Introduction 

Polymeric composite materials, such as glass and carbon fiber reinforced polymers, over the 

recent decades, have been increasingly used in modern lightweight high-performance structures 

such as airplanes, wind turbine blades, cars and sports equipment due to their unique 

combination of high stiffness and low density. However, despite the increase of use of 

composites in many high-performance applications, the development of micro-damage such as 

fiber/matrix interface debonds, matrix cracks, delaminations and fiber breaks in composite 

layers during the service life is a significant limiting factor. Matrix cracks in transverse layers are 

typically the first damage mode to occur in the laminate layers due to weak properties in the 

transverse direction to the fibers and is a main cause for the appearance of subsequent damage 

modes such as delaminations and fiber breaks. Hence, to delay the final failure, it is highly 

desirable to suppress the initiation and development of transverse matrix cracks. In this context, 

laminates with thin plies, developed in the recent decade [1,2], is a promising new development 

direction for composite materials, which is expected to give superior damage resistance 

compared to conventional composite laminates due to increased in-situ transverse strength. 

There have been several studies demonstrating a significant increase of transverse strength and 

delayed or nearly suppressed micro-cracking in thin-ply carbon/epoxy laminates [3,4]. However, 

the increased strength and delayed micro-cracking leads to a much more brittle final failure of 

the laminate which is not desirable in many applications [3]. One typical approach of decreasing 

the brittleness of the composite laminate failure is fiber or layer hybridization – the use of at 

least two different types of fibers in the composite. Typical example widely investigated in the 

literature is carbon/glass hybrid laminates, where the carbon fiber layers provide the stiffness 

of the laminate, while the glass fibers, which have a much higher failure strain, lead to a 

significantly more ductile failure behavior of the composite [5,6]. 
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As mentioned above, the thin-ply laminates and layer hybridization lead to a significant 

improvement in composite failure properties, however, rather few attempts have been made in 

the literature to combine both thin-ply architecture and the hybrid glass/carbon lay-up into a 

single laminate, e.g., [7,8]. According to [7] hybridization of thin carbon and glass fiber layers 

may lead to an improvement of 20% in the failure strain. Furthermore, the thin plies suppress 

unstable delamination and it becomes possible to avoid a significant load drop, when the brittle 

component, such as carbon fiber layer, breaks [8]. 

2. Materials and lay-ups 

Thin-ply laminates were manufactured using Textreme carbon fiber thin-ply plain weave fabrics 

from Oxeon (Sweden) with areal weight of 100g/m2 and glass fiber plain weave fabrics from 

Interglas (Germany) with an areal weight of 80g/m2. Epoxy resin LY1564 with XB 3404-1 

hardener was used as the matrix. Composite plates were hand stacked into desired lay-ups and 

vacuum infusion technique was used for epoxy infusion into the stacked fabrics (Fig.1). 

 

Figure 1. Manufacturing of hybrid thin-ply laminates with vacuum infusion 

 To enhance the flow of resin through the densely packed fabrics, small size metal pins were 

used to provide better flow conditions prior to the vacuum infusion process.  The hybrid 

composite plates were cured in an oven at 80°C temperature for 8 hours. Hybrid carbon/glass 
laminates with various combinations of single, double and quadruple carbon and glass fiber 

layers were manufactured. All plates consisted of 16 layers. The lay-ups and their notations are 

schematically shown in Fig.2.  

 

Figure 2. Schematic illustration of hybrid thin-ply laminate lay-ups 

In Fig.1. CR-1 and GR-1 denote carbon/epoxy and glass/epoxy reference materials respectively. 

TH-1 to TH-6 are the used notations for hybrid carbon and glass/epoxy laminate plates with 

different layer configurations and thickness ratios. Notably the hybrid composite plates TH-1 to 

TH-6 all consist of 8 layers of carbon/epoxy and 8 layers of glass/epoxy layers.  
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3. Experimental tests 

Standard size tensile test specimens (according to ASTM D3039) were prepared to perform 

experimental tests for determination of elastic tensile modulus, maximum tensile strength and 

ultimate strain to failure of reference and hybrid composite laminates. Specimen ends were 

reinforced with glass fiber composite tabs to prevent failure within grips of the testing machine 

during loading. Mechanical tests were performed on Zwick/Roell Z150 universal testing machine 

equipped with 150 kN capacity load cell. Tensile strain was measured using non-contact video-

extensometer from Messphysik with gage length of 50 mm. Tests were performed at a rate of 

tensile strain equal to 1% per minute consisting of initial loading-unloading step up to 0.30% for 

measurement of elastic tensile modulus followed by loading step until the ultimate failure. 3 

test specimens from each laminate lay-up were tested. 

4. Results and discussion 

4.1 Uniaxial tensile tests 

The stress-strain curves from tensile tests are shown in Fig.3-6. Carbon/epoxy reference material 

and the hybrid thin-ply laminates (TH-1 – TH-6) exhibit distinctively linear behavior up to the 

point of failure. Glass/epoxy reference material (GR-1 in Fig.3) exhibits non-linear behavior as 

well as brittle failure. Overall the stress-strain curves demonstrate high repeatability and low 

scatter in maximum stress and strain values. 

 

Figure 3. Stress-strain curves for reference materials (CR-1 and GR-1) 
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Figure 4. Stress-strain curves for hybrid composite laminates (TH-1 and TH-2) 

 

Figure 5. Stress-strain curves for hybrid composite laminates (TH-3 and TH-4) 

 

Figure 6. Stress-strain curves for hybrid composite laminates (TH-5 and TH-6) 

Fig. 7 summarizes the elastic modulus values for all composite plates, including reference 

materials. Although hybrid laminates TH-1 to TH-6 have different lay-ups, the amount of 

carbon/epoxy and glass/epoxy layers in them is equal, hence the elastic modulus for these 

materials should theoretically be equal. Fig.7 shows a little discrepancy of elastic modulus. 
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Figure 7. Elastic tensile modulus for reference materials and hybrid composites 

Fig.8 summarizes the maximum tensile strength results for different laminate lay-ups, including 

reference materials. The results in Fig.8 demonstrate a trend that the laminates with carbon and 

glass/epoxy layers distributed in thinner units (e.g. TH-1 and TH-3) exhibit higher strength 

compared to laminates with thicker carbon and glass/epoxy layers (e.g., TH-5, TH-6).  

 

Figure 8. Ultimate tensile strength for reference materials and hybrid composites 

A similar trend was observed regarding the maximum strain to failure, summarized in Fig.9. 

The hybrid laminates with thinner layers (e.g., TH-1, TH-3) exhibited larger strain to failure 

than the hybrid laminates with thicker layers (e.g., TH-5, TH-6). 

 

Figure 9. Maximum tensile strain at failure for reference materials and hybrid composites 
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Results are also summarized in terms of numerical values in Table 1 where the average values 

of elastic modulus, tensile strength and maximum strain to failure are shown. 

 

Table 1: Summary of test results. 

Lay-up Notation E [GPa] max [MPa] max [%] 

[CF]16 CR-1 52.48 681.48  1.25 

[GF]16 GR-1 15.04 218.15  1.65 

[CF/GF]4s TH-1 39.05 586.27  1.50 

[GF/CF]4s TH-3 38.66  545.90  1.36 

[CF2/GF2]2s TH-2 31.73  490.24  1.35 

[GF2/CF2]2s TH-4 31.99  510.90  1.37 

[CF4/GF4]s TH-5 36.41  505.16  1.33 

[GF4/CF4]s TH-6 33.18  479.79  1.34 

 

5. Conclusions 

Present study was conducted to investigate the potential enhancement of laminate strength 

and strain to failure using thin-ply hybrid laminate lay-ups with different layer thicknesses. 

Hybrid carbon/epoxy and glass/epoxy laminates with different lay-ups were manufactured using 

vacuum infusion method. Present results show a notable increase of both the tensile strength 

and strain to failure for laminates with distributed carbon/epoxy and glass/epoxy layers 

compared to laminates with relatively thicker layers. Tensile test results also exhibited an overall 

brittle failure of hybrid composite materials, however, very good repeatability of the obtained 

strength and strain to failure values.  
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Abstract: The effect of the resin content of towpreg and traverse rate in the filament winding 

process on the damage evolution of carbon fiber reinforced plastic was experimentally studied. 

Totally five types of coupon specimens were prepared by filament winding process. Plate-type 

mandrels for filament winding were prepared to make the coupon specimens. The stacking 

sequences of the coupon specimens were [0/90]2s, [±45]2s, and [±67.5]2s. Then, mechanical 

testing was performed to obtain damage evolution curves based on continuum damage 

mechanics. Cross-sectional observation revealed the difference in void amount and the 

distribution, and a bias of the resin-rich region depended on the manufacturing parameters. 

Damage evolution was similar for the specimens not dependent on the manufacturing 

parameters. However, the shear and transverse damage coupling behavior depended on the 

processing parameters. 

Keywords: Polymer matrix composite; Hydrogen vessel; Filament winding  

1. Introduction 

A high-pressure hydrogen vessel is one of the key components for fuel cell vehicles. The Type IV 

vessel is made of a carbon fiber reinforced plastic (CFRP) with polymer liner and metallic boss, 

which store hydrogen gas at 70 MPa. The high safety factor is generally used in commercially 

available vessels because of the variation in the strength, which increases the weight and cost. 

An accurate prediction technique of the product lifetime, as well as the reduction of variation in 

the strength, is required to realize the lightweight vessels. 

The filament winding process is exclusively used to manufacture the vessels to keep fiber 

continuity throughout a vessel. However, the winding process of towpreg on the rounded 

surface results in variation in the fiber microstructure and many defects such as voids, uneven 

resin-rich regions, fiber misalignment, fiber waviness, and residual stress in the CFRP.  

Damage initiation and evolution in the CFRP due to loading are predicted based on continuum 

damage mechanics [1,2]. The phenomenological technique is easy to implement in finite 

element simulation [3]. The applicability was studied for aerospace-grade CFRPs, and thus the 

technique is also useful for the lifetime prediction of the CFRP vessel. However, it is known that 

the mechanical properties of CFRP strongly depend on the manufacturing process. The effect of 

variation in the microstructure and defects caused during the filament winding process on the 

damage evolution behavior needs to be studied. 
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In this study, the effect of the resin content of towpreg and traverse rate in the filament winding 

process on the damage evolution of CFRP was experimentally studied. The resin content of the 

towpreg and traverse rate during the winding process was changed. Totally five different 

manufacturing conditions were adopted. Using the conditions, coupon specimens of [0/90]s, 

[±45]s, and [±67.5]s lamination were manufactured. Then, mechanical testing was performed to 

obtain elastic and plastic properties, and damage evolution curves based on continuum damage 

mechanics. Cross-sectional observation revealed the specific void distribution depended on the 

manufacturing parameters. The experimental results showed that damage evolution was similar 

for the specimens not dependent on the manufacturing parameters. However, the shear and 

transverse damage coupling behavior depended on the processing parameters. 

2. Materials and method 

2.1 Materials and specimen preparation by filament winding 

A towpreg was manufactured using carbon fiber tow and Epoxy resin. The towpreg was supplied 

to the filament winding machine. In order to model damage evolution, a continuum damage 

mechanic (CDM) approach was used in this study. Three types of stacking sequence, [0/90]2s, 

[±45]2s, and [±67.5]2s were selected following the Ladeveze’s  CDM model [1, 2]. The towpreg 

was winded on plate mandrels to obtain flat specimens. For [0/90]2s lamination, a square plate 

mandrel was used (Fig. 1a). The direction was rotated orthogonally at every lamination of a 

single ply. In the continuous winding of the towpreg, the towpreg needs to traverse from side 

to side of the plate mandrel. Consequently, the actual angle of [0/90]2s lamination was [0.4/-

90.4]2s in this study as a standard condition. The difference in angle between nominal and actual 

stacking sequence may be small enough that does not affect the experimental results. [0/90]2s 

coupon specimens were cut out along the fiber direction. [±45]2s flat coupons specimen was 

also obtained by obliquely cutting out from the [0/90]2s laminate. For [±67.5]2s lamination, a 

hexagonal plate mandrel was used as shown in Fig. 1(b). The hexagonal plate mandrel was 

rotated orthogonally at every lamination of a single ply. The actual fiber angle was [67.9/-67.9]2s 

for the same reason. 

Then, the towpreg-winded mandrel was placed between steel plates and lapped by a bagging 

film. The towpreg was consolidated under vacuumed. 

 

 

(a) [0/90]2s and [±45]2s specimens        (b) [±67.5]2s specimens 

Fig. 1 Filament winding process. 

[90]-ply [0]-ply 

[0/90] 

[67.5]-ply     [-67.5]-ply [±45] 

[±67.5] 
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The specimens were cut into 250mm x 15mm for [0/90]2s laminates and 250mm x 25mm for 

[±45]2s and [±67.5]2s laminates after consolidation following the ASTM D3039. The thickness 

was different depending on the processing parameters. End tabs of glass fiber reinforced epoxy 

composite were attached to both ends of the specimen. Strain gauges were attached along the 

loading direction and the transverse direction on both faces of the specimen, and their average 

value was taken as the applied strain. 

2.2 Processing parameters of filament winding 

The processing parameters were changed to study the effect on the damage evolution. Three 

types of towpreg were prepared by changing the resin contest. 26 wt% was set to be a standard 

and high resin content (30 wt%) and low resin content (22 wt%) towpreg were prepared. Here, 

the total number of fibers in a single tow is pre-determined, the low and high rein content 

condition towpreg contain less and more volume of resin as compared to the standard condition 

towpreg. Three traverse rates in the winding process were studied. The traverse rate of 6 

mm/rev was set to be a standard that aligns the towpreg without a gap. A high traverse rate of 

8 mm/rev and a low traverse rate of 4 mm/rev was selected, which made gaps and overlaps of 

towpreg.  

Optical micrographs of the [0/90]2s specimens with different processing conditions are shown 

in Fig. 2. The standard condition showed a relatively uniform fiber distribution without a large 

void. For the low resin content condition, voids may be included within the towpreg, which 

remained in each ply. Furthermore, long voids were observed between plies. This may be caused 

by the thickness variation of towpreg. The void within and between plies increased the thickness 

as compared to the standard condition specimen. 

For the high resin content condition, voids in plies were reduced as compared to that of low 

resin content. However, resin-rich regions and voids exist between plies. Excessive resin content 

also degraded the quality of the winded CFRP laminate. 

For the low traverse rate condition, the laminate became thicker as compared to the standard 

condition because of overlapping of towpreg. In contrast, the laminate became thinner for the 

high traverse rate condition because of a shortage of materials. Large voids were found in a ply 

which was caused by gaps between towpreg. The total amount of fiber was also smaller than 

the other conditions because of the gaps. 

2.2 Mechanical testing  

A universal testing machine (AG-IS 150kN, Shimadzu) was used at a testing speed of 1.25 

mm/min. Monotonic tension tests were performed for all the specimens to obtain elastic 

properties and cyclic tension tests were performed for [±45]s and [±67.5]s specimens to obtain 

plasticity and damage properties. In the 1st and 2nd cycle in the cyclic test, 30 % and 40 % of the 

failure load was applied and unloaded. After that, the load was increased by 10 % at every 

successive loading cycle until the specimen broke. 

3. Results and discussion 

3.1 Damage evolution of the standard condition specimen 
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Figures 3 show the shear damage curve of the [±45]2s specimens of the standard condition, 

which was derived from the shear stress-shear strain diagram by the repeated tensile test. The 

shear damage derived from the shear stress-shear strain diagram by the repeated tensile test of 

[±67.5]2s specimens was also overlaid in Fig. 3 by selecting the appropriate coupling parameter 

(b2). The plots by [±67.5]2s specimens were only located in the low damage area because the 

failure strain was small. Shear damage starts at √𝑌 ≈0.1 and increased linearly, and the final 

fracture occurred when the shear damage was about d12 = 0.6. The results indicated that the 

shear damage evaluation of the CFRP can be arranged by using the continuum damage 

mechanics. 

 

 

Fig. 2 Cross-sectional observation. 

 

 

Fig. 3 Shear damage evolution of the standard condition specimens 
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3.2 The effect of processing parameters on damage evolution 

Shear damage curves of the [±45]2s specimens with different processing parameters were also 

obtained. Figure 4 shows shear damage evolutions of five types of specimens with different 

processing parameters. Almost the same shear damage evolution was observed regardless of 

the processing parameters. The difference in voids amount and the distribution, and a bias of 

the resin-rich region were less likely to affect the shear damage behavior. However, the critical 

shear damage depended on the processing parameters. Average critical shear damage was d12 

= 0.3 for the specimen with the low resin content condition, which was the lowest among the 

five types of specimens. The total amount of resin was small and the shear deformation is less 

likely to occur even under high stress. Thus, the processing parameter affects the product 

lifetime.  

The shear damage was also derived from the shear stress-shear strain diagram by the repeated 

tensile test of [±67.5]2s specimens, which was overlaid in Fig. 4 by selecting the appropriate 

coupling parameter (b2). Here, the different coupling parameter was used dependent on the 

processing parameters. The shear damage evolution can be expressed by a unified curve when 

the different coupling parameters were used. However, this means that the coupling behavior 

of the shear damage and transverse damage was different depending on the processing 

parameters.  

Figure 5 shows the shear damage curves of the [±67.5]2s specimens, in which coupling 

parameter b2 was not used ignoring the transverse damage development. The coupling 

parameter b2 was relatively large for the low resin content condition. This indicates that the 

transverse damage has a large effect on thermodynamic force as compared to the shear damage 

for the low resin content specimens. The damage coupling between the shear and transverse 

damage was affected by the processing parameters. 

4. Conclusions 

The resin content of towpreg and traverse rate in the filament winding process was changed to 

study the effect on the damage evolution of CFRP. The shear damage behavior of [±45]2s 

specimens was almost the same not dependent on the processing parameter indicating that the 

shear dominant damage behavior was insensitive to the processing parameter. However, the 

critical shear damage depended on the processing parameters, which affects the product 

lifetime. Shear and transverse damage coupling parameters were also dependent on the 

processing parameters. The variation in processing parameters changes the damage evolution 

behavior under simultaneous shear and transverse damage development situation. 
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Fig. 4 Shear damage evolutions of different processing parameter specimens 

 

  

(a) Arranged by shear thermodynamic force Y12  (b) Arranged by coupled thermodynamic force  

Y12+b2*Y22 

Fig. 5 Shear damage evolutions of [±67.5]2s specimens. 
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Abstract: this work aims at investigating the influence of kerosene flame exposure (1100°C and 

a heat flux of 116kW/m²) on the in-situ creep mechanical behavior and residual mechanical 

properties in tension of hybrid carbon/glass fibers reinforced Poly Ether Ether Ketone (PEEK) 

laminates. A one-of-a-kind experimental bench combining a tensile mechanical loading and a 

kerosene burner has been designed and instrumented to study the evolution of various physical 

quantities to be tracked. These include temperature, loss of mass, deformation, stress, which 

are fundamental for understanding the mechanisms brought into play. By means of an infrared 

camera, the back-surface temperature of laminates subjected to kerosene flames is mapped 

during thermal decomposition. Compared to virgin specimens, the residual tensile mechanical 

properties significantly decrease as a function of the flame exposure time (5-10-15 min): -30% 

and -50% in axial stiffness and strength, respectively. 

Keywords: Thermoplastic; Hybrid fibers; Kerosene flame; Mechanical testing  

 

1. Introduction 

In recent years, numerous aircraft accidents have placed the "fire" issue as a primary concern of 

aeronautical manufacturers [1]. Understanding/predicting the fire response of composite 

materials and, ultimately, of structures and assemblies, is therefore essential. This raises the 

need for the development of adapted experimental characterization means. To date, the 

influence of fire on the structural properties of thermoplastic (TP) matrix composites has been 

little studied [2-4]. The vast majority of works has focused on thermoset (TS) matrix composites 

[5]. The flammable nature and rapid thermal decomposition of TD matrices have favored the 

emergence of TP composites (lower flammability, higher decomposition temperatures, better 

residual mechanical properties after fire exposure), but the question of multi-physics couplings 

within Organic Matrix Composites under critical conditions (flame) remains open, as well as for 

scale change effects (from constituents to elementary ply, structures and assemblies). 

The use of thick layups can significantly enhance the fire resistance in several structural 

applications. In transport or other lightweight applications this approach runs counter to the 

principal design objectives [6]. According to many references [7-11], there is a significant 

reduction in mechanical performance of polymer matrix composites during exposure to flame, 

with a particular interest in creep-induced failure [6]. However, due to the inherent thermal 
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decomposition of polymer, polymer composite parts often quickly form a layer of protective 

char and can then sustain a significant proportion of strength over extended periods of time [6]. 

This results from the onset of pyrolysis that has an endothermic nature and helps to reduce the 

temperature. A preliminary study was conducted on hybrid carbon/glass fibers reinforced PEEK 

thermoplastic matrix laminated composites (CG/PEEK) [12]. The influence of a prior kerosene 

flame exposure (116 kW/m2 and 1100 ◦C), on the residual mechanical properties (in tension and 
in compression) was examined as a function of exposure time (5–10-15 min). From this work, it 

is possible to conclude that the mechanical properties in tension are severely affected (-50% in 

stiffness and -70% in strength) by prolonged exposures to kerosene flame (15 min) with respect 

to as-received specimens. Flame exposure time (ranging from 5 to 15 min) seems to have very 

little influence on tensile properties and the effect is moderate on compressive properties. The 

barrier formed by an extensive thermally-induced delamination contributes to relatively 

preserve the structural integrity of the plies near the back-surface. The mechanical loading is 

taken up by the 0◦ fibers in non-delaminated areas of the specimens, resulting in preserving the 

residual mechanical properties in tension and in compression. 

This context and the analysis of the literature clearly demonstrate the lack of insight, of 

representative experimental data, of numerical tools but also the absence of a methodology 

dedicated to the study of the mechanical behavior of composite structures and their assemblies 

under flame. The main objective of the present work is therefore to dissociate the different 

phenomena occurring within PEEK-based laminates subjected to combined flame and 

mechanical loading. It will thus be possible to build a scientifically grounded basis for the design 

of aeronautical structures combining structural bearing capabilities and improved resistance to 

fire. For this purpose, this work examines the influence of kerosene flame exposure on the in-

situ creep mechanical behavior and residual mechanical properties in tension of hybrid CG/PEEK 

laminates. The influence of a kerosene flame exposure (116 kW/m2 and 1100 °C) on the 

composites structural integrity was examined as a function of exposure time (5-10-15 min).  

 

2. Materials and experimental set-up 

2.1 Materials and specimens 

The laminates used in this study are obtained by thermo-compression [12]. They consist of a 

PEEK thermoplastic matrix reinforced with a 5-harness satin weave carbon fiber fabric (Tenax® 

- E HTA40 3K). They have two outer glass fabric (5-harness satin weave) reinforced PEEK plies 

denoted (0/90)G. 16 plies laminates with a quasi-isotropic lay-up [(0/90)G,(0/90),(±45), 

(0/90),(±45),(0/90),(±45),(0/90)]S have been tested. The CG/PEEK laminates average thickness is 

about 4.5 mm. 300mm long tensile specimens with a dog-bone geometry were cut by water jet 

from 600x600 mm² plates.  

 

2.2 Kerosene flame exposure 

The burner shown in Figure 1 is a domestic device (Cuenod manufacturer). The kerosene is 

injected in a nozzle generating a hollow cone spray with an angle equal to 80° and a maximum 

flow rate of 0.3 g/s. This flow rate is controlled with a mass flow meter (MINI CORI-FLOW™ - 

Bronkhorst), and it can be adjusted. Airflow is also controlled with a mass flow meter (EL-FLOW® 

Prestige - Bronkhorst). The air to fuel ratio has been selected at 0.85 of the stoichiometric value, 

in order to obtain heat flux and temperatures values close to the standard values (116 kW/m2 

and 1100 °C) at the sample location. The flame at the exit of the turbulator is a wide and 

turbulent jet. Therefore, a 50 mm diameter steel tube is installed after the turbulator to channel 

the hot combustion gases on the exposed area of the sample (Figure 1).  
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(a)  (b) 

 

 

 

 

 

Figure 1. In situ tensile behaviour of CG/PEEK laminates subjected to a kerosene flame during 

mechanical loading: (a) description of the experimental bench – (b) protective shield limiting 

the thermal decomposition of the specimen 

 

2.3 Combined mechanical-thermal loadings 

Firstly, specimens were subjected to a creep tensile loading during a kerosene flame exposure 

without any protective shield (Figure 1b). The axial displacement was measured using a Linear 

Variable Differential Transformer (LVDT) sensor. During the test, the temperature distribution 

on the back-side of the specimens is monitored by means of an infrared camera and a mirror. 

Secondly, a protective shield associated with a ceramic thermal insulation layer was designed to 

limit the thermal decomposition of the specimens with an exposure area of 40*10mm² during 

kerosene-flame exposure (Figure 1b). Four samples have been tested in the following 

configurations: 

• As received (referred to as virgin state), 

• After a 5 min exposure to a kerosene flame while subjected to a 20kN creep loading, 

• After a 10 min exposure to a kerosene flame while subjected to a 20kN creep loading,  

• After a 15 min exposure to a kerosene flame while subjected to a 20kN creep loading. 

 

2.4 Mechanical characterization of residual tensile properties 

The purpose of these mechanical tests is to evaluate the residual tensile properties after flame 

exposure under tensile loading. Monotonic tensile tests were then performed using a 100kN 

capacity load cell of a MTS 810 servo-hydraulic testing machine in displacement-controlled 

mode (1mm/min) at Room Temperature (RT).  
 

 

3. Results and discussion 

In critical service conditions, composites parts may be subjected simultaneously to fire and 

mechanical loading. Therefore, a particular attention is paid to creep-induced failure. From the 

thermogravimetric analyses conducted in [12], the onset of thermal decomposition Tonset of 

CG/PEEK laminates increases (from 583 to 627°C) when the heating rate increases (from 10 to 
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200 K/min). The knowledge of the pyrolysis temperature is crucial to explain the mechanical 

contribution of the PEEK matrix in the response of each individual ply of the laminates. According 

to the classical laminates theory, the tensile load is primarily borne (about 73% of the 

mechanical load) by the woven (0/90°) plies in CG/PEEK laminates whose stacking sequence is 

quasi-isotropic.  

 

3.1 Thermo-mechanical response of CG/PEEK laminates without a protective shield 

Surprinsingly, the macroscopic response of the specimen is characterized by primary creep, 

followed by secondary creep locally disrupted by the failure of the plies with (0/90°) fibers (Fig. 

2b). Indeed, the mechanical response of QI laminates being fiber-dominated, no time-

dependent behavior should be observed. In comparison with virgin specimens (Figure 2a), those 

exposed (without a protective shield as shown in Fig. 1b) for 17 min to a kerosene flame  and a 

10kN constant tensile loading (Figure 2c), show a creep response, which is characterized by a 

gradual failure of the 0/90° fibers that is correlated to the thermal decomposition of the 

laminates plies (Fig. 2b). The breakage of 0° fibers comes along with a sudden increase in the 

axial strain until the tensile load is transferred to the undamaged plies. 

(a) (b) (c) 

 
 

Figure 2. Creep mechanical response of CG/PEEK quasi-isotropic laminates exposed to a 

kerosene flame for 17 min (without a protective shield): evolution of the axial strain with the 

thermal decomposition of the laminates’ plies (b) and macroscopic observations of the virgin 

and damaged states (a)-(c) 

 

From the post-mortem macroscopic observations of the specimen after a 17 min exposure to 

kerosene flame (Figure 3), it appears that the role played by the laminates’plies differ from 
one to another. Flame exposure leads to a significant temperature gradient through-the-

thickness of the QI laminates. In the early phase of flame exposure (about 100s), an important 

softening of the PEEK matrix occurs within the plies. This results in the primary creep stage of 

the laminates. Once the PEEK matrix has locally deformed, the tensile load is taken up by the 

plies with (0/90°) fibers. Between the breakage of each (0/90°) plies, the laminates is therefore 

characterized by a steady creep state whose creep rate is virtually null. In other words, it 

means that the (±45°) plies whose mechanical behavior is dominated by the PEEK matrix do 
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not a play a significant role from the macroscopic response standpoint (Figure 2). Then, 

depending on the thermal decomposition of each ply (function of the exposure time), the 

bearing capabilities of the plies is gradually degraded. The complete ablation (resulting from 

the oxydation of the fibers and the pyrolysis of the PEEK matrix) of the outer G/PEEK ply is 

even observed after a while. The plies exposed to the kerosene flame are the first to fail 

(Figure 3). The observation of the fractured plies also confirm that the (±45°) plies are not 

significantly deformed as the (±45°) plies do not rotate when the tensile load is transferred 

from one ply to another. When all the (0/90°) plies have fail, only the last two (±45°) plies 

located close to the back surface are characterized by a significant rotation of the fibers along 

the axial direction. The microscopic observation of the laminates’ edge in the thermally-

degraded area shows extensive delamination (Figure 3). 

 

 (a) Exposed surface (b) Back surface (c) Laminates’ edge 

 

Figure 3. Post-mortem macroscopic observations of a CG/PEEK hybrid specimen subjected 

simultaneously to a 10kN tensile creep loading and a kerosene flame for 17 minutes (without a 

protective shield): (a) Exposed surface – (b) Back surface – (c) Laminates’ edge 

  

3.2 Thermo-mechanical response of CG/PEEK laminates with a protective shield 

When it comes to specimens partly protected by a thermal shield during flame exposure, it 

appears that the creep response to a 20kN tensile force is virtually characterized by no time-

dependent behavior (as pointed out by the blue dotted line). It therefore suggests that an 

extended time exposure to the kerosene flame results in a temperature gradient within the 

laminates’ plies whose effect is not observable on the macroscopic response of the specimen. 
In addition, it means that the structural integrity is well preserved during the whole test as the 

majority of the laminates’ plies are undamaged and they are still capable to bear the tensile 

load. Of course, the 20kN applied tensile force corresponds to a relatively low tensile stress 

(about 177 MPa) with respect to the residual ultimate strength of CG/PEEK specimens (about 
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785 MPa) subjected to a prior similar thermal agression without mechanical loading [12]. Finally, 

the instantaenous strain (about 0.34%) associated with the 20kN creep tensile load applied at 

the beginning of the test (when the temperature within the specimen is basically at room 

temperature) allows the estimation of the axial stiffness of the specimen whose value remains 

virtually a constant (about 52,17 GPa when considering the Hooke’s law 𝐸𝑥 = 𝜎𝑥 𝜀𝑥⁄ ), 

confirming that the elastic properties of the material are not signicantly degraded during flame 

exposure. 

 

(a) (b) (c) 

 

 

 

 

 

Figure 4. Creep mechanical response of CG/PEEK quasi-isotropic laminates subjected 

simultaneously to a 20kN tensile creep loading and a kerosene flame for 15 min (with a 

protective shield): evolution of the axial strain with the thermal decomposition of the 

laminates’ plies (b) and macroscopic observations of the virgin and damaged states (a)-(c) 

 

Compared to the case of a flame exposure without a protective shield, a CG/PEEK specimen 

subjected to a flame for 15 min is significantly less degraded as the laminates’ edges are not 
directly aggressed by the flame (Figure 5a). A layer of char is observed on the exposed surface 

and the thermally-degraded area is efficiently limited by the protective shield. It is worth 

recalling that the layer of char resulting from the local thermal decomposition (pyrolysis of the 

PEEK matrix and oxidation of the fibers) contributes to the protection of adjacent layers and 

allows the specimen to sustain a significant proportion of the strength (with respect to the virgin 

state) over extended periods of time. On the back surface, melted PEEK matrix is observed as 

well as porosities steming from the exhaust of pyrolisis gases (Figure 5b). Finally, the microscopic 

observation of the laminates’ edge reveals bubles of melted matrix though which came out 
some pyrolisis gases (Figure 5c). The outer protective layer of char preserves the cohesion of the 

plies underneath and the delamination is only observed on the outer back surface between the 

G/PEEK and the C/PEEK ply. It is therfore expected that the structural integrity of the laminates 

is maintained and it should reflect on the residual tensile properties of the specimens exposed 

to a kerosene flame for different durations.  

Elastic behavior 
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(a) Exposed surface (b) Back surface (c) Laminates’ edge 

 

 

 

 

 

 
 

 

   
 

Figure 5. Macro and microscopic observations of a CG/PEEK hybrid specimen subjected 

simultaneously to a 20kN tensile creep loading and a kerosene flame for 15 minutes (with a 

protective shield): (a) Exposed surface – (b) Back surface – (c) Laminates’ edge 

 

In order to quantify the residual structural capabilities of the CG/PEEK, monotonic tensile tests 

were conducted on specimens exposed to prior combined loading (flame + tensile creep) with a 

protective shield. The macroscopic responses show that the tensile behavior is virtually elastic 

brittle in both virgin and thermally-aggressed specimens (Fig. 6a). Compared to virgin 

specimens, the tensile properties significantly decrease after a 15 min flame exposure under a 

20kN creep loading in tension: - 30% in the axial stiffness and -50% in the axial strength (Fig. 6b).  

(a) (b) 

 
 

 

Figure 6. Tensile behaviour of CG/PEEK hybrid laminates: comparison of virgin 

specimen vs post flame exposure specimen (5-10-15 min exposure under a 20kN tensile 

force): (a) Macroscopic stress-strain response – (b) Changes in tensile properties 
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To better understand the contribution of the plies to the mechanical behavior of quasi-isotropic 

laminates, it is necessary to know the temperature distribution during flame exposure. It is only 

possible to monitor the temperature changes on the back surface of the specimen by means of 

thermocouples stuck to the surface or by means of infrared thermography. The emissivity of the 

specimen changes because of the thermal decomposition of the material, as a result the 

temperature measurement via IR thermography is not accurate anymore. Figure 7 shows the 

temperature distribution during flame exposure (Fig. 7a) which has been obtained using a 

thermocouple stuck to the surface (Fig. 7b) The thermocouple is unstuck from the surface after 

a 5 min exposure, therefore preventing to further measure the temperature during the entire 

test. The temperature reached on the back surface is about 400°C (far from Tonset =583°C). A 

thermo-phosphorescence technique is actually developed to measure the surface temperature 

of pyrolyzed materials. It consists in using a phosphor powder coated on the back surface of the 

specimens. This surface is then excited by a laser (~4-6ns) during flame exposure. The intensity 

of the phosphorescence signal decays exponentially with time and the surface temperature can 

be deduced from the decay time [13]. 

 

(a) (b) 
 

  

 

Figure 7. Measurement of the temperature on the back surface of CG/PEEK hybrid 

laminates subjected simultaneously to a 20kN tensile creep loading and a kerosene 

flame for 15 minutes: (a) temperature vs time evolution – (b) experimental set-up 

 

 

4 Conclusions 

The main objective of the present study was to separate the influence of different physical 

phenomena at play within carbon glass reinforced PEEK laminated composites subjected 

simultaneously to a kerosene flame and a mechanical loading. The underlying idea is to 

reproduce at the laboratory scale the critical conditions in service (fire scenario in aircrafts’ 
engines). Thus, a specific fire bench was specifically developed to induce a calibrated thermal 

aggression by a kerosene flame (1150°C and 116kW/m² heat flux – in agreement with the 

certification requirements) along with a tensile creep loading. Two test configurations were 

considered to adjust the criticality of the flame exposure: with or without protective thermal 

shield. 

Protective 
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Thermocouple 

Thermal tape 
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From the obtained results, the following conclusions can be drawn: (i) the thermo-mechanical 

response is directly correlated to the flame exposure time – (ii) the thermo-mechanical response 

significantly differs depending on the boundary conditions – (iii) the contribution of the plies to 

the structural integrity of the laminates clearly depends on the position of the  plies as well as 

their initial orientation – (iv) the decrease in the residual tensile properties (- 30% in the axial 

stiffness and -50% in the axial strength) is not catastrophic in the most severe conditions (after 

a 15min exposure) with respect to the as-received material – (v) The formation of layer of char 

resulting from the local thermal decomposition (pyrolysis of the PEEK matrix and oxidation of 

the fibers) contributes to the protection of adjacent layers and allows the specimen to sustain a 

significant proportion of the strength over extended periods of time. 

The influence of the tensile creep force on the deformation mechanisms needs to be further 

investigated to identify the critical loading conditions from which the structural capabilities of 

the laminates are reduced. At last, the temperature measurement being a key point to study the 

thermo-mechanical coupling under severe thermal aggression, it is necessary to implement a 

phosphor thermometry technique to accurately monitor the back side temperature evolution 

during the thermal decomposition of the composite material. 
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Abstract: In this study, the effect of absorbed water on the mechanical properties of long fiber 

reinforced thermoplastics (LFT) is investigated. The matrix system used was polyamide 6 

reinforced with glass fibers (GF) and carbon fibers (CF). Two conditioning procedures are 

investigated, storage at 23°C in distilled water and storage at 70°C and 80%rH. The aim is to 

determine the influence of the fiber type on the degradation of the mechanical properties by 

absorbed water. For this purpose, the mechanical properties of uncontaminated specimens are 

compared with specimens that have been immersed in water or a humid and warm environment 

for different periods of time. The failure mechanism of selected specimens were investigated by 

fracture surface analysis in the SEM and differences were determined. 

 

Keywords: Long fiber-reinforced thermoplastics; Polyamide 6; Environmental degradation; 

hydrothermal aging; Mechanical properties  

1. Introduction 

LFT based on polyamide have been widely used in various applications due to their excellent 

processing ability, their good mechanical properties and their good recyclability. In addition, LFT 

composites consist of fibers and thermoplastic matrix, which both can be recycled and reused. 

Due to the lower costs and relatively good mechanical properties, glass fibers are mainly used 

as reinforcement material in the LFT process for a long time. [1] Through the stricter regulations 

regarding emissions in the automotive sector, the demands on weight have become even 

greater and allow greater financial leeway, so the demand for discontinuously reinforced plastics 

with C-fibers as reinforcement has become higher in the last 10 years [2]. The LFT-D process is 

particularly suitable in order to obtain a high benefit from the stiffer C-fiber, as long fiber lengths 

can still be achieved in this process and better properties of the C-fiber can thus be used [2,3]. 

However, carbon fibers are still much more expensive and significantly more CO2 is emitted 

during production. [4] 

In the case of polyamide, a hygroscopic thermoplastic, used as a matrix system the absorbed 

water has a significant influence on the mechanical properties. Thus, the water molecules that 

accumulate between the chains at the bipolar amide group, cause the material to soften, i.e. the 

tensile strength and modulus of elasticity decrease. [5] This effect can be reduced by adding 
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reinforcing fibers, but is still present. In previous studies, mainly focused on short fiber 

reinforced polyamide composites, the mechanical properties under the influence of absorbed 

water have already been investigated in various tests, e.g. tensile tests, creep tests and impact 

tests [5-8]. The investigations refer to either glass fibers [5, 6] or carbon fibers [7, 8].  

With both fiber types, a considerable reduction of tensile strength and modulus of elasticity has 

been observed after hydrothermal aging [5-8]. However, the influence of the reinforcement 

fiber type on the water uptake and the degradation by hydrothermal aging has never been 

investigated under the same process conditions. Also, the influence of long fibers as in the LFT 

process has not been investigated yet. 

 

The aim of this study is therefore to determine whether a similar reduction in mechanical 

properties occurs under the influence of absorbed water in LFT materials. In addition, it will be 

investigated whether the fiber type has an effect on the water absorption and the reduction of 

mechanical properties and how the absorbed water influences the fracture behavior. 

 

2. Material and Manufacturing 

The LFT-D plates were manufactured by the Fraunhofer ICT in Pfinztal, Germany. The glass fibers 

used in the process were Johns Manville StarRov ® 895 2400 and the carbon fibers used were 

ZOLTEK PX3505015W-61. Both of the fibers, according to the data sheets, are particularly 

suitable for the use with polyamides. The fibers were fed directly into the impregnating extruder 

as roving with the melted polyamide. Both material types were manufactured with the same 

polymer flow rate of 25 kg/h and a planned fiber volume content of vol. 25%.  

The 3mm thick plates were pressed on a press by Diffenbacher (type COMPRESS PLUS DCP-G 

3600/3200 AS) in a mold with the dimensions 400mm x 400mm. A side insert was selected so 

that the finished sheet can be divided into 2 areas, the charge area and the flow area shown in 

Fig.2-1. 

 

Figure 2-1. Compression molding process with side insert and flow path, which divides the 

plate into charge and flow area 
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3. Experimental methods 

3.1 Specimen preparation  

The samples were cut from the pressed plates in an iCUTwater smart of the company imes-icore 

with a pressure of 1500bar, a cutting speed of 900mm/min and a flow rate of 250g/min of 

cutting sand Classic Cut 120 garnet of the company GMA. Since the surface in the charge area 

of the plates is very rough (due to fibers leading up to the surface), which strongly influences 

the water absorption, all samples for this work were taken from the flow area. The orientation 

of all tensile specimens is 0° to the flow path, in which the greatest influence of the fiber 

reinforcement could be observed due to the flow induced fiber orientation. After cutting, the 

samples were dried for at least 240 hours in an oven with dryer function at 50°C. For the water 

absorption according to DIN 62, square specimens with a side length of 61mm were cut. The 

tensile specimens were rectangular specimens with dimensions of 15x200mm. 

3.2 Fiber content measurement 

Fiber content measurements were carried out at the Fraunhofer ICT in Pfinztal. The matrix of 16 

samples with a diameter of 25 mm were ashed in a TGA701 (LECO Corporation, St. Joseph, 

Michigan, USA) and measured by weight before and after the ashing process. For the CF-LFT 

investigations, a very gentle method was used at 430°C under a nitrogen atmosphere.  

3.3 Water uptake 

The water absorption was investigated on all specimen geometries from 3.1 when immersed in 

distilled water at 23°C according to DIN EN ISO 62. Since conditioning to the saturation state 

takes longer than originally assumed, additional tensile samples were stored in a climate 

chamber at 70°C and 80% relative humidity. The values are based on DIN EN ISO 1110, which 

describes the accelerated conditioning of polyamides. In order to have a better comparison, the 

water absorption was related to the weight percentage of the matrix. For this purpose, the 

results of TGA measurements were used to determine the fiber mass content (𝑚𝑚%𝑓𝑓𝑖𝑖𝑓𝑓𝑓𝑓𝑓𝑓) of the 

individual LFT types. The water content was then calculated according to formula 1, where 𝑀𝑀0 

is the sample mass in dry state at time 𝑡𝑡 = 0 and 𝑀𝑀𝑡𝑡 at time 𝑡𝑡 . 𝑀𝑀𝑀𝑀𝑀𝑀𝑡𝑡𝑓𝑓𝑖𝑖𝑥𝑥 
𝑊𝑊𝑀𝑀𝑡𝑡𝑓𝑓𝑓𝑓 (%) =

�𝑀𝑀𝑡𝑡−𝑀𝑀0∗𝑚𝑚%𝑓𝑓𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓�−𝑀𝑀0∗�1−𝑚𝑚%𝑓𝑓𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓�𝑀𝑀0∗�1−𝑚𝑚%𝑓𝑓𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓� ∗ 100              (1) 

3.4 Mechanical test: 

The tensile tests were performed according to DIN EN ISO 527-4 2020 on a Zwick Roell Universal 

testing machine with a 20kN load cell and an external extensometer multi-eXtens for the strain 

detection. 

4. Results and Discussion 

In Table 1 the average results with deviation of the TGA data can be seen. The results were used 

to determine the water absorption on the polymer mass contained in the composite to compare 

the water absorption of the different materials. 
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Table 1: Results of fiber content measurements via TGA. 

Material Ø wt.% total   deviation in % Ø vol.% Fiber 

CF-LFT 29,58 ±3,07 21,04 

GF-LFT 43,18 ±3,29 25,79 

It is noticeable that the 25vol% planned value for the glass fiber LFT was hit very accurately, 

while it was slightly lower for the C-LFT. This may also be due to the analysis method, since the 

separation between the ashing of fiber and matrix is much more difficult to define for the C-

fibers. Therefore, some of the C-fibers may have been ashed before the final measurement, 

which in result can lead to a too low fiber content. 

Figure 4-1 shows the water absorption of the different LFT materials in distilled water at 23°C 

and in a climatic chamber at 70°C and 80%rh normalized with formula 1 and the data from the 

TGA to the PA6 content in the compound. In each case, the mean value of 5 samples is given. 

It can be seen that the water absorption of the respective material types behaves very similarly 

in each conditioning method and no major influence of the fibers can be detected. The slightly 

higher water absorption of the GF-LFT in all tests can be attributed to the results of the TGA, 

which can easily underestimate the fiber content of C-fibers.  

 

Figure 4-2. Water absorption of the different LFT parts according to DIN EN ISO 62 in distilled 

water at 23 °C and according to DIN ISO 1110 in a climate chamber at 70°C and 80%rh 

normalized to matrix content over time in h 

It is noticeable that the amount of absorbed water of the tensile specimens in 23°C water 

increases significantly faster than those of the DIN62 specimens. This can be explained by the 

fact that the tensile specimens have a relatively higher cutting edge length to volume ratio 

whereby more rough spots are on the surface. This clearly shows that the diffusion coefficient 

0 500 1000 1500 2000 2500 3000

0

2

4

6

8

10

M
W

a
te

r

M
a

tr
ix
 i
n

 %

Time in h

   Water uptake in Matrix according to Din ISO 62  

1074/1211 ©2022 Scheuring 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 

is not homogeneous, but that more water diffuses into the samples via the rough cut surfaces. 

The even faster water absorption of the specimens in the climatic chamber also shows the 

temperature dependence of diffusion. During conditioning in the climatic chamber, the tensile 

specimens take on a saturation state at an early stage. This reveals that the absorbed water is 

uniformly distributed over the entire volume of the specimen. Whereas in the case of specimens 

placed in water, mainly the peripheral areas are contaminated with water. 

The influence of the water on the mechanical properties of the individual materials is shown in 

figure 4-3. The tensile strength and the modulus of elastisity of the tensile specimens stored in 

water are shown on the left side and those of the specimens conditioned in the climatic chamber 

on the right side of the figure. 

 

Figure 4-3. Tensile strength and modulus of elasticity of CF-, GF-LFT over time stored in distilled 

water at 23°C in h 

It can be seen that the tensile strength of both materials is significantly reduced under the 

influence of absorbed water in both conditioning methods. For the samples conditioned in the 

climatic chamber, as soon as saturation is reached after approx. 96h and even before, the tensile 

strength of both materials is almost identical at about 140MPa. This clearly shows that the C-

fiber reinforced PA6 has a much higher sensitivity to absorbed water as the reduction of the 

tensile strength in C-LFT is about 41% and in G-LFT about 19%. The same behavior can be 

observed when stored in water, where after 1080h of exposure to water, the tensile strength of 

both materials take on a very similar value at about 125MPa. So, the reduction is even more 
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significant with 52% in the CF-LFT and 34% in the GF-LFT. The even greater reduction can be 

attributed to the greater amount of absorbed water. 

The modulus of elasticity of both materials is also significantly reduced, although the values do 

not approximate here, but a significantly higher stiffness of the CF-LFT can still be seen after 

1080h. The reduction of modulus of elasticity is about 40% for C-LFT and only about 25% for G-

LFT for storage in the climatic chamber and about 44% for CF-32% GF-LFT for storage in water. 

This can be attributed to the fact that the force introduction into the fiber is still sufficient at low 

strains and the stiffness of the fiber still plays a greater role than is the case with the failure. 

In order to better understand the failure of the individual materials, SEM analyses of the fracture 

surfaces were carried out for selected specimens (in dry codition and after 96h in the climate 

chamber), which are shown in figure 4-3. 

 

Figure 4-3. SEM images of the fracture surface after the tensile test in dry condition and after 

96h in the climatic chamber at 70°C and 80%rh 

In the case of the dry samples, for both material systems a brittle fracture behavior with matrix 

cracks transverse to the loading direction is exclusively observed on the total fracture surface. 

Both fiber breakage and fiber pull out can be observed, as shown in the fracture surface details 

of the dry specimens in Figure 4-3. In comparison, on the fracture surfaces of the specimens 

stored in the climate chamber, a ductile matrix failure can be observed. This can be seen in the 

highly deformed matrix around the fibers. This can be attributed to the PA6 becoming softer 

and more ductile due to the absorbed water. It is noticeable that on the same fracture surface 

at other points, a brittle fracture area can be observed again.  

Figure 4-4 shows the fracture surfaces of the same specimens as in Figure 4-3 with low 

magnification. It can be seen that in both cases a fiber bundle is visible in the middle layer of the 
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specimen. It is noticeable that the part with ductile failure is always located around the area, 

where a fiber bundle could be found.  

 

Figure 4-4. SEM images of the fracture surface after the tensile test after 96h in the climatic 

chamber at 70°C and 80%rh were the damage induction can be localized by the ductile failure 

modes 

Therefore, it can be assumed that there is an increase in stress around the fiber bundle, which 

leads to a ductile deformation of the matrix. After a crack has developed in the ductile area, 

however, the remaining fracture surface undergoes brittle fracture, since the crack opening 

causes the stress in the remaining area to increase very rapidly. The occurrence of ductile failure 

at the crack initiation coincides with the investigations by Sato et.al. [9] of short glass fiber 

reinforced PA6 in SEM insitu experiments.  

5. Conclusion 

It was shown that for both conditioning methods, CF-LFT shows a much higher sensitivity to 

absorbed water than GF-LFT in terms of reduction of tensile strength and tensile modulus of 

elasticity. In terms of tensile strength, the behavior of the two materials was even almost 

identical after extended aging time. With regard to the modulus of elasticity, on the other hand, 

higher stiffness was still observed with the CF-LFT.  

In both materials, a change in the failure behavior could be determined on the basis of fracture 

surface analyses. Thus, a considerable amount of ductile failure occurred with absorbed water, 

through which the damage initiation could be localized. 
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Abstract: This study examines the statistical life prediction of unidirectional CFRP under creep 

tension load by our developed accelerated testing methodology (ATM). Four kinds of resin 

impregnated carbon fiber strand (CFRP strand) are selected as unidirectional CFRP which consist 

of two kinds of PAN based carbon fiber, and two kinds of matrix resin, thermoset epoxy and 

thermoplastic epoxy. Statistical life of these four kinds of CFRP strand under creep tension load 

are evaluated by ATM and these characteristics are discussed. As results, it can be found that our 

ATM is applicable to predict the long-term creep strength of these CFRP strands. The creep 

strengths decrease concomitantly with increasing elapsed time according with the time-

dependent relaxation modulus of corresponding matrix resin. 

Keywords: CFRP; durability; tensile creep strength; viscoelasticity; accelerated testing 

1. Introduction 

Carbon fiber reinforced plastics (CFRP) have been used for primary structural members of 

airplanes, ships, automobiles, and other vehicles, for which high reliability must be maintained 

during long-term operation. Therefore, an accelerated testing methodology (ATM) is anticipated 

strongly for long-term life prediction of CFRP structures exposed to actual environmental 

temperatures, water, and other influences. 

The mechanical behavior of matrix resin of CFRP, so-called viscoelastic behavior, exhibits time 

and temperature dependence, not only above the glass transition temperature Tg, but also 

below Tg. Consequently, it can be inferred that the mechanical behavior of CFRP depends 

strongly on the time and temperature [1-4]. Our earlier reports have proposed formulations of 

statistical static, creep, and fatigue strengths of CFRP based on matrix resin viscoelasticity [5, 6]. 

In our earlier work [7], the long-term prediction of statistical creep strength under tension 

loading along the longitudinal direction of unidirectional CFRP was performed by measuring the 

statistical static tensile strengths of resin impregnated carbon fiber strand (CFRP strand) and the 

matrix resin viscoelasticity at various temperatures. Results demonstrated that the 

experimental creep strength agrees well quantitatively with the predicted values. Therefore, the 

statistical long-term creep strength of CFRP strands can be predicted using statistically 

determined static strength of CFRP strands and viscoelastic behavior of matrix resin. 

In this paper, four kinds of CFRP strand are selected as unidirectional CFRP which consist of two 

kinds of PAN based carbon fiber, Torayca T300 and T700, and two kinds of matrix resin, 

thermoset epoxy (EP) and thermoplastic epoxy (TPEP). Statistical life of these four kinds of CFRP 

strand named as T300/EP, T300/TPEP, T700/EP and T700/TPEP under creep tension load are 
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evaluated by ATM and these characteristics are discussed. First, the static tensile strengths of 

four CFRP strands are measured statistically at various constant temperatures and the relaxation 

moduli for two matrix resins are also measured at various constant temperatures. Second, the 

statistical creep tensile strengths for four CFRP strands are predicted by substituting the 

measured data into the formulae of these strengths on our developed ATM and the validity of 

prediction is cleared by compared with the creep tensile strengths measured directly by creep 

tests. Finally, the characteristics of statistical long-term creep strengths of four CFRP strands are 

discussed. 

2. Formulations 

The formulation of statistical static strength s of CFRP based on the matrix resin viscoelasticity, 

was presented in an equation in our earlier paper [7], as shown below. log𝜎s = log𝜎0 + 1𝛼 log[−ln(1 − 𝑃f)] + 𝑛Rlog [ 𝐸s∗(𝑡, 𝑇)𝐸r(𝑡0, 𝑇0)] (1) 

Therein, Pf signifies the failure probability, t denotes the failure time, t0 represents the reference 

time, T stands for the temperature, T0 stands for the reference temperature, 0 and  

respectively denote the scale parameter and the shape parameter on the Weibull distribution 

of static strength. In addition, nR is the viscoelastic parameter. Therein, Er and Es
* respectively 

represent the relaxation and viscoelastic moduli of matrix resin. The viscoelastic modulus Es
* for 

the static load with a constant strain rate is calculated as presented below. 𝐸s∗(𝑡, 𝑇) = 𝐸r(𝑡 2⁄ , 𝑇) (2) 

Statistical creep strength σc can be ascertained by shifting the master curve of static strength 

with log A based on Christensen’s theory for viscoelastic crack kinetics [8]. Therefore, the master 

curve of creep strength can be presented as the following equation [7]. log𝜎c = log𝜎0 + 1𝛼 log[−ln(1 − 𝑃f)] + 𝑛Rlog [ 𝐸c∗(𝑡, 𝑇)𝐸r(𝑡0, 𝑇0)] (3) 

In this equation, Ec
* represents the viscoelastic modulus for a constant stress load. 𝐸c∗(𝑡, 𝑇) = 𝐸s∗(𝐴𝑡, 𝑇) = 𝐸r(𝐴𝑡 2⁄ , 𝑇) (4) 

The shifting amount log A, as ascertained from slope kR of logarithmic static strength against the 

logarithmic failure time curve, is calculated using the following equation. log𝐴 = log (1 + 1𝑘R),              𝑘R = 𝑛R𝑚R (5) 

Therein, mR represents the slope of logarithmic relaxation modulus of matrix resin against the 

logarithmic time curve. 

3. Molding of CFRP strands and testing methods 

Two kinds of CFRP strand, T300/EP and T700/EP using thermoset epoxy resin (EP) were molded 

by filament winding method [7]. The other two kinds, T300/TPEP and T700/TPEP using 

thermoplastic epoxy resin (TPEP) were molded using pultrusion method [9]. Table 1 shows the 
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carbon fiber and the mechanical properties used for this study [10]. Table 2 shows the matrix 

epoxy composition and the curing conditions for four kinds of CFRP strand. 

The CFRP strand specimen configuration is presented in Fig. 1. The diameter and gage length of 

CFRP strands are, respectively, approximately 1 mm and 200 mm. The glass transition 

temperature Tg of the thermoset epoxy resin was 160 °C and of the thermoplastic epoxy resin 

was 102 °C as ascertained from the peak of loss tangent against temperature at 1 Hz using 

dynamic mechanical analysis (DMA). Static and creep tension tests for CFRP strands of four kinds 

were conducted under several levels of constant temperature using our developed testing 

system [7]. 

 

Table 1: Carbon fiber and the mechanical properties. 

Carbon fiber 
Density 

[g/cm3] 

Yield 

[g/1000 m] 

Elastic modulus 

[GPa] 

Tensile strength 

[MPa] 

T300-3000 1.76 198 230 3,530 

T700-6000 1.80 400 230 4,900 

 

Table 2: Composition and curing schedule of CFRP strand. 

CFRP strand Composition of resin (weight ratio) Cure schedule 

T300/EP and T700/EP 

Thermoset epoxy (100) 

Hardener (104) 

Cure accelerator (1.0) 

70 °C × 12 h 

+150 °C ×   4 h 

+190 °C ×   2 h 

T300/TPEP and T700/TPEP 
Thermoplastic epoxy (100) 

Cure accelerator (6.5) 
150 °C × 0.5 h 

 

 

Figure 1. Configuration of tensile tests for CFRP strand specimens 
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4. Results and discussion 

4.1 Relaxation modulus of matrix resin 

Relaxation moduli were measured at various temperatures for EP and TPEP resins. Figure 2 

shows the relaxation moduli at 1 min for EP and TPEP resins versus temperature. Figure 3 shows 

the master curve of relaxation moduli at reference temperature T0= 25 °C which were obtained 

by shifting relaxation moduli at each temperature horizontally and vertically based on the time-

temperature superposition principle. 

 

Figure 2. Relaxation moduli of matrix resins EP and TPEP versus temperature  

 

       

Figure 3. Master curves of relaxation moduli and shift factors for matrix resins EP and TPEP 

 

4.2 Determination of strength parameters of CFRP strands by static tests 

Static tension tests for CFRP strands were conducted at various temperatures with cross-head 

speed of 2 mm/min. The tensile strength s is obtained using the following equation. 𝜎s = 𝑊max𝑡e 𝜌 (6) 
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In this equation, Wmax represents the maximum load [N]. In addition,  and te respectively denote 

the carbon fiber density [kg/m3] and the yield of the carbon fiber strand [g/1000 m]. 

Figure 4 shows the static strength versus temperature for CFRP strands. The static strengths 

decrease markedly with increasing temperature. The static strengths for T300/TPEP and 

T700/TPEP are relatively lower than those for T300/EP and T700/EP, respectively, although the 

same carbon fiber is used. This is caused by the molding method for CFRP strand. 

The Weibull distributions for static strength at various temperatures are depicted in Fig. 5 for 

the CFRP strands. In this figure, s is the shape parameter and s is the scale parameter of the 

CFRP strand. Although the scale parameter decreases according to the temperature rise, the 

shape parameter maintains an almost constant value for the CFRP strand to the temperature 

rise. Shape parameter s and scale parameter s at temperature T = 25 °C in this figure can be 

inferred as shape parameter , scale parameter 0 of static strength at the reference 

temperature T0 = 25 °C, and the reference failure time t0 = 1 min used in Eq. (1). 

Figure 6 portrays the dimensionless static strengths of CFRP strands s0 against the 

dimensionless viscoelastic modulus of matrix resin Es
*∕Er0. The relation of s/0 against Es

*∕Er0 

can be represented as a straight line with slope of nR, which is the viscoelastic parameter in Eqs. 

(1), (3) and (5). Parameters 0,  and nR for CFRP strand are presented in Table 3. The parameter 

nR is controlled by the shape parameter of carbon mono filament based on the Rosen’s failure 
model [11]. It can be seen that the nR in Table 3 is clearly different with type of carbon fiber. 

    

(a) T300/EP & T300/TPEP                                     (b) T700/EP & T700/TPEP 

Figure 4. Static strengths of CFRP strands versus temperature 

    

(a) T300/EP & T300/TPEP                                     (b) T700/EP & T700/TPEP 

Figure 5. Weibull distributions of static strength of CFRP strands 
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(a) T300/EP & T300/TPEP                                     (b) T700/EP & T700/TPEP 

Figure 6. Determination of viscoelastic parameter nR 

 

Table 3: Parameters of statistically determined static and creep strengths for CFRP strands. 

 0 [MPa]   nR mR 

T300/EP 3,720 27 0.060 0.280 

T700/EP 5,414 20 0.044 0.222 

T300/TPEP 3,600 16 0.064 0.166 

T700/TPEP 4,972 15 0.048 0.176 

 

4.3 Statistical creep failure time of CFRP strands 

Creep failure tests of CFRP strands were conducted respectively at a constant stress level and at 

a constant temperature. Results of the creep failure tests are presented in Fig. 7. The predicted 

tensile creep strength c calculated by substituting the parameters in Table 3 into Eq. (3) are 

also shown in Fig. 7. The predicted statistical creep failure time agrees well with the 

experimentally obtained data. 

    

(a) T300/EP & T700/EP                                     (b) T300/TPEP & T700/TPEP 

Figure 7. Statistical creep failure time for CFRP strands 
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4.4 Prediction of long-term creep strength 

Prediction of long-term statistic tensile creep strengths for CFRP strand used for this study is 

performed by substituting the viscoelastic properties of matrix resin in Fig. 3 and the material 

parameters for CFRP strand of Table 3 into Eq. (3). Figure 8 shows the predicted long-term 

relaxation modulus of matrix resin and the statistic tensile creep strength of CFRP strands at T = 

25 °C. These figures clarified that the creep strengths of CFRP strand decrease concomitantly 

with increasing elapsed time according with the time-dependent relaxation modulus of 

corresponding matrix resin. 

 

 

Figure 8. Prediction of long-term relaxation modulus for matrix resin and tensile creep strength 

for CFRP strands 
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5. Conclusion 

This study examines the statistical life prediction of unidirectional CFRP under creep tension load 

by our developed accelerated testing methodology (ATM). Four kinds of resin impregnated 

carbon fiber strand (CFRP strand) are selected as unidirectional CFRP which consist of two kinds 

of PAN based carbon fiber, Torayca T300 and T700, and two kinds of matrix resin, thermoset 

epoxy (EP) and thermoplastic epoxy (TPEP). Statistical life of these four kinds of CFRP strand 

under creep tension load are evaluated by ATM and these characteristics are discussed. As 

results, it can be found that our ATM is applicable to predict the long-term creep strength of 

these CFRP strands. The creep strengths decrease concomitantly with increasing elapsed time 

according with the time-dependent relaxation modulus of corresponding matrix resin. 
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Abstract: Poly(ether ketone ketone) (PEKK) is a high performance thermoplastic polymer with 

excellent mechanical properties, which aims to replace epoxy currently widely used as matrices 

in aircraft composites. Knowing the aircrafts service life, it is of great importance to evaluate the 

durability of its constitutive materials. In this paper, water sorption of both PEKK neat resin as 

well as in its continuous carbon fiber composite (C/PEKK) is fully characterized using both water 

immersion and dynamic vapor sorption (DVS) methods. Water transport in PEKK follows Henry’s 
law whereas a clear deviation from this behavior is observed in C/PEKK at high relative 

humidities. Water diffusion in unidirectional consolidated C/PEKK has been modeled using finite 

element method based on water transport parameters determined in neat PEKK. 

Keywords: Thermoplastic; PEKK; water transport; CFRP; DVS  

1. Introduction 

Continuous carbon fiber reinforced thermoplastics are gaining in interest in the aeronautic field 

in the last decades. High performance thermoplastics such as poly(phenylene sulfide) (PPS), 

poly(ether imide) (PEI) and poly(aryl ether ketone) (PAEK) have the major advantage to be 

weldable, recyclable and have less constraining storage conditions than thermosets. Poly(ether 

ether ketone) (PEEK) is the most common polymer from the PAEK family whereas PEKK was 

developed later. During their use phase, the composite parts of an aircraft can come into contact 

with different aggressive environments such as temperature, humidity, radiations, aeronautic 

fluids, etc. Thus, it is necessary to assess the potential effects of these latter on the material.  

Thermoplastics exhibit better chemical resistance than epoxy matrices which are currently 

widely used in aircraft structures. Several studies showed that epoxy resins can absorb up to 10 

wt% water (1–4). This is mostly due to the high polarity of chemical groups contained in epoxy 

resins leading to hydrogen bonding to water molecules. This significant water uptake induces 

irreversible damage in both epoxy-based composites such as swelling leading to a reduction in 

delamination fracture (5). Moreover, micro cracks as well as intralaminar cracks are frequently 

observed (6,7). Water sorption in neat resin is usually described as fickian whereas it deviates 

from fickian behavior in carbon fiber reinforced epoxy composites due to irreversible damages 

(8–10). 

Water sorption in neat PEEK and its carbon fiber reinforced composite has been studied by 

several authors since the 1980s. In water immersion, neat PEEK and C/PEEK follow Fick’s law and 
absorb up to 0.55 wt% and 0.4 wt% water respectively (11–14). Very few literature provides data 
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on water transport in C/PEKK (15,16) and no paper was found in the case of neat PEKK. The 

present study aims to investigate water sorption mechanism in neat PEKK matrix as well as in 

C/PEKK composite using both water immersion and dynamic vapor sorption methods.  

2. Experimental 

2.1 Materials 

Neat PEKK with a T/I ratio of 70/30 was provided by Arkema. Films of 50 µm thickness are used 

for dynamic vapor sorption (DVS) measurements whereas 2 mm-thick plates are used for 

gravimetric measurements. Composite tapes (thickness 0.200 mm and controlled porosity) 

made of unidirectional continuous carbon fibers (AS7) and PEKK 70/30 are provided by Hexcel 

Reinforcements. The tapes have a porosity level of 3% and 9% and a carbon fiber volume content 

of 60v%. Tapes consolidated using a press applying 7 bars are considered non porous. 

2.2 Gravimetric measurement 

For gravimetric measurements, samples of size 50x50 mm² are cut in the PEKK plates and 

composite tapes using a band saw and a diamond saw respectively. They are dried in an oven at 

120°C during 48 hours prior to water immersion. The samples are immersed in distilled water at 

30°C, 50°C and 70°C, in sealed glass jars placed in a temperature-controlled water bath, until 

saturation. The samples are regularly surface-dried with paper towel and weighed using a 

Mettler Toledo analytical balance. The water uptake is measured using the following equation: 𝑤(𝑡) = 𝑚(𝑡) − 𝑚0𝑚0 (1) 

With m(t) the mass of the sample at time t and m0 the initial mass of the dried sample. 

2.3 Dynamic Vapor Sorption 

For DVS measurements, samples of size 25x15 mm² are cut in the PEKK film and tapes. The 

samples are placed in the DVS apparatus, hanged by a hook in the chamber which is controlled 

both in temperature and relative humidity (RH). The sample is weighed in situ. A RH cycle of 

following 0%-10%-0%-30%-0%-50%-0%-70%-0%-90%-0% is applied at constant temperature 

(70°C). Each RH step is applied until a plateau is observed in the sample mass. 

3. Results and discussion 

3.1 Water sorption in neat PEKK 

Water transport parameters in neat PEKK have been determined through water immersion 

(Figure 1). Water sorption is found to follow Fick’s law: 𝑑𝑤𝑑𝑡 = 𝐷 𝜕2𝑤𝜕𝑥2 (2) 

With D the diffusion coefficient of water in the polymer and x the position from the sample 

surface.  

1088/1211 ©2022 Lesimple 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 

 

 

Figure 1. Water uptake in neat PEKK as a function of the square root of time divided by the 

sample thickness, measured by water immersion at 30°C, 50°C and 70°C. 

Moreover, DVS measurement at different relative humidities ranging from 10% to 90% RH shows 

that water uptake in PEKK follows Henry’s law such that (see also Figure 2): 𝐶∞ = S𝑝𝑣𝑎𝑝 = 𝑤∞𝜌𝑝𝑀𝑓 (3) 

With pvap the water vapor pressure, S solubility of water into the polymer, ρp the polymer density 

and Mf the molar mass of water. This result is consistent with the low amount of water absorbed 

since PEKK is moderately polar. 

3.2 Water sorption in composite 

Water immersion as well as DVS were performed on a consolidated tape. The water uptake given 

is corrected from the mass fraction of PEKK in the composite in order to easily compare w∞ with 

neat PEKK.  

 

Figure 2. Water uptake at saturation as a function of the relative humidity measured by DVS at 

70°C for neat PEKK, consolidated tape and porous tapes. Water uptake measured in composite 

is corrected with the PEKK matrix content. 
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The consolidated unidirectional composite does not follow fickian behavior (Figure 3). The 

diffusion mechanism seems to include two steps: first water sorption is driven by diffusion in 

the PEKK matrix, then the sorption rate decreases corresponding possibly to the filling of residual 

micro-voids (17). 

 

Figure 3. Water uptake in a C/PEKK consolidated tape as a function of the square root of time 

divided by the thickness, measured by water immersion at 30°C, 50°C and 70°C. Water uptake 

measured in composite is corrected with the PEKK matrix content.  

DVS measurement on the consolidated tape shows a deviation from Henry’s law at high relative 

humidities i.e. from 70% RH (Figure 2). This phenomenon which is not observed in neat PEKK, is 

typical of water clustering in micro-voids and is in accordance with the non fickian diffusion in 

C/PEKK.  

Table 1: Diffusion coefficient and water uptake at saturation in neat PEKK and C/PEKK 

measured by water immersion. 

 PEKK C/PEKK 

T (°C) Dx1012 (m².s-1) w∞ (%) ‘Apparent’ Dx1012 (m².s-1) w∞ (%)/w∞,corr (%) 

30°C 0.4 ± 0.1 0.82 ± 0.02 0.4 ± 0.1 0.33 ± 0.02/0.97 ± 0.06 

50°C 1.1 ± 0.1 0.85 ± 0.01 0.7 ± 0.1 0.31 ± 0.02/0.91 ± 0.06 

70°C 2.2 ± 0.2 0.91 ± 0.01 1.0 ± 0.2 0.28 ± 0.01/0.82 ± 0.03 

 

Concerning water uptake, the composite absorbs the same amount of water as neat PEKK up to 

70% RH where w∞ starts greatly increasing due to the filling of cavities.   

The same measurements are carried out on unconsolidated tapes with 3% et 9% porosity in 

order to highlight de effect of porosity on water sorption mechanism. As expected, water uptake 

as a function of relative humidity in both porous tapes deviate from Henry’s law. Moreover, the 
higher the porosity, the lower the relative humidity at which the deviation starts. Water 

immersion confirms the void filling in unconsolidated tapes (Figure 4).  
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Figure 4. Water uptake in C/PEKK tapes, consolidated (0%) and unconsolidated (3% and 9% 

porosity) measured by water immersion at 30°C and 70°C. 

The total water uptake is in accordance with the void content nevertheless, cavities do not seem 

to be fully filled with liquid water when saturation plateau is reached.  

3.4 Water transport model in unidirectional C/PEKK 

Since the tapes do not follow a fickian behavior, we propose to model by finite element method 

(FEM) water transport in unidirectional consolidated composite. The composite is simulated by 

incorporating continuous cylinders representing impermeable carbon fibers. Their localization 

is based on micrographs of the samples used within the framework of this study. The water 

transport is assumed to be completely driven by water diffusion in the PEKK matrix (with 

diffusion coefficient D) with neither capillary nor cavity filling mechanisms. As expected, the 2D 

model shows a slower diffusion of water in the composite compared to the neat PEKK (Figure 

5).  

 

Figure 5. Water diffusion in neat PEKK (top) and C/PEKK (bottom) at the same exposure time. 

The top right corner of a sample is represented. 

Carbon fibers, indeed, slow down the diffusion by extending the diffusion path for water into 

the composite. The ‘apparent’ diffusion coefficient, measured on the first linear part of the 

sorption curve, is lower in the composite than in PEKK (Table 1). 
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4. Conclusions 

Water sorption mechanism in carbon fiber reinforced PEKK tapes in unconsolidated and 

consolidated states was investigated. Preliminary study showed that neat PEKK absorbs less 

than 1 wt% water and that water diffusion follows fickian behavior and Henry’s law from 0 to 
90% relative humidity. Exposure of C/PEKK consolidated tape to humidity shows a deviation 

from Henry’s law at high relative humidities, typical of the presence of water clustering in micro 

voids. Increase of the phenomenon using tapes with controlled porosity confirms the filling of 

cavities at high relative humidities. Water sorption in C/PEKK does not follow classical fickian 

behavior due to the presence of carbon fibers and voids, leading to more complex sorption 

mechanisms. We have successfully proposed a FEM modelling to simulate water transport in 

C/PEKK by taking into account water transport in neat PEKK and fiber geometry. 
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Abstract: Fiber reinforced polymers are a common material choice for applications in the 

cryogenic thermal regime such as vessels to store liquid hydrogen or oxygen for spacecraft or 

satellite propulsion systems. To ensure safety during usage of these components, a 

comprehensive material characterization at cryogenic temperatures is essential for design and 

construction. For that purpose, cryogenic liquids, e. g. liquid nitrogen or helium, and the insertion 

of the entire test rig (immersion) to cool down the specimen are commonly used. However, this 

approach limits the test procedure to the respective boiling temperature of the cryogenic liquid 

and produces substantial costs in the case of helium. Therefore, this work introduces a new 

concept for the measurement at variable temperatures between 20 K and room temperature by 

cooling via a closed loop helium Gifford-McMahon cryocooler for the characterization of 

composite materials.  

Keywords: carbon fiber reinforced polymers; cryogenic; characterization; mechanical 

properties; cryostat 

1. Introduction 

For space applications, liquid hydrogen and liquid methane are used as working or propulsion 

gases in addition to liquid oxygen. Furthermore, both liquid nitrogen and liquid helium are 

cryogenically stored to be available as working gases. This way, the respective storage systems 

are thermally and mechanically stressed in the range of cryogenic temperatures. In addition, the 

temperature exposure of composite structures in space also requires knowledge of the 

mechanical characteristics in the lowest temperature range to be able to operate them safely. 

Therefore, comprehensive material characterization at cryogenic temperatures is essential for 

design and construction of space systems. In the case of composite materials, the measurement 

of tensile, compression and shear properties are considered as baseline. Moreover, testing of 

joints and fracture mechanics evaluation, as well as the ability to test cylindrical (e. g. filament 

wound) samples are seen as a requirement for widespread use of composites in space 

applications. Hohe et al. have provided a review which highlights the comprehensive research 

that has been conducted in the last decades. The reports on mechanical experiments to 

determine stiffness, strength and fracture toughness of fiber reinforced materials with partially 

contradictory results indicate that multiple and conflicting effects are active on the microscopic 

level. The most important mechanism is the development of thermally induced residual stresses 

due to the mismatch in the coefficient of thermal expansion of the fibers and the matrix [1]. In 

this context, the fibers with their larger stiffness and negative thermal expansion coefficient in 

axial direction constrain the thermal contraction of the matrix, leading to substantial residual 
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stresses in the interface. As a result, micro-crack networks may develop in the matrix of fiber 

reinforced plastics (FRP) laminates when exposed to a cryogenic environment. Opposing effects 

are an increase in strength and stiffness of the matrix material if cooled down to the cryogenic 

regime [1]. Furthermore, some contradictory evidence is found that the strength of the fiber 

and matrix interface also increases [1]. 

For the testing of FRP at low temperatures, the use of cryogenic liquids like liquid nitrogen (77 K) 

or liquid helium (4.2 K) and the insertion of the entire test rig (immersion) in these liquids are 

widespread [1, 2, 3]. The test rig with a prepared sample is immersed in the bath and cooled 

down before mechanical characterization is carried out. However, this procedure limits the test 

to the respective boiling temperature of the cryogenic liquid and produces high costs in the case 

of helium [1, 2, 3]. Other approaches use a controllable thermal bridge for a variable coupling to 

a cryogenic liquid bath. This allows to slightly vary the test temperatures; however, the base 

temperature is fixed by the choice of the cryogenic liquid. More recent approaches use indirect 

cooling by utilizing the cooling power of the exhaust vapor of a cryogenic liquid to cool the test 

fixture to defined temperatures between room temperature and the respective boiling 

temperatures [1, 4]. Due to the excessive use of cryogenic liquids, new approaches aim to use 

refrigeration machines to achieve cryogenic temperatures in a closed loop cooling circuit. For 

this purpose, a Gifford-McMahon cryocooler offers a good compromise between cooling 

capacity and efficiency [5]. Zhang et al. developed such a liquid helium-free cryogenic test stand 

by integrating two Gifford-McMahon cryocoolers. These are connected to the sample chamber 

via copper thermal bridges. Cooling of the sample is achieved by convection from the sample to 

the sample chamber, which is charged by helium gas. The system can provide a continuous, 

tuneable sample temperature from room temperature down to 16.8 K within 8 hours with a 

maximum temperature gradient on the sample of 0.3 K [6]. 

In addition to the reliable and fast generation of a defined temperature down to 20 K, the 

combination with secondary test methods is also a major challenge for the correct measurement 

of mechanical properties of FRP. For the correct measurement of displacement, a major 

drawback of the usual designs is the lack of a device that enables to measure deformation 

directly on the specimen in cryogenic conditions. Traditionally, strain gauges are used at room 

temperature, but they are quite difficult to handle at cryogenic temperatures. Special 

equipment is needed to be able to measure in this temperature range at all and proper coupling 

to the sample within the bath must be given and suitable temperature compensation is required, 

which all proves difficult in practice. Furthermore, strain gauges only provide data for its local 

position on the sample.  In recent studies, displacement and strain are more frequently 

measured by means of digital image correlation (DIC), which provide data for the entire visible 

surface without requiring contact to the sample. In case of cryogenic measurements, integration 

of DIC is only possible when no cryogenic liquids are used, as these will obstruct the visibility 

due to bubble formation and artefacts due to liquid turbulences. Zhang at al. show great success 

by utilizing optical windows which allow direct sight on the sample within the cryostat [6]. 

However, DIC only allows the detection of deformations at the surface of the material and does 

not consider stress accumulations inside. For this reason, an additional measurement system is 

needed for comprehensive material characterization. For the application of FRP as pressure 

vessels, the formation of first inter-fiber fractures is a design-relevant damage scenario since 

the pressure vessel loses its permeation barrier [7]. In this respect, the accompaniment of 

mechanical test procedures by acoustic emission (AE) analysis for the detection of failure onset 
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and damage evolution has become an acceptable standard and is also feasible at cryogenic 

temperatures [1, 8]. 

Thus, this study presents a new versatile testing rig that shows some major improvements in 

comparison to the systems described above and includes both secondary test methods DIC and 

AE. For easier access and sample handling, cooling is solely provided by heat conduction, 

reducing test procedure complexity, and allowing precise control of the temperature of the 

sample. Furthermore, to improve the testing speed, sample exchanges shall be made in the 

cryogenic state. 

2. Development of the testing rig 

2.1 Requirement and demand analysis 

Our aim is the design of a flexible testing rig to measure material properties in the cryogenic 

temperature regime. For testing and validation of the system, materials are considered that 

meet the requirements and needs of the aerospace and space industry. Since there is increasing 

interest in FRP based pressure vessels for the storage of liquid hydrogen and oxygen and the 

associated weight reduction of the propulsion system of rockets and future aircraft, the new 

testing rig is specifically designed to be suitable for the testing of FRP. With respect to the 

technical requirements for the testing rig, the following basic specifications were set:  

• Target temperature range: 20 K to 293 K 

• Load capacity: 50 kN 

• Closed liquid helium circuit for reduced usage of cryogenic liquids 

• Direct optical strain measurement by means of DIC 

• Integration of AE measurement 

• Sample exchange in cryogenic state allowing for testing of several samples within one 

cooling cycle 

• Modular design: different test setups can be integrated into the available testing space 

• Temperature gradient across the sample: < 10 % in the cryogenic temperature regime 

• Cooling time: < 10 h 

2.2 Concept 

As shown in Fig. 1 (left), the force is introduced into the sample via a load deflection within the 

testing machine. The motion of the moving crosshead is directly transferred to the specimen via 

a push/pull rod. The moving parts are connected to the cryostat cover via a steel bellow, which 

ensures the vacuum-tight sealing of the Dewar but also limits the maximum vertical movement 

to 14 cm. On the opposite side of the specimen, the base plate acts as a fixed end, which is 

connected to the cryostat cover via a load cage. The cover itself is supported by the load frame 

of the testing machine. The entire construction is designed to operate at a load of 50 kN with a 

safety factor of 2, while still maintaining minimal thermal coupling to the outside. This is 

achieved by minimizing cross-sections and utilizing materials with low thermal conductivity at 

all possible locations. To allow for a different test setup, the sample holders can be mounted 

individually. All conventional test methods, which fit into the inner testing space, can thus 

theoretically be implemented in the cryostat with specifically designed test fixtures. 
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Figure 1. Detailed view of the load transmission path within the cryostat with tensile testing rig 

(left) and details of the thermal management of the cryostat (right) 

For cooling, the Dewar is vacuumized to eliminate heat convection and the temperature of 

samples, fixtures and shielding is then reduced by the GM-Cryocooler. As shown in Fig. 1 (right), 

the first stage provides cooling to the outer shielding and operates as a heat shield by absorbing 

thermal radiation from the Dewar walls. To increase performance, another inner shield is 

connected to the second stage to further minimize heat radiation effects. Cooling of the sample 

is achieved by solid-state conduction utilizing a copper rod, which directly connects the second 

stage of the cryocooler with the sample. 

For secondary measurements, which accompany the testing procedure, there are several 

vacuum feedthroughs for electrical connections of AE sensors and the DIC light source. 

Furthermore, the Dewar is equipped with two viewing ports to allow direct observation of the 

sample by DIC. To allow manual access to the inner parts of the cryostat while being assembled, 

a manipulator is integrated as well. This should enable samples to be changed during operation. 

The temperature can be further adjusted by a two-point controller using a heating element 

integrated at the second stage of the cryocooler. 

2.3 Mechanical testing setup 

The major parts of the mechanical testing setup have been proof-tested and immersed in a pool 

of liquid nitrogen. In case of the load cage and the push/pull rod, special emphasis is given 

towards reducing heat conduction into the cryostat chamber. This is achieved by minimizing 

cross-sections and utilizing GFRP tubing. These are adhered to customized developed thermally 

shrink-fitted and adhesively bonded metal sleeves at the respective ends for mechanical 

attachment to the surroundings. Individual testing of the hybrid GFRP tubes in Tab. 1 shows 

sufficient load capacity for both tensile and compressive force. As the load cage is composed of 

four tubes, the required safety factor of 2 at a maximum operational load of 50 kN is achieved. 

Further evaluation by means of FEM shows that with the given load the test rig would suffer  
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from buckling load, resulting in early deviations from linear behavior and potential damage of 

the hybrid GFRP structure. To achieve sufficiently high buckling loads under compression, 

support rings are added as seen in Fig. 2. Inside the base plate, custom-made GFRP spacers are 

used to provide thermal decoupling between the sample fixture and the load cage to allow for 

variation of temperature at the sample position. The mechanical load itself is carried by stainless 

steel screws, which are inserted through the spacers. Therefore, these GFRP spacers solely 

experience compression loads and have small height, therefore buckling causes no problems. In 

terms of stiffness, the whole load cage experiences only minimal displacement at the maximum 

load of 50 kN: Maximum deformation result in 1.2 mm of displacement in the horizontal plane 

at the base plate (transverse motion), while providing linear displacements in vertical direction 

proportional to the applied load (axial motion). 

Figure 2. Validated mechanical testing setup: 1) mechanical testing frame; 2) tensile test fixture 

suitable to mount sample dimensions based on DIN EN ISO 527-5; 3) compression test fixture 

based on DIN EN ISO 14126; 4) shear test fixture for 12-direction and 23-direction 

Table 1: Mechanical test results of the thermal isolating GFRP parts within the mechanical setup  

Load Force [kN] 

Load cage (individual tube) - Tensile 25,0  

Load cage (individual tube) - Compression 25,8 

Thermal isolation base (individual spacer) - Compression 40,0 

As described earlier, for FRP testing the measurement of tensile, compression and shear 

properties are considered as baseline. Moreover, testing of joints and fracture mechanics 

evaluation, as well as the ability to test cylindrical (e. g. filament wound) samples is seen as a 

requirement for widespread use of composites in space applications. To accommodate for these 

requirements, several sample holders have already been designed for the use in the cryostat, as 

shown in Fig. 2. Tensile test fixtures suitable to mount sample dimensions based on DIN EN ISO 

527-5, compression test fixtures inspired from DIN EN ISO 14126 and shear test fixtures for 12-

direction and 23-direction have been tested and validated for FRP at room temperature, as well 

as within liquid nitrogen to show proper sample failure modes. Furthermore, test fixtures for 

fracture mechanics evaluation of mode 1 and mode 2, as well as tensile adhesion and single-lap 
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shear of adhesives are currently under development. All these testing procedures are meant to 

be complemented by AE and DIC measurements. In case of the AE measurements, a suitable 

VS375-LT sensor has been developed, which can be used at cryogenic temperatures [8]. Results 

show that the noise of the cryocooler inside the cryostat does not interfere with the AE 

measurement. As indicated in Fig. 1, 3D-DIC measurements will be possible with a two-camera 

system. As light source, an LED mounted outside the cryostat is chosen, which provides sufficient 

illumination to the sample via a fiberglass cable. Thus, the dissipated heat of the LED can be 

effectively kept out of the cryostat. Furthermore, there is no necessity for an additional viewing 

port, reducing the introduced heat radiation from outside the cryostat. For that reason, the 

optical windows are chosen as small as possible, effectively allowing a field of vision from 

approximately 10 cm in horizontal and vertical orientation. If no visual contact with the sample 

is necessary, the outer copper shielding can additionally be shut via the manipulator, removing 

all heat radiation entering the cryostat via the windows. 

2.4 Thermal simulation 

To design the whole cryostat system, a dedicated thermomechanical model was developed. For 

the thermal simulation, the geometry of the cryostat is imported into COMSOL Multiphysics. 

The thermal model includes heat transfer in solids and surface-to-surface radiation with a 

general surface emissivity value of 0.2. This value is a conservative estimate of clean surfaces for 

machined steel and copper. Heat convection is assumed to be negligibly small in the vacuum 

state. As initial condition, temperature of all parts is set to room temperature. The same holds 

true for the outer surface of the cryostat for the total duration of the simulation. As cooling 

power, the data of the GM-Cryocooler RDK-415D2 from Shi Cryogenics Group is chosen. The 

parameters are fully provided by the manufacturer for stage 1 and stage 2, respectively. 

Important material properties like heat conduction and heat capacity are included in the model 

considering temperature-dependent values from 4 K to 300 K. 

Figure 3. Simulation of the temperature inside the cryostat at the beginning of cooling, after 

20 h and 40 h 

Fig. 3 shows the temperature distribution of the cryostat at 0 h, after 20 h and after 40 h of 

cooling. Sufficient thermal isolation via the pulling rod and load cage seems to be provided. 
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Thermal radiation shielding of the testing volume is achieved. Fig. 4 shows an evaluation of 

temperatures at stage 1, stage 2 and the sample position inside the cryostat. This simulation 

indicates that thermal equilibrium is reached after 48 hours. Stage 2 reaches 20 K within 21.5 h 

and a minimum temperature of 7.7 K can be achieved. As the sample is connected to stage 2 via 

a thermal bridge, the temperature slightly lags behind. 20 K is reached after 32 h with a 

minimum temperature of 16.4 K after 48 h. 

Figure 4. Temperature development of the cryocooler’s first stage, second stage and the 

sample 

3. Discussion 

As is shown in Fig. 4, sample temperatures around 20 K can be reached. This is comparable to 

the results achieved by Zhang et al. [6], who also achieve stable 20 K in their experiments. Due 

to larger cross sections of the load cages and sample holders, to be able to withstand 50 kN of 

force and only utilizing one cryocooler instead of two, the cooling time increases from 8 h to 

32 h in our configuration. To accelerate the cooling time to the desired values, the interior 

chamber can additionally be flushed with cold gas N2, preventing the interior walls from quickly 

heating up to ambient temperature. The necessary cooling time can thus be significantly 

reduced, since the new initial temperature is at around 77 K. Furthermore, the mass of the 

material can be reduced by further topology optimization, therefore reducing the stored heat in 

the beginning. Moreover, the cooling power can be improved by integrating additional 

cryocoolers into the system, therefore potentially also lowering the sample’s temperature of 

thermal equilibrium.  

Otherwise, the following requirements of the testing rig prove to be implementable. DIC and AE 

measurements have been proven to be viable options and are ready for test runs. The modular 

design for carrying out different test procedures is integrated. Limiting factors for the test setups 

are the field of view of the DIC, the available space within the inner copper shielding, as well as 

the maximum vertical movement limited by the bellow deflection. Nevertheless, tensile, 

compression and shear test setups have been successfully implemented and tested. The 
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mechanical testing frame proves to be ready for use. It shows minimal compliance and satisfying 

load capacity, while also providing sufficient thermal isolation. 

The handling of the samples has not been taken into account so far and needs further 

investigation. As the primary goal is the testing of FRP, strategies for thermal coupling and 

uniform cooling of the samples are of great significance. FRP are characterized by low thermal 

conductivity, which will result in an increasing temperature gradient across the sample. 

Furthermore, the handling of several samples at once must be further elaborated. 

4. Conclusion 

The development of a new testing rig for FRP at cryogenic temperatures is based on the 

requirements specified above. Based on the thermal simulation, the target temperature of 20 K 

can theoretically be reached by further improving the cooling power, while reducing the mass 

to cool by optimizing mechanical components within the setup. Special care is required 

regarding sample coupling, cooling and the resulting temperature gradient. In this field, 

investigation is still in progress. The mechanical setup is validated and ready for use. Testing of 

tensile, compression and shear of FRP has been implemented. Furthermore, experimental 

setups for the fracture mechanics testing of mode 1 and mode 2, as well as tensile adhesion and 

single-lap shear testing of adhesives are under development.  
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Abstract: The research in this paper presents new possibilities to investigate fracture behavior 

of unidirectional carbon fiber reinforced polymer (CFRP) laminates exposed to very low 

temperatures (77 K). Therefore, a modified configuration for the Double Cantilever Beam (DCB) 

test was used (Mode I). For specimens based on ASTM D 5528, characteristic values for fracture 

toughness could be determined by using the evaluation-method of the modified compliance 

calibration (MCC) described in the mentioned standard. The chosen test configuration provides 

consistent measurements due to linear increasing compliance and it allows the evaluation of 

fracture toughness values. In this work, unidirectional reinforced laminates were tested without 

the usage of additional units bonded with the specimen for load introduction. 

Keywords: carbon fiber reinforced polymers; cryogenic; characterization; mechanical 

properties; fracture toughness 

 

1. Introduction 

New applications and possibilities for future energy storage by cooling gases like hydrogen and 

oxygen to liquids require a comprehensive understanding of temperature dependent material 

behavior of composite materials at cryogenic temperatures. Liquified gases have a high energy 

to weight ratio and can be considered in novel concepts for mobility and transportation instead 

of conventional fossil fuels. For design and construction of vessels, to store liquified gases, it is 

indispensable to investigate material characteristics at storage or application temperature, 

respectively. The increase in strength and stiffness of CFRP-materials at low temperatures 

deserves a special consideration and were reported in past studies [1,2]. Multiscale and 

micromechanic analyses [3,4] are already used to predict and validate measurements as well as 

correction models. The underlying effects reported in the mentioned studies are also manifested 

in fracture toughness by increasing loads for crack growth [5]. Crack growth is based on 

delamination between different fiber layers. Hence, it is necessary for design and construction 

of components to refer on reliable predictions of delamination resistance. Studies with various 

test configurations for delamination fracture in pure and mixed mode are listed in a review done 

by Tay [6]. Tay describes problems of mode separation in addition to the fairly well-established 

DCB test methods. According to Tay, the problem is that there is always a fraction of mode I in 

other established fracture mechanics tests (e.g. the End-Notched Flexure test). A reliable mode 

I test thus appears indispensable to interpret other tests as well. However, at cryogenic 

temperatures, the empirical data collected at our group shows general issues with load 

induction using bonded blocks.  
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Thermally induced stresses of the various bonded materials results in low test loads that can be 

transferred to the specimen before failure of the bonding occurs. Other methods of load 

introduction, such as bolted laminates, are not specified in the established standard and cause 

other problems. 

Sápi and Butler [7] reviewed results for low and cryogenic temperature fracture toughness 

properties of laminated composite materials. They clearly identify the matrix as dominating the 

failure of laminated composites. In most cases of the studies reviewed by Sápi and Butler, the 

resins stiffness and strength increased with decreasing temperature for static tests. But only half 

of the resins under investigation showed increased values for fracture toughness of composites. 

Sápi and Buter show that the distinction is independent of fiber type, ply type and resin 

generation. They attribute this to possible discrepancies in the experimental approaches used.  

The results of improved strength and modulus is partly in contrast to the generally increased 

values for strength, modulus and fracture toughness of polymers reviewed by Chen et al. [8]. 

They show results of developments of nanoparticle and modified polymers which aimed to 

achieve higher cryogenic performance. Values found at room temperature are compared with 

values at cryogenic temperatures. Chen et al. attribute discrepancies by the utilized methods to 

improve the cryogenic performance of the polymers to enhance ductility and reduce thermal 

stresses.  

In conclusion, the reviews presented lead to the assumption that variations of the test 

procedure can be responsible for differing values. These might be variations in preparations, 

test execution, data reduction methods, thermal stresses, and the chosen test configuration. 

A.J. Brunner [9] separates those sources of scatter in fracture toughness testing data in an 

extrinsic and intrinsic class. As a significant extrinsic source, the evaluation method and the test 

setup are mentioned, respectively. Another focus is given to the load cell and displacement 

transducer. 

In conclusion, further developments of materials require established and reliable test methods 

to investigate fracture toughness. One of the key motivations is the possibility of materials 

having new or unpredicted failure mechanisms at low temperatures. This leads to the 

consideration that general conditions of standard test methods could impede further 

investigations of materials, especially in cryogenic environments. 

The ongoing project “MakeKryo II” focuses on the previously mentioned fracture behavior of 

CFRPs. For this, specimens were tested in a bath of liquid nitrogen. By using wire bent splints 

that were passed through a hole in the specimen, adhesively bonded elements for load induction 

could be avoided. Within this work, a modified setup was developed and implemented. The 

chosen test configuration provides characteristics to determine fracture toughness in crack 

opening mode I in accordance with the evaluation equivalent to ASTM D 5528 or DIN EN ISO 

15024. 
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2. Specimen and preparation 

The specimens were 220 mm long and 25 mm wide based on ASTM D 5528, respectively. 

Laminates were fabricated with a unidirectional layup of an epoxy-based prepreg and a foil at 

the center plane to introduce an initial crack starter. 

The initial crack had a length of 40 mm in center plane of the 4.45 mm thick specimen. A 

sketched representation of the specimen is shown in Figure 1. 

  

Figure 1: DCB-Specimen with aluminum reinforcement (left) and wire-splint cross-section (right) 

Cap reinforcements of aluminum of equal length as the pre-crack were used to avoid premature 

damage around the load introduction area. 20 mm away from the edge of the sample, a hole 

with 2 mm diameter was drilled perpendicular through the sample. A measuring scale with 

markings 5 mm apart was attached to record crack growth by optical means.  

  

Figure 2: Test configuration (1-load fixture with splint, 2-Specimen, 3-Bath of LN2, 4-Traverse, 

5-Rod, 6-Camera) 

3. Testing procedure 

DCB tests were performed in accordance with ASTM D 5528. The force was introduced by a wire 

bent splint with a diameter of 2 mm, one sided grinded to reach a half-circle cross-section as 

exemplified in Figure 1. The crosshead speed was set to 5 mm/min.  
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Crack growth was recorded by a digital camera system (Voltcraft BS-10) which was inside the 

testing chamber. The whole test configuration was immersed into the testing chamber filled 

with liquid nitrogen. Exemplary images of the digital camera system are shown in Figure 3. 

 

Figure 3: Image recordings with initial crack visible on the left and after crack progression on 

the right 

Specimens were clamped between a fixed rod and a load cage (cf. Figure 2). The rod was 

connected to a load cell and the load cage was joined with the crosshead of a universal test 

machine.  

 

4. Results and discussion 

Mode I interlaminar fracture toughness GIc was calculated using the MCC-method (Eq. (1)) as 

described in ASTM D 5528. This method was chosen based on the recommendation of Kageyama 

and Hojo [10] for being a method with less dispersions in the results obtained. The following 

equations were used to determine fracture toughness GIc: 𝐺𝐼𝑐 = 3𝑃2𝐶2/32𝐴𝑏ℎ                     with  𝐶 = 𝛿𝑃               (1) 

Where 𝑃 is the delamination onset load measured by a load cell and 𝐶 is the compliance as the 

ratio of displacement δ to applied load 𝑃. The slope of the compensation line, 𝐴, is formed by 

delamination length 𝑎 divided by the specimen thickness ℎ (𝑎/ℎ) as a function of 𝐶1/3. In 

consideration of the large displacement, this correction of the measured apparent fracture 

toughness values is necessary [11]. The large displacements are due to the low stiffness of the 

wire-splint and the stiffening of the specimen by aluminum caps. 

Figure 4 represent exemplary measured values of applied force and opening displacement of 

the test series. The load drops are associated with sudden crack growth. Koloor et al. [12] 

describes that the nonlinear behavior near the first peak results from a pocket filled with epoxy 

resin in the as-fabricated specimen. The study shows a gradual decrease in load following the 

peak value that is attributed to the toughness of the resin close to the notch front. The 

evaluation of the recorded images lead to values for delamination length required as for the 

stiffness correction value. Using the digital image analysis program ImageJ, the distance 

between the crack tip and the path marker was evaluated sequentially for each image recorded. 
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Figure 4 : Load-displacement curves 

The results of the measurements are shown in Figure 4, where NL in red indicates the point of 

initial deviation from linearity. 5 % Offset in green is a line with a 5 % compliance reduction and 

the intersection with the load-displacement curve. VIS identifies the visual initiation value for 

the first delamination as visually observed. Due to the brittle matrix, VIS coincides with the first 

macroscopic load drop. Figure 5 shows the calculated compliance. 

 

Figure 5: Compliance plot for calibration of fracture toughness evaluation 

It is noticeable that the compliance increases relatively linear even at high displacements despite 

of the effect of severe deflections of the wire-splint. As a result, there is no nonlinear variation 

of compliance with increasing delamination lengths. The coherence of the slopes indicates a 

high reproducibility of the setup and thus the reliability of the measured values. 

e.g. sharp load drop e.g. NL 

e.g. 5% Offset 

VIS 

VIS VIS 

VIS 
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𝐺𝐼 was evaluated with Eq.(1), the corresponding R-curves are shown in Figure 6 with the 

corresponding 𝐺𝐼 values for NL, 5%/MAX and VIS indicated in the exemplary diagrams as red 

rectangle (NL), green circle (5%/MAX) and orange circle (VIS).  

 

 

Figure 6: Energy release rate values plotted vs. delamination length. Red-NL value, green-5 % 

offset value, yellow-VIS value.  

The VIS values (rounded) for fracture toughness 𝐺𝐼 of the individual samples evaluated with the 

MCC-method Eq. (1) described in ASTM D 5528 are shown in Table 1.  

Table 1: Determined values of VIS fracture toughness 

Sample  𝐺𝐼 [J/m²] 

1 247 

2 235 

3 200 

4 246 

Mean Value 277,6 

 

The results obtained must take into account that high cooling rates due to the immersion of 

samples in liquid nitrogen from room temperature could lead to thermal degradation and 

sudden thermal stresses, which have not been considered in the present study.  
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Yokozeki et al. [13] found a method that is expected to be useful for evaluation of the interfacial 

fracture toughness of layered materials subjected to severe thermal loadings at cryogenic 

temperatures by using Nairn´s formulation [14]. The correction of these thermally induces 

stresses could be an important step for further studies at cryogenic temperatures. 

 

5. Outlook 

The chosen test configuration with a load cage connected to the crosshead of a universal testing 

machine relies on a liquid nitrogen bath at 77 K for immersing fixture and samples. However, 

other media with various boiling temperatures like liquid oxygen and helium may also be 

considered. To bypass limitations of the described test procedure that only allows fixed test 

temperatures given by the cryogenic medium, an optimized setup in a cryostat with a closed-

cycle two staged 4K cryocooler is currently under development. With this cryostat, digital image 

correlation (DIC) can be used to record delamination onset and crack growth in higher 

resolutions and accuracy. Moreover, DIC enables to investigate strain distributions around the 

crack tip and residual thermal stresses while cooling down the sample, so effects of thermally 

induced stresses may also be considered in the future. 

 

6. Conclusion 

A new configuration for determination and investigation of the mode I fracture toughness in 

liquid nitrogen without the usage of adhesively bonded blocks has been developed. 

Furthermore, the applicability of the test method with a wire bend splint as load inducing 

element was shown. The splint was passed perpendicular through the specimen and opened the 

crack. Results could be evaluated by calculations in accordance to proven standards. The 

linearity of the compliance as a function of delamination length using the Modified Compliance 

Calibration Method indicates a high reproducibility of the setup and thus reliability of the 

obtained values.   

 

7. Acknowledgment 

Part of this work was supported by the project “MakeKryo” and “MakeKryo II”, which is funded 

by the German Federal Ministry for Economic Affairs and Climate Action in the “National Space 
Program” of the German Aerospace Center (DLR) collaboration. 

 

8. References 

1. Okayasu M, Tsuchiya Y. Mechanical and fatique properties of long carbon fiber reinforced 

plastics at low temperature. Journal of Science: Advanced Materials and Devices. 2019: p. 

557-583. 

1108/1211 ©2022 Häfele 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. Sánchez-Sáez S, Gómez-del Rio T, Barbero E, Zaera R, Navarro C. Static behavior of CFRPs 

at low temperature. Composites Part B: Engineering. 2002: p. 383-390. 

3. Ren Mf, Zhang Xw, Huang C, Wang B, Li T. An integradet macro/mirco-scale approach for 

in situ evaluation of matrix cracking in the polymer matrix of cryogenic tanks. Composite 

Structures. 2019: p. 201-212. 

4. Sankar BV. Micromechanical Analysis of Composite Laminates at Cryogenic Temperatures. 

Journal of Composite Materials. 2005: p. 1077-1091. 

5. Kalarikkal SG, Sankar BV, Ifju PG. Effect of Cryogenic Temperature on the Fracture 

Toughness of Graphite/Epoxy Composites. Journal of Engineering Materials and 

Technology. 2006: p. 151-157. 

6. Tay TE. Characterization and analysis of delamination fracture in composites: An overview 

of developements from 1990 to 2001. Applied Mechanics Reviews. 2003 Jan 15. 

7. Sápi Z, Butler R. Properties of cryogenic and low temperature composite-A review. Bath, 

United Kingdom:; 2020. 

8. Chen D, Li J, Yuan Y, Gao C, Cui Y, Li S, et al. A Review of the Polymer for Cryogenic 

Application: Methods, Mechanisms and Perspectives. Polymers. 2021. 

9. Brunner A. 35 years of standardization and research on fracture of polymers, polymer 

composites and adhesives in ESIS TC4: Past achievemts and future directions. Procedia 

Structurals Integrity. 2021: p. 443-455. 

10. Kagayema K, Hojo M. Proposed methods for interlaminar fracture toughness tests of 

composite laminates. 5th US/Japan Conference of Composite Materials. 1990 Jun 24-27: 

p. 227-234. 

11. Monden A, Sause MGR, Horn S. Surface modified steel/epoxy-based cfrp hybrid laminates 

under mode I, mode II and mixed-load load conditions. 17th European Conference on 

Composite Materials. 2016. 

12. Koloor SSR, Hussin H, Tamin MN. Mode I Interlaminar Fracture Characterization of CFRP 

Composite Laminates. Advanced Materials Research. 2012 Mar 15: p. 552-556. 

13. Yokozeki T, Ogasawara T, Aoki T. Correction method for evaluation of interface fracture 

toughness of DCB, ENF and MBB specimens with residual thermal stresses. Composite 

Science and Technology. 2008: p. 760-767. 

14. Nairn JA. On the calculation of energy release rates for cracked laminates with residual 

stresses. International Journal of Fracture. 2016: p. 267-293. 

 

 

 

1109/1211 ©2022 Häfele 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 

STRUCTURAL HEALTH MONITORING IN ADDITIVE MANUFACTURED 

STRUCTURES BY TOTAL ELECTRICAL RESISTANCE MEASUREMENTS 

 

Wilfried Liebiga, Markus Mutha, Michael Seitza, Florian Wittemannb, Patrick Weissc 

a: Karlsruhe Institute of Technology, Institute for Applied Materials, 

Engelbert-Arnold-Strasse 4, D-76131 Karlsruhe, Germany, wilfried.Liebig@kit.edu 

b: Karlsruhe Institute of Technology, Institute of Vehicle System Technology, 

Rintheimer Querallee 2, D-76131 Karlsruhe, Germany 

c: Fraunhofer Institute for Chemical Technology, 

Joseph-von-Fraunhofer Strasse 7, D-76327 Pfinztal, Germany 

 

Abstract: Structural health monitoring is an often-used method for in situ damage detection in 

systems caused by mechanical loads. State of the art is to implement conductive paths in a 

structure and to measure respective resistance. By using several paths, it is possible to locate 

damages, but this procedure accompanied by a great expenditure of time. In this work, the 

authors present a method to reduce the monitoring effort, by only measuring the total resistance 

of an electrical parallel connection. Therefore, specimens are manufactured in a two-component 

additive layer manufacturing (Arburg Plastic Freeforming) process by using an ABS polymer 

where one of the components is modified with carbon nanotubes to be electrically conductive. 

By applying electrical paths differing in resistance, conclusions can be made about the damage 

state of individual paths during the overall resistance measurement under mechanical load. 

Keywords: Structural health monitoring; Additive manufacturing; Nanoparticles 

1. Introduction 

The usage of composite materials for applications, where single material systems are 

insufficient, becomes more important. Fibre-reinforced or nanoparticle modified polymers are 

promising alternatives. One challenge of using such composite materials is the monitoring of 

their reliability. Therefore, Viets et al. [1] present a monitoring method with electrical 

conductivity. Within this work, a polymer material is modified with nanoparticles to become 

electrically conductive. Impact damages have been dedicated and localized by multiple measure 

points. Nevertheless, the measurements need great effort and a special measure methodology 

is needed for the conductive parts. Mannov extended this approach by using only a certain 

number of conductive paths [2]. Through this methodology a damage can be dedicated by 

measure of only one single path, but still all paths have to be regarded separately.  

The here presented work presents a methodology to reduce the effort by measuring only the 

global system resistance. The realisation is done by an Arburg Freeformer, which is able to 

perform additive manufacturing with two materials. For structural health monitoring (SHM) with 

only measuring the global resistance, the individual conductive paths have different electrical 

resistances and are parallel connected. Therefore, different aspects must be considered in 

forecast studies. This includes the general feasibility of conductive paths with nanoparticle 

polymers in an additive manufacturing process, the identifying of manufacturing parameters, 

which influence the electrical resistance and the electro-mechanical behaviour of the material 
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system under mechanical load. Finally, the methodology is realised with specimens in a four-

point-bending test. 

2. Materials and experimental study 

2.1 Materials and sample preparation 

All specimens are manufactured with an Arburg Freeformer. The Freeformer is based on the 

“Arburg Plastic Freeformer” principle (APF), patented by Arburg GmbH and Co. KG, Loßburg, 

Germany. Parts out of the APF process are built up layer by layer with thermoplastic materials. 

Unlike conventional fused filament fabrication processes, the placement of the material is not 

by a continuous strand, but by the semi-continuous placement of polymer drops along the 

printing path with a frequency of 40 Hz – 200 Hz. Similar to injection moulding processes, the 

material is plasticised in a screw extruder to buffer a defined mass of melt for printing under 

pressure (< 80 MPa). The dwell time of the melted material varies from a few minutes up to 

more than half an hour.  

The Freeformer is equipped with two plasticization units, which enables the possibility of two 

component manufacturing. The bulk material is an ABS Terluran GP 35 by INEOS GmbH, Köln, 

Germany. The modified, conductive material is based on PC-ABS Bayblend T85 XF by Bayer 

MaterialScience AG, Leverkusen, Germany. The material is modified by adding 15 wt.-% carbon 

nanotubes (CNT) NanoCyl NC 7000. The compounding is performed according to manufacturer’s 
guidelines. 

The conductive material is completely embedded in the bulk material for two reasons. One is to 

optimize the adhesion between the two components, the other is to isolate the conductive path 

from environmental conditions. A symmetrical lay-up is chosen to minimize the specimen’s 
warpage due to deviating material properties. Therefore, the conductive paths are either in 

midplane or in identical distance to the midplane. 

Five identical specimens are produced simultaneously within one printing procedure. The 

specimens are aligned to the x-axis of the printer and the certain layer of each specimen is 

printed before starting with a new layer. The printing is divided in two steps. At first, the 

geometry’s contour (perimeter contour) is printed and afterwards, the surface built up this way 
is filled with polymer drops. The placement done in parallel paths and usually the printing 

direction within one layer is perpendicular to the surrounding layers. The droplets are placed 

perpendicular, along and with an offset of 45° towards the longitudinal axis of the conductive 

path. 

A defined length of the conductive path enables the possibility to define the resistance by the 

cross-section area. The cross-section area can be varied by the width within one layer, or by 

multiple layers (height). The following variants are compared: 8 mm width and 1 layer;  4 mm 

width and 2 layers and 2 mm width and 4 layers. One layer is approximately 0.2 mm high. The 

printing strategy with ±45° produced the most isotropic, homogeneous and reproducible 

electrical resistances. 
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2.2 Characterisation of mechanical and electrical properties 

The mechanical characterization is performed on a 200 kN testing machine from Zwick/Roell 

GmbH and Co. KG, Ulm, Germany equipped with a 20 kN load cell. Quasi-static tensile tests are 

performed with mechanical clamping jaws. Figure 1 shows the geometry used for testing of the 

pure single materials (ABS and conductive) and two component specimens. The testing velocity 

is chosen to be 2 mm/min in all tests, the clamping distance is set to 80 mm. 

 

Figure 1. Shape of the dog bone specimens used a) to d) with one conductive path, b) to d) 

represent different printing directions of the conductive path and e) with two conductive paths. 

The bending tests are performed on a four-point in-house developed testing machine, having a 

maximum testing force of 25 kN. The distance between the inner supports in the four-point-

bending test is chosen to be 12 mm, while the distance of the outer supports is 36 mm. The 

testing built up and the geometry of the specimens is shown in Figure 2. The bending tests are 

performed with the small conductive path under pressure (as shown in Figure 2) and upside 

down (small path under tension). 

 

Figure 2: Front view of the specimen geometry for bending tests (left) and clamped specimen 

for four-point bending test (right). Conductive paths are visualized in solid black. 
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For the electrical resistance Ohm’s law is assumed. It is monitored with a Peaktech 4075 true 

RMS multimeter of PeakTech Prüf- und Messtechnik GmbH, Ahrensburg, Germany during all 

tests. There is a synchronization at the beginning of electrical and mechanical data. Silver lacquer 

is applied between the end of the conductive path and the edge of the specimen to connect the 

path to the measuring equipment. The connection to the multimeter is realized with alligator 

clips. The resistance of the equipment has been determined in forecast measurements and is 

subtracted from the final results. Furthermore, it should be mentioned, that only the in-plane 

properties of the printed parts are investigated in this work. 

3. Results 

3.1 Electrical resistance as a function of layout of conductive paths 

Owing to the anisotropic character of each printed layer, anisotropic mechanical and electrical 

properties are expected. Therefore, the printing direction (cf. Figure 1) and the number of 

printed, conductive layers must be considered. The influence of the printing direction on the 

electrical behaviour is shown in Figure 3a), the scatter beams indicate the distribution of five 

specimens.  

For a printing direction parallel to the longitudinal axis of the conductive path (0°) the electrical 

resistance shows the smallest value of about 678 Ω ± 254 Ω. With deviation of the printing angle 
towards the longitudinal axe, the resistance increases to 779 Ω ± 66 Ω at ±45° and 925 Ω ± 118 Ω 
at 90°. The printing direction of ±45° shows the best reproducibility, therefore, this printing 

strategy is chosen for ongoing investigations.  

Figure 3b) shows the influence of the cross-section’s aspect ratio on the electrical behaviour. 
The highest resistance of 846 Ω is determined for the highest aspect ratio (width 8 mm and one 

layer). Nevertheless, the great amount of scatter prohibits a definite conclusion. Reducing the 

aspect ratio by building the cross-section with two printed layers, also reduces the resistance. 

The resistance built up with a width of 4 mm by two layers is only 396 Ω, for a realization of an 
even smaller aspect ratio with a width of 2 mm and a height of 4 layers, the resistance offers the 

smallest value of about 324 Ω. 

  

Figure 3: Electrical resistance with scatter beams of the conductive paths, a) as a function of 

printing direction and b) for identical cross-section area but different layer-built ups. The 

shading highlights the printing strategy. 

The resistance with a width of 8 mm behaves not as expected (≈ 400 Ω), but is in the scale of the 

4 mm wide specimen (cf. Figure 3), although this conductive path’s cross-section is only half as 
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large. The specimen with 4 mm and two layers shows most sensitive result, while the resistance 

of the 2 mm 4 layers specimen is even lower than expected. Therefore, the minimum height for 

all ongoing investigations is set to be two layers. 

3.2 Tensile test 

Tensile tests are performed to quantify changes of the electrical resistance under mechanical 

load. Figure 4 shows the tensile stress and gauge factor (GF). GF is defined as ratio of relative 

change in electrical resistance to the mechanical strain. The GF has a sharp increase at about 

2.5 % strain of more than one order of magnitude. Above 2.5 % strain the GF increases linear 

until fracture at about 5.3 % strain. The tensile strength of the two-component specimen is 

about 33 MPa ± 1 MPa, the fracture elongation is about 5.70 % ± 0.24 %. 

 

Figure 4: Tensile test of a specimen with in situ measurement of the electrical resistance. 

Tensile stress (black) and gauge factor (grey) as function of strain. 

Table 2 shows the average GFs of the first (strain < 2.45 %) and second area (strain ≥ 2.45 %). At 

the switchover point of 2.45 % strain the GF increases more than 22 times from 0.095 to 2.106. 

Table 2: Evaluated Gauge Factors for a 4 mm width and two layers high conductive path with 

±45° printing direction. Determined with five specimens. 

Strain at change in % GF0 GF1 

2.45 ± 0.04 0.095 ±0.032 2.106 ± 0.547 

 

3.3 Bending tests 

For the four-point-bending tests, specimens with two conductive paths of different cross-section 

areas and therefore different individual electrical resistances are investigated, see Figure 2. The 

paths are connected in parallel, only the global resistance Rglobal is measured. 

Figure 6 shows stress and electrical resistance over strain of two identical specimens. On the left 

side, the specimen is clamped the way that the path with larger cross-section is under tension 
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(cf. Figure 2), on the right side the test setup is upside-down. The positioning of the specimen 

reveals a significant influence on change of Rglobal during bending. For larger cross-section under 

tension Rglobal stays nearly constant until 0.6 % edge strain. Rglobal increases from 400 Ω at 0.4 % 

edge strain to 1500 Ω at 5.8 % edge strain. Above 5.8 % the path with larger cross-section is 

damaged and hence no more conductive. Rglobal stays constant at 1500 Ω (being the resistance 
of the path with smaller cross-section) until fracture. 

In the upside-down case also a change of Rglobal is detectable. Although Rglobal changes only about 

56 Ω between initial value and fracture, being an increase of 15 %. Therefore, Rglobal increases 

right from the beginning of the test. A maximum is reached for 3.7 % edge strain and Rglobal 

slightly decreases above. 

The mechanical properties are also influenced by the positioning of the conductive paths. The 

maximum edge stress and fracture elongation for the larger cross-section under tension are 

slightly above compared to the upside-down case (44 MPa to 41 MPa and 6.9 % to 6.0 %), since 

the relation of CNT-ABS and pure ABS under tension is different in the two cases. 

 

Figure 6: Stress (black) and electrical resistance (grey) of a bending test of a specimen with two 

conductive paths (with different cross-section areas). Path with larger cross-section under 

tension on the left and under pressure on the right. 

4. Discussion 

4.1 Influence of manufacturing aspects on conductive paths and specimens 

The reproducible manufacturing of electrically conductive parts in an APF process is validated. 

Nevertheless, the correlation between resistance and cross-section geometry are not always 

meaningful. One reason might be the influence of the APF process on material properties. A 

number of process parameters, which might be a reason for this are identified: 

• First of all, the geometry of specimens printed with 0°/45°/90° direction and the 

specimens’ orientation in the Freeformer’s coordinate system. Due to the layer setup, 
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the resistance in z-direction be influenced differently, than the in-plane resistance. This 

aspect is not investigated within this work. 

• Perimeter contours and filling strategy of each component are printed differently in the 

APF process. The placement of the droplets for the perimeter contour is discrete and 

with constant frequency. Discrete in this case means every drop has a definite 

coordinate in the G-code. The filling of the contour is performed with variable velocity, 

which is varied to be proportional to the length of the (straight) filling path. Thereby, 

the placement frequency is also dynamic and the distance between two drops is 

constant. Therefore, it is impossible to define discrete coordinates for a drop in a filling 

path. The resistance of perimeter contour and filling structure are supposed to be 

different, due to different printing parameters. The amount of this influence depends 

on the geometry of the printed part. 

• The storage time of polymer melt may vary. In the case of two component printing, both 

materials are plasticized simultaneously, but printed sequentially within one layer. This 

leads to longer storage times (agglomeration of nanoparticles) of the less used material. 

4.2 Mechanical properties 

Tensile tests 

The addition of 15 wt.-% CNT influences both, electrical and mechanical properties of the ABS. 

An increase of tensile strength and Youngs’ modulus correlates with a decrease of fracture 
elongation and ductility. The mechanical characteristics of both monomaterials can be 

monitored by monitoring the electrical conductivity of the composite. The gauge factor, being 

the ratio of resistance change and actual absolute resistance, sharply increases above 2.5 % 

strain about by more than 20 times in the tensile tests. The rapid increase results from cracks, 

which show a significant influence on the electrical behaviour of the conductive path. Until 

reaching the tensile strength, no mayor change of the gauge factor is detectable. 

The difference of the mechanical properties of monomaterials and compound results from the 

production. Due to the unsuitability of the CNT-ABS for single component printing, no 

information about the compounds interface exists and it is neglected within this work, although 

there is an influence from the interface to the mechanical properties of the compound. 

Bending tests 

The bending tests show the possibility of locating a load in situ by knowing the global resistance 

of parallel connected conductive paths with different single resistances. Tension load on the 

path with smaller single resistance results in a greater change of the global resistance, while the 

influence of the path with higher resistance is less. Consequently, it is possible to conclude the 

single path’s state, by only measuring the global resistance. This aspect offers the opportunity 

to reduce the effort for SHM significantly, by lowering the number of required measurements 

without lowering the amount of information. This reduce of effort is the essential statement of 

this work. 

5. Conclusion 

A new approach for structural health monitoring is presented. The conductive paths differ in 

their electrical resistance, are connected in parallel and only the global resistance is measured 
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for monitoring. Even though only one measurement is required, damage and deformation can 

be detected in place and time by analysing the resistance change in combination with the 

different individual resistances of the connected paths. Also, the feasibility of structure health 

monitoring with additive manufactured structures is verified. 

Polymer specimens are manufactured in a two-component additive layer manufacturing process 

and the conductive paths are printed directly into the specimens. Thermoplastic ABS and a 

PC/ABS blend is used for manufacturing and the conductive parts are realized by mixing in 

carbon nanotubes in to the ABS. Tensile tests are performed to characterize the electrical and 

mechanical behaviour of the monomaterials. Tensile tests on the two component specimens 

characterise the electro-mechanical behaviour. Four-point-bending tests are performed on 

specimens with two conductive paths and only the total resistance is measured. Due to the base 

value and change rate of the global resistance, it can be clearly detected, whether the high 

resistance part is under pressure and the low resistance part is under tension, or vice versa. 

Therefore, mechanical loads can be located and even quantified, if there is a reference value for 

the initial global and the individual resistances. 

The new approach sets the foundation for reducing the effort of structural health monitoring 

with consistent quality. Further investigations should be done with more than two paths, more 

difficult geometries and more complex load cases to validate the method on a higher level. The 

influence of printing strategies, process parameters and the compounds interface on the 

electro-mechanical behaviour should be further investigated. 

6. References 

1. Viets C. 2014 Piezoresistive polymers and fibre-reinforced polymer composites based on 

carbon nanoparticles. Ph.D. thesis, Technische Universität Hamburg-Harburg, Germany. [In 

German] 

2. Mannov E. 2015 Structural health monitoring of nanoparticle modified glass fibre-reinforced 

polymers under the influence of temperature and humidity. Ph.D. thesis, Technische 

Universität Hamburg-Harburg, Germany. [In German] 

1117/1211 ©2022 Liebig 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 

1 / 8 ©2022 1st Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

 

CURE MONITORING OF CARBON FIBER REINFORCED POLYMERS USING A 
SPECIFIC IMPEDANCEMETRY METHOD 

 

Huikangyue BAO a, Philippe MARGUERÈS and Philippe OLIVIER 

a: huikangyue.bao@univ-tlse3.fr  
 

Abstract: In this work, a cure monitoring method based on electrical impedance (Z) 
measurements is proposed for the manufacturing of airframe structures made of CFRP. This 
approach is based on the correlation between rheological and electrical properties of CFRP 
during curing [1-3]. The method enables us not only to monitor the degree of cure, but also to 
detect any faults during manufacturing. According to impedance reference signatures, curing 
processes could be controlled, resulting in cost savings and quality improvements of composites 
for aeronautics. A home-made low-cost multi-channels bench is developed to measure surface 
or bulk impedance changes of CFRP in real time. Therefore, the method could be applied in SHM 
of airframe structures. The proposed approach does not require a dedicated sensor because the 
composite is used as a sensor of its own state. Combination of embedded instruments and self-
sensing materials could be of great interest for smart materials development. 

Keywords: Carbon-fiber reinforced thermosetting composites, cure monitoring, electrical 
impedancemetry, SHM, self-sensing, functionalization.  

1. Introduction 

Carbon Fiber Reinforced Polymers (CFRP) have been increasingly successful in the aeronautical 
industry due to their high performances. The quality of composite structures depends greatly 
on their manufacturing process. Hence, it is necessary to improve the manufacturing reliability, 
reproducibility, and implementation of quality assurance by protocols of monitoring. In this 
context, numerous experimental methods for the purpose of monitoring the changes in a 
composite material, not only during curing but also under mechanical loading, have been 
developed since 1970s. Fiber Bragg Grating (FBG), ultrasonic or IR sensors [4-8] can be used to 
follow the matrix phase changes during curing or detect damages initiation/propagation in real 
time. Many authors focused on electrical techniques such as Eddy current testing [9-11] during 
curing or mechanical loading. All these approaches require at least one sensor, attached to the 
surface, or embedded in the material. In this paper, we are interested in electrical impedance 
measurements which could be used not only during manufacturing but until the end of the life 
cycle of composite structures. Here no external sensor is needed while the material itself is used 
as a sensor of its own physical state. Measurements are performed through a specific 
instrumentation developed for the purpose. 

The first part of this paper presents some experimental results of cure monitoring and fault 
detection with a preliminary instrumentation exhibiting the feasibility of the proposed 
approach. In the second part, a new home-made low-cost multi-channels bench is proposed 
according to measurement quality, portability, and transferability specifications. Several 
impedance analyzers PmodIA and K-type thermocouples have been selected to ensure cure 
monitoring by electrical and thermal measurements. First results obtained with this bench are 
presented before conclusion and perspectives. 
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2. Preliminary study: cure monitoring and issue detection 

The preliminary study is based on T700/M21 unidirectional prepregs produced by Hexcel 
Composite France. The thickness of a single ply of prepreg is 256µm and the diameter of the 
carbon fiber is 7µm. The carbon fibers realize high electrical conductivity, but the matrix is 
considered a quasi-insulating material. As a result, the carbon fibers exhibit resistive properties 
while the matrix exhibits capacitive properties in the case of electrical signal excitation. As a 
thermoset matrix, epoxy resin will undergo several physical chemical transitions during curing. 
At the beginning of the temperature rise, the resin changes from a viscous to a liquid state 
exposing the lowest viscosity. The first transition is gelation where resin changed into gel state. 
The second transition is vitrification where resin changed into glass state near the end of curing. 
Changes in thermomechanical and rheological parameters of matrix can be measured to 
highlight those transitions. Figure 1 shows changes in the degree of cure (α), the viscosity (µ), 
storage (G’) and loss (G”) shear modulus and their tangent delta (tan (δ)) of the M21 matrix as 
a function of time and temperature.  

 

Fig. 1. M21 epoxy matrix phase changes during curing followed by rheology and differential 
scanning calorimetry. Measured parameters: storage (G’) and loss (G”) shear modulus, their 

ratio Tan (δ), viscosity (µ) and degree of cure (α) [12]. 

For the purpose of ensuring manufacturing reliability and optimizing product quality, these 
parameters of thermoset matrix must be followed in real time. Moreover, the mechanical 
behavior of CFRP structure in service should also be followed. In this context, various electrical 
measurement methods are developed for monitoring CFRP in different stage of its life cycle. 
Some authors are interested in measuring the capacitance changes (ΔC) of thermoset matrix 
during curing to detect degree of cure [13-15], some others focus on measuring the resistance 
changes (ΔR) of carbon fibers for the purpose of damage detection [16-18].  

In our research, the electrical impedance measurement (spectral analysis) is preferred because 
it enables us to obtain information on both the carbon fiber and the matrix simultaneously. 
Furthermore, this method could be used for monitoring CFRP structure not only during curing 
but also in service. In other words, it is a SHM method of CFRP throughout its whole life cycle.  
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According to our previous works [1-3, 12, 19-23], phase changes of CFRP during curing is 
correlated to electrical impedance changes (Δ|Z| and Δθ) at the same time (eq.1). 𝑍 = |𝑍|𝑒                    (1) 

where |Z| is the module (Ω), θ the argument (degree) and j the imaginary number. 

When the CFRP structure is excited by an alternative electrical signal, |Z| and θ are functions of 
the signal frequency (f). It exhibits typical resistive behavior (θ tending to 0°) in the low 
frequencies band but capacitive behavior (θ tending to -90°) in the high frequencies band 
because a CFRP is a mixture of carbon fiber (electrically conductive) and a polymeric matrix 
(insulator). A network model made of resistances R (carbon fibers and contacts inter-fibers) and 
capacitances C (thin zone of insulating matrix) is proposed and shown (Fig. 2). This model 
enables us to correlate microstructural changes of CFRP structure to its electrical behavior. 

 

Fig. 2. Physical modelling (a) and 3D network modelling (b) of a unidirectional (all the carbon 
fibers are aligned in the same direction) CFRP structure [3]. 

|Z| and θ of parallel RC circuit in the model can be calculated by equations (2) and (3). 𝜃 = √                    (2) |𝑍| = −𝑎𝑟𝑐𝑡𝑎𝑛 (𝜔𝑅𝐶)                  (3) 

where ω is the electrical signal pulse (rad/s) with ω=2πf (Hz), R the material resistance (Ω) and 
C the capacitance (F), and j imaginary number. 

In previous works [3, 21, 24], a mono-channel impedance analyzer Hioki IM3570 was used for 
the purpose of CFRP cure monitoring. The electric conduction between the bench and the CFRP 
structure is ensured by embedded copper electrodes. The thin and flexible copper tapes (50-µm 
thick) are embedded between the chosen plies of a laminate (Fig. 3). The surface area of the 
electrode must be carefully reduced for minimizing its interface resistance. The global access 
resistance (electrode/fiber interface and feed wire) was less than 1Ω. These copper electrodes 
will remain thereafter to monitor the CFRP structural health in service. Moreover, the 
temperature signature of cure cycle in the oven or in the autoclave can be obtained by a 
temperature measurement module based on K-type thermocouple. 
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Fig. 3. Through-the-thickness conduction: electrodes placement in 8 UD T700/M21 plies [0°8]. 
Electrodes located between plies 1–2 and 7–8 perpendicular to the fibers [21]. 

The measurement results of previous works [1-3, 12, 21, 22] in cure monitoring and 
manufacturing issue detection are presented. This approach is based on the correlation between 
changes in through-the-thickness impedance modules during curing (Δ|Zz|) and several points 
characterizing the thermoset matrix behavior. These 14 rheological characteristic points (point 
A to point N) were used to follow the epoxy matrix phase changes during a cure cycle. 
Furthermore, these points can be found during oven and autoclave curing by measuring Δ|Zz| 
and their first and second derivatives |Zz'| and |Zz"| (Fig. 4.a).  

 

Fig. 4. Changes in |Zz|,|Zz'| and |Zz"| (10 kHz) of  UD [0°8] laminate during curing in oven (a); 
changes in |Zz| (10 kHz) of 8 samples with vacuum fault effect detected (b) [12]. 

In the CFRP manufacturing processes, the various bagging products like release films, peal plies, 
bleeding plies and breathing clothes are necessary for the cure cycle in oven or autoclave. An 
experiment has been implemented to demonstrate that any leak occurring in the vacuum bag 
during curing could be detected. Six cure cycles were performed with manufacturing issues 
while two cure cycles were performed without issues. Hence, there are three different times 
chosen of the leaks: the first near minimum viscosity (PL), the second near gelation (PG) and the 
last near vitrification (PV). The manufacturing issue can be detected by the curve of Δ|Zz| during 
curing (Fig. 4.b). The vacuum bag leaks occurring near minimum viscosity or near gelation has 
caused a change in |Zz|. Furthermore, when a leak occurs in early stages of the cure cycle, |Zz| 
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value of the laminate with issue is higher than the laminates cured without issue. Nevertheless, 
the leaks can be detected but the |Zz| value remains at the same level with the reference cure 
cycles. The higher sensibility in |Zz| measured is required. 

All these previous works are based on the analyzer Hioki IM3570. It’s bulky, expensive, mono-
channel, no sensible in time domain (it spent too much time on the data acquisition) and difficult 
to be transferred. Thus, a new bench which should respect following specifications: portable, 
low-cost, multi-channel, synchronized or sensible enough in time domain, possible of 4 points 
configuration and easy to be transferred, is required to the further research.  

3. Design and development of new bench 

The new bench which has 8 channels for electrical impedancemetry and 2 channels for 
temperature measurement has been developed for the purpose. The impedancemetry channels 
can be connected to copper electrodes embedded into CFRP structures via BNC connectors. 
These channels are built around PmodIA modules which are known as low-cost and miniature 
spectral analyzers. The CFRP is excited with a known alternative voltage (V-out), and the 
response (V-in) is analyzed by the signal processor integrated in PmodIA. The results of |Z| and 
θ are calculated from V-in. Furthermore, V-in is converted to digital signal by a 12-bits analog 
digital converter (ADC) integrated in PmodIA. A multiplexer (MUX) is used as a switch between 
8 channels. The digital signal transmission from PmodIA to PC is implemented by a data 
acquisition board (DAQ). Finally, the results |Z| and θ are dis-played in the interface LabVIEW. 
The simplified signal processing chain is shown in figure 5. 

 

Fig. 5. The signal chain from CFRP under test to PC. 

The frequency sweep range of PmodIA is chosen from 5kHz to 50kHz in our approach. The 
measurement range on |Z| from 5Ω to 1MΩ with an adequate accuracy (relative error<5%) is 
validated by a set of tests as follows. 

 Pure R circuit equivalent to carbon fiber in longitudinal direction. 
 Pure C circuit equivalent to pure thermoset matrix. 
 RC parallel equivalent to cellule of 3D network model. 
 RC cascade equivalent to transverse and through-the-thickness conduction.  

In the context of cure monitoring of CFRP, the impedance higher than 1MΩ is not useful, but the 
impedance lower than 5Ω might be of interest to ensure longitudinal (along fibers) electrical 
measurements. The |Z| under 5Ω is unmeasurable for the PmodIA in 2 points configuration 
because of parasite elements that could be eliminated by 4 points configuration.  

Hence, an extension circuit identified as Analog-Front-End (AFE) has been designed and 
connected to PmodIA for the purpose. It consists of two parts: a current source and an 
instrumentation amplifier (INA). The signal V-out is converted to a current which excites the 
CFRP. Furthermore, the voltage across CFRP is measured by instrumentation amplifier and sent 
to PmodIA. The parasite elements are eliminated because of the separation of the excitation 
source and the measurement device. The range on |Z| is now extended to [0.1Ω;1MΩ].  

1122/1211 ©2022 Huikangyue 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 / 8 ©2022 1st Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

 

4. Preliminary experimental results with new bench 

Preliminary experiments have been implemented in order to determine different characteristic 
times of the bench: the data acquisition time (Ta) of PmodIA and the switching time (Ts) of the 
multiplexer. Ta depends on signal processing speed of the impedance analyzer. Moreover, the 
switching time (Ts) depends on the I²C communication protocol which spends only a few 
microseconds in data transmission. The testing material used is a cured laminate made of 8 UD 
T700/M21 plies [0°8] with two embedded copper electrodes to ensure electrical transverse 
measurement. A frequency sweep from 5kHz to 50kHz with 10 sweeping steps is implemented 
to ensure measurement Ta and Ts. Each step is repeated 100 times to ensure measurement 
accuracy but could increase Ta. The Hioki IM3570 is used for comparison with the same 
configuration of frequency sweep. Results are given in the table 1. 

Table 1: Data acquisition time and switching time of the bench and Hioki 

Characteristic Time The bench Hioki IM3570 

Data acquisition time Ta 1.23s More than 1 minute 

Switching time Ts < 0.1ms 100ms 

 

Another experiment is implemented on the same laminate to measure the response time (Tr) 
when the CFRP is undergoing a simple mechanical loading: a manual point bending stress in its 
the central area. The instant deformation of laminate can be converted to a change of module 
|Z| in transverse (Fig. 6). Here a quasi-continue monitoring mode is applied: the step of 
frequency sweep is minimized to 0.1 Hz (511 steps of sweep imposed by PmodIA). The response 
curve exhibits a significant Δ|Z| and a Tr of 776.16ms highlighting the feasibility to monitor CFRP 
structure not only during curing but also under mechanical loading. A set of normalized 
mechanical tests will be performed in the future in order to correlate electrical impedance 
measurement to mechanical properties. 

 

Fig. 6. Changing in |Z| during a manual point bending stress on cured laminate T700/M21 [0°8] 

Tr=776.16ms 

1123/1211 ©2022 Huikangyue 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 / 8 ©2022 1st Author et al. https://doi.org/ 10.5075/978-X-XXX-XXXXX-X published under CC BY-NC 4.0 license 

 

5. Conclusion et perspectives  

In this paper, the feasibility to ensure cure monitoring and SHM of CFRP using electrical 
impedancemetry has been presented. A new homemade bench has been developed for the 
purpose taking into account specifications such as portability, low-cost, short sampling time, 
accuracy and 2 points or 4 points configurations. Obtained measurements cover ranges from 
5kHz to 50kHz in frequencies and from 0.1  to 1M in impendences. An Analog-Front-End has 
been designed and connected to the PmodIA to realize the 4 points configurations. 8 channels 
based on PmodIA and 2 channels based on K-type thermocouple enable the bench to implement 
the multi-physic measurement. Obtained measurements on standard samples but also cured 
laminated exposed good agreement with those obtained using an impedance analyzer and a 
higher capacity in data acquisition speed than using the Hioki IM3570 (few seconds vs few 
minutes for 8 channels).  

To validate this new bench, a set of cure and mechanical monitoring will be implemented. An 
electrical-mechanical modelling would be developed in further studies to design a virtual 
material able to describe changes not only during curing but also during mechanical loading.  
Experimental and numerical results will be discussed and in a case of good agreement an inverse 
approach could be proposed. 
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Abstract: In this paper, the effect of wave-shaped polymeric fibers at varying aspect ratio and 

fiber content on the flexural behavior of fiber reinforced mortars (FRM) was studied. Three 

weight fraction (from 0.5 w.t.%, up to 1.0 w.t.%) and two aspect ratios (L/d 37 and L/d 46) were 

assessed by performing three-point bending tests. Compared to unfilled M10 mortar, the 

maximum flexural strengths of the composite samples increases up to 67.8% thanks to the 

addition of plastic fibers. At low fiber content, the increase of the flexural strength is very limited 

for I20 fibers with an incidence of 6.9 % for the M10-I20-05 batch. Furthermore, the toughness 

index (TI) values are in the range of 20-50 for the FRCM. Moreover, despite the unfilled mortar 

where a brittle failure occurs, FRCMs composites exhibited a ductile-like behavior with large 

residual strength after fist crack activation also at low plastic fiber content.  

Keywords: wave-shaped fibers; mortar; flexural; toughness; cracking behavior  

1. Introduction 

Cementitious materials, such as mortars or concretes, due to their price, availability, durability, 

strong compressive strength and stiffness have long been widely used as building materials. 

Despite their widespread use, some drawbacks still represent an alarm sign that must be taken 

into account. Brittleness, poor tensile strength or sensitivity to humidity can represent limiting 

factors that reduce the durability and functionality of the material at medium and long term. In 

this context, several efforts have been performed to identify effective solutions in order to 

improve the performance in terms of toughness and ductility of mortars or concretes. 

An approach that has shown great potential is the addition of reinforcing fibers aimed at 

improving the mechanical stability of the mortar. Fiber-reinforced mortars (FRM) and concretes 

(FRC) represent a relevant research topic for the engineering construction design and 

maintenance because the addition of fibers to mortars significantly changes their mechanical 

properties, such as toughness, compression and tensile strength [1]. 

Several fibers type, based on metallic, polymeric or ceramic materials are widely applied in the 

manufacturing of FRM or FRC materials [2] [3] [4]. The choice of adding high modulus and 

strength fibers (such as metallic, carbon or glass fibers) is effective in order to obtain a significant 

increase in the concrete strength, however their intrinsic brittle behavior could limit the 

improvement in toughness and ductility of the material [5]. On the other hand, polymeric fibers, 

characterized by low strength and high flexibility, are a potentially more effective option to 

improve ductility preserving the increase of the crack activation resistance for the FRMs [6]  

On the mortars, the crack evolution, the choice of a fiber geometry, able to increase the 

interlocking with the matrix, can further enhance the reinforcing action of the fiber limiting the 
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crack formation and propagation. Although the wide potential in the use of corrugated 

polymeric fibers to increase the toughness and resistance of cementitious materials, few works 

in the literature have paid attention to this aspect, often correlating its use on hybrid FRC 

configurations [7] [8]. Consequently, an improvement of knowledge on corrugated polymer FRC 

or FRM is a benefit able to enhance the scientific soundness of this research topic. 

On this concern, the aim of the paper is to assess the effect of corrugated shaped polymeric 

fibers (with two different aspect ratio) at varying fiber contents on flexural behavior of a fiber 

reinforced cementitious mortar in order to improve ductility and flexibility of the material. Based 

on the characteristics of load–deflection curve, the flexural behavior analysis involves first crack 

load and deflection, maximum peak load and deflection, and toughness indexes. Furthermore, 

a relationship between FRC microstructure, mechanical behavior and fracture mechanism in 

order to better identify the best choice in terms of mechanical stability and toughness was 

carried out. 

2. Experimental part  

2.1 Materials and sample preparation 

Composite mortars constituted by mixing commercial polymeric fibers in a mortar having a 

compressive strength of 10 MPa (M10) were realized. These mortars are mainly used as a 

background plaster. As fiber reinforcement, a wave-shaped chopped polypropylene plastic fiber 

was added.  

The mortars were prepared and mixed in the laboratory using selected binders and aggregates 

and stored under standard conditions (22 ° C -60%). The mortars contain the following raw 

materials: Portlad II/A-LL 42.5 R cement, natural hydraulic lime NHL 5, silica sand (max grain size 

2 mm), cellulose ether and starch ether. The mixing process, between water and mortar (ratio 

17:100), took place inside a leaf mixer. The fibers are slowly dispersed into the mixer to ensure, 

during the mixing phase an excellent fiber dispersion. The amount of mixing water remained the 

same for all samples. At the end of the mixing phase, the fresh concrete was immediately cast 

in metal molds (4 cm x 4 cm x 16 cm). After 2 days, the specimens were removed from the molds 

and left for an additional 26 days in controlled temperature and humidity conditions, according 

to EN 1015-11 standard. In particular, in order to better assess the effect of the reinforcement 

in the mechanical behavior of the composite mortar, mixture formulations at varying fiber 

content (0.5 wt.%, 0.7 wt.% and 1.0 wt.%) and aspect ratio (length 20 mm and 25 mm) were 

realized. Details of all the produced batches are summarized in Table 1.  

Table 1: Codes, fiber content and length for all investigated FRC batches 

Code Fiber Length 

[mm] 

Fiber Content 

[wt.%] 

M10 -- -- 

M10-I20-05 20 0.5 

M10-I20-07 20 0.7 

M10-I20-10 20 1.0 

M10-I25-05 25 0.5 

M10-I25-07 25 0.7 

M10-I25-10 25 1.0 
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As reference, an unreinforced M10 mortar was prepared. All batches were coded by using a 

“M10-” acronym prefix followed by an “I” letter and number indicating the length of the 
chopped fiber (in mm). Finally, a last number is referred to the fiber reinforcement content (in 

wt. %). E.g., the M10-I20-07 batch indicates composite mortar constituted by 0.7 % of chopped 

plastic fibers with 20 mm length. The code M10 is referred to the unreinforced cementitious 

mortar. 

2.2 Material Characterization 

Three-point load bending (TPB) test has been carried out on prismatic samples (cross section 40 

mm x 40 mm and length 160 mm) for each mixture by varying the amount of wave-shaped 

polymer fibers. The flexural test was performed on a universal electro-hydraulic testing ma-

chine (UTM), Uniframe250 (Controls, Milan, Italy), equipped with a 250 kN load cell. The span 

length for the three-point bending test was set equal to 100 mm. In order to avoid local 

displacement mismatch among testing fixtures, a pre-loading of 2 N was applied for all tests. A 

load-controlled set-up was monotonically applied on the prismatic beam at 10 N/s. All tests were 

per-formed in accordance to EN 1015-11 standard. Three replicas for each batch were per-

formed. 

3. Results and discussion 

In Figure 1 the evolution of the load displacement curve at varying fiber content for 20 mm 

and 25 mm fiber length are shown (Figure 1a and Figure 1b respectively). 

a) b) 

Figure 1: Effects of fiber volume fraction and aspect ratio on the flexural stress-strain curves for 

composite mortars with (a) l=20 short fibers (b) l=25 short fibers as reinforcement. 

At low deflection, when the stress state is not suitable to trigger the fracture of the matrix, all 

the specimens have a very similar linear trend. This states that due to short fibers addition, up 

to 1 wt.%, no significant effect on the flexural stiffness of the mortar is achieved. Subsequently 

the onset of the first crack in the matrix, the fiber content plays a significant role in performances 

increasing the residual strength of the specimen. This effect is all the more relevant the higher 

the fiber content.  

Furthermore, samples with higher aspect ratio fibers (l = 25mm) show better flexural behavior. 

In fact, the fiber length has a beneficial effect both in the residual loads and mortar ductility. All 

composite samples with I25 fibers highlighted better strength and ductility than the 
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corresponding ones with the same fiber content. The larger fiber surface in I25 fibers improves 

the interfacial fiber/matrix bond increasing the pull-off strength. 

By increasing corrugated fiber volume fraction and length, bridging action improves significantly. 

The crack opening resistance in the reinforced mortars is favored by a suitable interfacial shear 

strength that exalt the stress transfer efficiency at the fiber-matrix interface [9]. Consequently, 

increasing the fiber content both flexural strength and deflection at failure are increased. 

Evaluating the data reported in Figure 1, the increase in performance due to fiber addition is 

more relevant in deflection at failure (>5mm for the reinforced composites) than the maximum 

flexural load (for 1.0% I25 fibers about 68 % higher than unreinforced one). 

Table 2 summarized the main flexural performance parameters of the mortars on the three-

point flexural test. PFP and FP are the first peak load and deflection. Analogously, PMP and MP 

are the load and deflection at the maximum peak of the flexural curve. PL/20 indicates the residual 

load at the net deflection of L/20. Finally, TL/20 is the toughness calculated as area under the load 

vs net deflection curve from 0 to L/20. 

Table 2: Flexural loads, deflections and toughness for all composite mortars 

 PFP 

[N] 

FP 

[mm 

PMP 

[N] 

MP 

[mm] 

PL/20 

[N] 

TL/20 

[J] 

M10 1740±108 0.23±0.004 1740±108 0.23±0.004 -- 0.19*±0.01 

M10-I20-05 1774±84 0.23±0.02 1860±60 0.23±0.02 234±56 2.81±0.6 

M10-I20-07 1570±105 0.25±0.03 2012±136 0.25±0.03 388±156 4.12±xx 

M10-I20-10 2286±184 0.22±0.02 2286±184 1.31±0.02 838±125 7.02±xx 

M10-I25-05 2218±207 0.24±0.05 2218±207 0.33±0.09 758±246 5.51±1.14 

M10-I25-07 2304±307 0.23±0.03 2507±166 0.80±0.58 1.515±399 9.50±1.73 

M10-I25-10 2080±208 0.22±0.02 2920±165 1.02±0.34 1.703±647 12.37±2.84 

* Energy determined at the maximum deflection. 

The results highlight that the bending loads (in terms of peak and loads, indicated as PFP, PMP, 

and PL/20 respectively) and deflections (at maximum load deflection and residual deflection, MP, 

L/50 and L/20, respectively) increase at increasing fiber volume fraction increases due to the 

increased load capacity of the fiber to suffer applied loads. This phenomenon can be ascribed to 

the coupled action of crack-bridging effect carried out by the corrugated fibers at the crack and load-

carrying capabilities favored by the interlocked bond strength between polymeric fiber and cementitious 

mortar [10]. This trend is not observed by analyzing the first peak-load related parameters (PFP 

and FP). The deflection at the first-crack formation FP does not show a fiber volume 

dependence. The first-peak load, PFP, on the other hand, shows, although with a non-

monotonous trend, a slight increase due to the polyester fibers addition. These two parameters 

can be correlated to the triggering of cracks on the matrix [11]. Consequently, they are more 

influenced by the properties of the cementitious binder (which do not change) than the fiber, 

whose action is mainly carried out during the propagation stage of the cracks. 

The typical fracture morphology of M10 and FRM under bending test is shown in Figure 2. As 

attended, the cracking process of the unfilled M10 mortar is characterized by a singular and 

narrow fracture line that is triggered in the bottom side of the sample and extended 

catastrophically toward the topside along the load direction, leading to a catastrophic brittle 

fracture. No evidence of secondary cracks can be highlighted, confirming the low tensile 
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strength stability of the material. Meanwhile, comparing the fracture pattern of M10-I20-10 and 

M10-I25-10 samples, the I25 FRM exhibited a better fracture morphology than the I120 one. 

Longer fibers favor larger amount secondary fracture mechanisms than shorter ones. Indeed, in 

I25 samples, the fracture tends toward a more irregular profile with relevant noticeable 

synergistic contributes e.g. internal cracks, bridging …. This indicates that different dissipative 
energy contributes occurred during the bending. Moreover, due to the greater fiber length, 

higher force is required to pull out the fibers, enhancing the bridging phenomenon even for very 

large cracks. This has broad benefits not only on the mechanical performances of the mortar but 

also on its safety features. The fiber-reinforced mortar, even if extensively damaged, preserves 

a residual structural stability, which limits local detachment from the wall, with clear benefits 

for the residents of the housing unit in adverse accidents. 
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Figure 2: Fracture surfaces of plain mortar and corrugated fiber reinforced mortars. 

4. Conclusions 

In this paper the effect of corrugated shaped polymeric fibers (with two different aspect ratio) 

at varying fiber contents (0.5 wt.%, 0.7 wt.%, and 1.0 wt.%) on flexural behavior of a fiber 

reinforced cementitious mortar was assessed in order to improve the material ductility and 

flexibility. The flexural performance, in terms of flexural strength, deflection, toughness, of FRM 
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increases at increasing fiber content and L/D aspect ratio. Compared to unfilled M10 mortar, the 

maximum flexural strengths of the composite samples increases up to 31.4% and 67.8% for the 

I20 and I25 fibers, respectively. At low fiber content, the reinforcing action on the flexural 

strength is very limited for I20 fibers with an incidence of 6.9 % for the M10-I20-05 batch. Instead 

M10-I25-05 (characterized by long corrugated polymer fibers) the flexural strength increased of 

27.5%. Different considerations can be drawn by analyzing the toughness property. Fiber-

reinforced mortars with wave fibers induce a significant increase in toughness even for very low 

fiber content addition. FRM with 0.5 wt.% fibers reaches TIL/20 toughness values in the range of 

20-50. The maximum values are reached for M10-I25-10 batch characterized by 1 wt.% of 25 

mm long fibers. Furthermore, compared to unfilled M10 mortar, the FRMs exhibited a ductile 

fracture pattern.  
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Abstract: Continuous fiber reinforced thermoplastics (cFRTP) increasingly find their way into 

structural components, for example in the automobile sector, due to both their lightweight and 

recycling potential. For characterization and application, machining is necessary to get the final 

shape of the product. In both cases, a negative influence of the machining procedure on the 

product’s properties has to be avoided. Because machining procedures are diverse, the influence 

of differently generated surface roughness on matrix dominant material properties is analyzed. 

This research focuses on the transverse tensile strength of unidirectional carbon fiber reinforced 

polycarbonate as a very sensitive property for edge effects. Its value correlates with the average 

roughness and standard deviation of manufactured edge surfaces.  

Keywords: continuous fiber reinforced; thermoplastic composites; composite manufacturing; 

surface roughness; material characterization 

1. Introduction 

Thermoplastic composites indicate a major lightweight construction potential and are of great 

interest to key industries. Because of their re-meltability and realization of short production 

cycle times, they offer the opportunity to make an important contribution to the environmental 

compatibility and competitiveness of new products. [1] In this material class, continuous fiber-

reinforced thermoplastic composites (cFRTP) play a special role. Due to their excellent 

mechanical properties, they are particularly suitable for use in structural load-bearing 

components [2], also in large scale automobile applications. [3] 

Machining is an important step for the application of these materials. Not only in terms of 

finishing cFRTP parts but also because of test specimen manufacturing necessary for material 

characterization generating data for the design process. Nevertheless, especially for composites, 

machining is a challenging task (anisotropic, non-homogeneous material, abrasive fibers [4]) and 

risk exists to cause damage to the material. [5] Therefore, optimizing machining processes is 

state of research and the influence of manufacturing parameters on the material’s surface 
quality as well as service life of the tooling (e.g. for milling/drilling [4,6–9], water jet cutting [10–
13], sawing [4,14], laser cutting [10,15]) is extensively investigated. The results leading to 

guidelines and benchmarks, mainly focusing on thermoset materials. [16–19] 

Standardization is necessary for minimizing machining influences and generating comparable 

material characterization values, which are important for the industrial application of cFRTP. ISO 

2818 [20] defines recommended parameters for the machining of plastics regarding different 

specimen geometries and procedures. In terms of tensile testing cFRTP, ISO 527 [21] refers to 

this standard and defines to document the chosen specimen manufacturing procedure in the 

test report to assure comparability or identify deviation in results. Same applies for the 

appropriate ASTM standard, ASTM D 3039 [22]. Therefore, the question arises which influences 
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different surface roughnesses (due to varying manufacturing procedures) have on the 

mechanical testing results, especially for matrix dominant material values. HADDAD [23] 

focusses on this topic for compression and inter laminar shear values for thermoset materials. 

This research examines cFRTP’s surface roughness induced by milling, sawing and water jet 

cutting regarding its influence on transverse tensile properties.  

2. Material 

The material used is a polycarbonate based continuous carbon fiber reinforced composite tape 

(CF-PC-UD). The fiber volume content is 44 % and the initial tape thickness 0.17 mm. For 

specimen manufacturing according to ISO 527-5, plate material (300 x 300 mm²) is 

manufactured consisting of a stacked tape layup [06]s to reach the targeted plate thickness of 2 

mm. The manufacturing process is an industry-oriented thermoforming process in a hot press.  

3. Specimen manufacturing procedures 

It should be noted that the given and upcoming absolute roughness values do not necessarily 

represent optimal results of the manufacturing procedures, but of the tools used in this study. 

With different tools, better results are achievable, as shown in many benchmark tests. The focus 

of this study is to induce different, characteristic roughness values by procedure, not optimizing 

the process itself. 

Table 1: Manufacturing parameters. 

Milling parameter   

(in co- and counter rotation) 
Water jet cut parameter Circular sawing parameter 

Tool 

Single tooth 

cutter (Ø 4 mm); 

polished flute 

Abrasive Quartz sand Tool 

Circular saw blade, 

synthetic diamond 

coated (Ø 125 mm) 

Feed rate 

[mm/s] 
5 

Abrasive flow 

[g/min] 
450 

Saw blade 

speed [rpm] 
6 000 

Spindle speed 

[rpm] 
30 000 

Nozzle diameter 

[mm] 
0.35  

Use of cooling 

lubricant 

Axial depth of 

cut [mm] 
1 

Focusing nozzle 

diameter [mm] 
1.0   

  Pressure [bar] 3 800   

 

For transverse tensile testing according to ISO 527-5 (specimen size: 250 x 25 x 2 mm³), three 

different specimen manufacturing procedures were chosen to induce different edge surface 

roughness values. Milling with a single tooth cutter and polished flute (to reduce thermal stress 

on the material without use of cooling lubricant) in co- and counter rotation, abrasive water jet 

cutting, and circular sawing with a synthetic diamond coated saw blade. Table 1 gives an 

overview of the used manufacturing parameters. 
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For milling, the final manufacturing parameters result from a parameter study to increase tool 

life and ensure comparability of the manufactured specimen edges while using one single cutter. 

[24] This study shows, inter alia, the average surface roughness according to the milling/fiber 

direction (figure 1) with its minimum parallel to the UD fiber direction. In this work, milling 

direction 2 transverse to fiber direction (see figure 1) is addressed. 

 

Figure 1: Average surface roughness (Ra) of CF-PC-UD depending on milling direction [24] 

A minimum number of six specimens are manufactured for each machining procedure to ensure 

statistical significance in tensile testing and roughness analysis. 

4. Analyzation of surface roughness 

 

Figure 2. White light interferometry on transverse tensile specimens (ISO 527-5 [21]), 3D 

roughness analysis and derivation of path profile on section planes 

Before testing the rectangular specimens, the roughness on a minimum of four specimens per 

machining procedure is examined. For roughness analysis, white light interferometry is used due 

to its fast measurement speed and ease of use being a non-destructive and contactless 

measurement method. [25,26] For this study, the white light profilometer FRT MicroProf by Fries 

Research & Technology GmbH is used with a resolution of 1.0 µm laterally and 0.003 µm 

vertically. 
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Figure 2 shows the analysis position on a specimen’s edge, generating 3D roughness profiles of 

the surface over an area of 10 x 1.5 mm². 2D roughness profiles on three section planes are 

derived with coordinates of 0.4 (red line; line no. 1), 0.8 (green line; line no. 2) and 1.2 mm (blue 

line; line no. 3) in width direction of the 3D-profile (see figure 2). The generated 3D-profiles 

consist of 300 x 60 pixels, measured at 100 Hz within a vertical sensor measuring range of 300 

µm. 

To describe the machined surfaces the standardized values of the arithmetical mean deviation 

of the profile (Ra) and the average surface roughness (Rz) are derived from the generated 

profiles. [27] In addition, the material ratio curve (according to ISO 4287 [27]) is generated for 

each profile. The aim of this curve is the visualization of the roughness homogeneity as well as 

the average notch sharpness of the profiles by analyzing the curve gradient Gmrc around the 

turning point of the material ratio curve (see figure 3). Gmrc is calculated according to Eq. 1 using 

10 data points around the curve’s turning point: Gmrc = ∆𝑥𝑖∆𝑦𝑖 , 𝑤𝑖𝑡ℎ 𝑖 ∈ [𝑖𝑡𝑢𝑟𝑛𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡−5, … , 𝑖𝑡𝑢𝑟𝑛𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡+5]                                   (1) 

 

Figure 3. Analyzation of specimens’ surface roughness profiles using material ratio curve 

(according to ISO 4287 [27]) and derivation of characteristic values 

The material ration curve is generated by using 100 cutting lines yi (i = {0, …, 100}), equally 

distributed over the individual overall height of the surface roughness profile.  

5. Results 

Figure 4 shows the average relative transverse tensile strength of the specimens in relation to 

the average edge surface roughness values Ra and Rz. A correlation can be seen. With increasing 

roughness of Rz by factor 10 and Ra by factor 14 (from Ra = 1.49 ± 0.89 µm [Rz = 11.01 ± 7.92 

µm] to Ra = 20.03 ± 16.12 µm [Rz = 112.94 ± 69.28 µm]) the transverse tensile strength of CF-

PC-UD decreases by 34.5 %. It is also visible that the average roughness values of milling in co- 

and counter rotation show a high standard deviation. The inhomogeneity of these surfaces is 

also visible in the 3D roughness profile in figure 2 as well as in the exemplary 2D profiles in figure 

5. The average roughness of milling (e.g., for co-rotation) in the section planes of line no. 3 (Ra 

= 1.01 ± 0.68 µm [Rz = 9.37 ± 5.64 µm]) and no. 2 (Ra = 0.98 ± 0.32 µm [Rz = 9.04 ± 3.81 µm]) are 
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lower than of line no. 1 (Ra = 13.64 ± 1.29 µm [Rz = 91.55 ± 9.95 µm]). Because the material 

region around line no. 1 is milled in the last cut, the reason for higher roughness is related to 

more intense vibrations enabled by previous material removal and the resulting loss of stiffness 

in these areas. 

 

Figure 4. Correlation of specimen's edge surface roughness and transverse tensile strength 

(relative) of CF-PC-UD 

By comparing almost equal average roughness values of milling in co-rotation (Ra = 5.21 ± 6.28 

µm [Rz = 36.65 ± 41.03 µm]) and water jet cutting (Ra = 4.83 ± 0.38 µm [Rz = 28.88 ± 3.52 µm]) 

in figure 4, it becomes clear that the surface homogeneity (standard deviation) plays an 

important role in terms of tensile strength estimation. The relative strength of the water jet cut 

specimens (0.95) is higher than the value of the specimens milled in co-rotation (0.79). 

Therefore, the regions with highest roughness values on a specimen surface act as notches and 

define the maximum transverse tensile strength. 

Figure 5 shows exemplary material ratio curves of each manufacturing procedure in the pictures 

of the bottom row. The black dot indicates the turning point of each curve and the orange 

marked region the region of the gradient calculation.  

With a higher roughness of the profile the absolute value of the gradient decreases in figure 5. 

Plotting the average gradients of every manufacturing procedure shows a positive correlation 

of the gradient with the measured mean value of the transverse tensile strength (see figure 6). 

In comparison of the gradient in figure 6 and the roughness values in figure 4, an inverse 

tendency is visible but with the same result. Only the average gradient of milling in co-rotation 

seems to be an outlier in figure 6. But taking the standard deviation into account, as mentioned 

before, the result is plausible indicating the high potential of specimen manufacturing by milling 

in case of a homogenous manufacturing result. Therefore, the gradient of the material ratio 

curve seems to be a more sensitive value regarding the valuation of the surface roughness and 

its homogeneity.  
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Figure 5. Exemplary surface roughness profiles (top) and associated material ratio curves 

(bottom) with turning point (black) and gradient derivation region (orange) 

 

Figure 6. Correlation of curve gradient and transverse tensile strength of CF-PC-UD (relative 

values) 

6. Summary and conclusion 

The correlation of the tensile strength and surface roughness shows with increasing roughness 

values (Rz x 10) a tensile stress decrease of up to 34.5 %. In terms of machining CF-PC-UD 

perpendicular to fiber direction, a surface roughness of Ra ≤ 5 µm (Rz ≤ 30 µm) is recommended. 
In addition to the average surface roughness, the standard deviation of all measurements along 

the specimens’ edges is an important indicator of a homogeneous machining result and has to 

be minimized to reach significant test data. It could be shown that the material curve ratio’s 
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gradient around the curve’s turning point sensitively indicates the surface roughness of a profile 

in addition to Ra and Rz values. 
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Abstract: This paper deals with the operating principle of a multi-NDT test bench aimed at 

automatically test wind turbine blade sections. This bench uses two NDT methods, infrared 

thermography (IRT) which is a global method and phased array ultrasonic (UTPA) which is a 

volumic method. The interest of using UTPA than conventional ultrasonic testing (UT) is to cover 

more surface for a single line of scan. This allows shorter scans durations. 

Concerning the test course, the IRT method aims first to detect suspicious areas and UTPA comes 

next for sanctioning the indications previously detected. This way, the test cycle is shorter than 

a classic robotized UTPA scan and offers more precision in sizing defects than only an IRT method. 

This project follows on tests carried out manually in 2019 at CETIM. 

Keywords: Non-Destructive Testing; Automation; Infrared thermography; Ultrasonic phased 

array 

 

1 Introduction 

The CETIM developed an innovative solution for testing sections of wind turbine blades. the 

solution includes automated and robotized methods and is based on the communications 

between acquisition stations. The goal of this bench is to demonstrate CETIM's know-how, to 

propose innovative solutions to contributors, but also to increase its competences on the 

subject. In this sense a multi-NDT test bench designed at automatically check wind turbine blade 

sections has been developed. The test will be done first by infrared thermography (IRT) and then 

will be completed by UTPA. the interest of the IRT method is to allow short acquisition time for 

large tested surfaces. However, it could be difficult to size defects well. In this sense, UT requires 

longer time of acquisition for large areas but allows a better sizing. By combining these two 

methods and using their benefits, the test of a part should be less time consuming without 

sacrificing the quality of the test. This project follows on from tests carried out manually in 2019 

at the CETIM. 

2 Presentation of the inspection process and of the bench's set-up 

2.1 Bench's scenario 

To set-up the bench, it is first necessary to define the global inspection process. Thus, the 

physical set-up of the test bench and the definition of a global scenario of the demonstration 

have been created. The demonstration is done in two steps. First, an IRT acquisition is 
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performed allowing the detection of suspect areas. In a second time, robotized UT scans are 

performed based on the information of IRT detection. Finally, an automated sanction is done 

based on alarms generated by the UT acquisition system. 

 

Figure 1.  Test bench course, A) Halogens heat the part and an IRT acquisition is performed, B) the 

UT acquisition system mounted on the robot arm scans the suspicious areas detected 

previously by IRT allowing the sanction of the part 

2.2 Data flows 

Until the goals, the global course and the measurement setups defined, flows and types of 

information transiting through the system has been defined. The informations are 

communicated by the different inputs and outputs available on the following devices: 

• Robot controller 

• Control system and software of the IRT acquisition station 

• UT acquisition station and its attached software 

The bench can be modelled by a set of nodes exchanging data flows. A representation of these 

flows is shown below. 

 

Step Function Information 

1 Start trigger 
Transistor-Transistor Logic (TTL) link used to start a test 

cycle 

2 IRT acquisition Recording and processing images of the part heat 

3 Suspect area information 
Ethernet link used to pass position, size, and scale of the 

detected suspect areas 

4 UT acquisition Scan of the suspicious areas by UTPA 
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5 UT alarms 
TTL link used to inform the robot if an indication is 

detected 

6 Sanction TTL links used to inform the operator of the test result 

Figure 2.  Data flows and course of a testing cycle 

One of the interesting developments of the bench concern the detection and transmission of 

suspect areas. An automatic treatment has been set up in this sense using the available plugin 

of the IRT acquisition software. This detection is based on the phase values of the fast Fourier 

transform (FFT) of the IRT acquisition and allows the creation of polygons around each 

suspicious area. 

Then, for each suspect zone which has been detected, extreme coordinates are extracted. 

these values allow to determine an area to be scanned characterized by an origin, a height, 

and a length.  The resulting of this treatment is a batch of areas parameters ready to be used 

by the robot (cf step 1 and 2, fig.3). 

This batch is then sent to the robot via TCP/IP and a linear scanning path is created. It is 

characterized by a start scan point relative to a start position of the robot and a length 

following the X axis (cf step 3, fig.3). 

 

Figure 3.  Suspect area treatment 

The created path is defined as: 

𝑅𝑜𝑏𝑜𝑡𝑆𝑡𝑎𝑟𝑡𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (𝑋0𝑌0𝑍0) 

𝐷𝑒𝑓𝑒𝑐𝑡𝑂𝑟𝑖𝑔𝑖𝑛 (𝑂𝑟𝑖𝑔𝑖𝑛𝑋𝑂𝑟𝑖𝑔𝑖𝑛𝑌) 

𝑆𝑡𝑎𝑟𝑡𝑆𝑐𝑎𝑛(𝑋𝑌𝑍) = ( 
𝑋0 −  𝑂𝑟𝑖𝑔𝑖𝑛𝑋 ∗ 𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟 +  𝑊𝑒𝑑𝑔𝑒𝑊𝑖𝑑𝑡ℎ𝑌0(12𝐻𝑒𝑖𝑔ℎ𝑡𝑆𝑐𝑎𝑛𝐴𝑟𝑒𝑎 − 𝑂𝑟𝑖𝑔𝑖𝑛𝑌) ∗ 𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟)  

𝑆𝑐𝑎𝑛𝐿𝑒𝑛𝑔𝑡ℎ = 𝐿𝑒𝑛𝑔ℎ𝑡𝑆𝑐𝑎𝑛𝐴𝑟𝑒𝑎 ∗ 𝑆𝑐𝑎𝑙𝑒𝐹𝑎𝑐𝑡𝑜𝑟 +  2 𝑊𝑒𝑑𝑔𝑒𝑊𝑖𝑑𝑡ℎ 

A scaling factor is applied to the calculated values to correct the gap between the dimensions 

of areas on the IRT image and the real ones. This scaling operation is done by measuring a 

standard distance on the IRT image (pixels) and physically (millimeters). 
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This type of scanning path work on the tested part. Indeed, the indications are about circular 

and as high as the length of the probe active surface. Hence, the entire indications are 

scanned. For bigger indications, it could be interesting to set up a slotted scan path. 

3 Application case 

Following the developments, trial have been carried out on a sample part. 

3.1 Tested part 

The part is a section of a wind turbine blade canopy on which is bonded a spare box. the 

bonding zone contains artificial defects detectable by IRT and UT. The test is done on the area 

of 118x365 mm noted fig 4. 

 

Figure 4.  Used part sample 

Some interesting information is to be noted before presenting results. This part composed of 

glass fiber and glue which are low heat conductor, the time of acquisition must be long. To 

shorten the IRT cycle, only the two defects cooler to the surface are considered (#3 and #4). 

3.2 Results 

As expected, two suspect areas have been detected by IRT (Fig.5). the scans areas and the 

resulting scan paths have been realized by the robot. The resulting B-Scans are given in Fig.5. 
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Figure 5.  IRT (left) and UT (right) acquisitions results 

On the automated acquisition (presented in Fig.5), a noisy area which is corresponding to the 

reflexion of the halogens lamps during the heat is considered. The UTPA scan remove the 

doubt on this area during the robot scan, but it has for consequence to decentering scan so the 

A) covered areas is not as extensive as the defect. 

3.3 Efficiency of the system 

During trials it seems that IRT acquisitions are much longer than UTPA scans. To quantify the 

performances of the system, it has been compared to theorical estimations of the time of 

acquisition for a classic slotten robot scan. Following scans parameters have been considered. 

Designation Parameter 

Speed 16.7 mm/s 

Acceleration 1200 mm/s² 

Step 57.5 mm 

Scanned area 118x365 mm 

Multi-NDT method duration 300 s (defects free) 

 

The results of this comparison are given in Fig.6. The X and Y axes represent dimensions of a 

given scanned area and the color bar corresponds to the time of acquisition for a classic scan a. 

Theorical time of scan for the actual scanned area of 118x365 mm is 70.3 s. The time for the 

multi-NDT method being 300 s, it means that it isn't efficient to apply this method on this area 

compared to a classic robotized scan. For these parameters of scan, the multi-NDT method 

could be efficient if a classic scan is longer than 300 s. Graphically it means that the part 

dimensions must be above the red curve. For this case the balanced dimensions are equivalent 

to a square with sides of 505 mm length. 
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Figure 6.  Efficiency of the system, A) Dimensions of the tested area for which the multi-NDT method 

being more efficient than a classic UT scan and included in the full camera opening in 

experimental conditions, B) Dimensions of the tested part for which the multi-NDT method 

being less efficient than a classic UT scan and included in the full camera opening in 

experimental conditions 

In fig.6, the A) area which is delimited by the balance curve and limits of full IRT camera 

aperture corresponding to the dimensions of the tested area for which the multi-NDT method 

in experimental conditions being more efficient than a classic UT scan. Inversely, the B) area is 

corresponding to dimensions of the tested part for which the multi-NDT method in 

experimental conditions being less efficient than a classic UT scan. The B) area is 76.2 % of the 

full camera opening area. This result mean that, in experimental conditions, the tested area 

must take up to 76.2 % of the full camera covered surface to be efficiently tested by the multi-

NDT method. 

The efficiency determination doesn't take account the defects present in the part. Testing one 

suspect area with the multi-NDT method takes about 10 s. For more precision, the defect 

occurrence frequency and their mean length must be known. 

This analysis is exclusively applicable for the tested part in experimental conditions. New 

estimations must be done if the multi-NDT method is applied to a new type of part. 

4 Conclusion 

The bench is operational for proof of concept. The communications are efficient, and trial have 

been carried out. Searched defects are found and UTPA scans are made on suspicious locations 

allowing sizing and automated sanctions of the indications. However, the method isn't 

performant for the actual used part. Indeed, the time for the IRT acquisition is too long for 

show. In addition, the part must cool for few minutes after every cycle before launching a new 

one. One easy way to overpass this issue is to use a metallic part or a thin one to allow short 

acquisition and cooling time. The use of parts including larger areas to test could also lead to a 

better efficiency of the method. However, this way, indications could have a worse resolution 

and uncertainties on suspicious areas locations and lengths could be higher. 
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Abstract: High performance thermoplastics such as poly(ether ketone ketone) are currently 

under development to replace thermoset matrices in composite parts of aircrafts. These 

composites are likely to be exposed to aggressive environments during their use phase. In this 

study, the effect of an aeronautical hydraulic fluid (Skydrol) is investigated by immersion of neat 

PEKK and carbon fiber reinforced PEKK (C/PEKK) in the fluid. Gravimetric measurements show no 

saturation plateau after 8000h immersion of neat PEKK. The effect of layup sequence of the 

composite is considered. Anomalous fluid sorption is observed in non-unidirectional composite. 

Tensile testing performed on neat PEKK shows very low degradation in mechanical properties 

after exposure to Skydrol.   

Keywords: PEKK; composite; hydraulic fluid; ageing 

1. Introduction 

High performances thermoplastics arouse interest to replace epoxy matrices in continuous 

carbon fiber composites for aeronautics. Contrary to thermoset resins, thermoplastic matrices 

have a long shelf life, allow welding of the composite parts and are recyclable. Poly(aryl ether 

ketone) (PAEK) is a family of high performance thermoplastics of which poly(ether ether ketone) 

(PEEK) has been extensively studied in the past 30 years (1–3). Another PAEK polymer, 

poly(ether ketone ketone) (PEKK) has gained in importance in recent years thanks to the 

possibility of modifying its melting temperature (Tm) while keeping a high glass transition 

temperature (Tg) (4,5). 

During the use phase of the composite parts, the material can come into contact with different 

fluids necessary for the operation of the aircrafts such as water, fuel, de-icing, hydraulic fluid, 

etc. Hydraulic fluid is particularly aggressive for epoxy resins that are currently widely used as 

matrices in carbon fiber reinforced composites in the aeronautic field. Several studies showed 

the formation of chemical bonds between the epoxy resin and the hydraulic fluid which is usually 

composed of phosphate esters (6). Moreover, a study from Sugita et al. (7) on an epoxy adhesive 

and a C/epoxy composite shows that he adhesive absorbs around 180 wt% Skydrol after 555 

days immersed in hydraulic fluid at 85°C. Immersion in hydraulic fluid at room temperature 

seems far less aggressive. The C/epoxy composite absorbs less than 1 w% and up to 3 wt% 

Skydrol at room temperature and 70°C respectively.  

Stober et al. (8) showed very high resistance of neat PEEK to Skydrol with an uptake of ca. 1 wt% 

and complete reversibility of sorption. It is essential to understand the behavior of PEKK matrix 
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in hydraulic fluids before investigating the C/PEKK composite. The present study focuses on 

sorption behavior of neat PEKK as well as C/PEKK immersed in hydraulic fluid and the effect on 

mechanical properties. 

2. Experimental 

2.1 Materials  

Neat PEKK plates were provided by Arkema with a T/I ratio of 70/30. The injected plates are 

used for gravimetric measurements and have a size of 10x10x2 mm3. Composite laminates are 

made of unidirectional continuous carbon fibers (AS7) impregnated with PEKK 70/30, provided 

by Hexcel Reinforcements. Composite laminates of layup sequences [0]8 and [0/90]2s (both 

consisted of 8 plies and referred as ‘unidirectional’ and ‘cross-ply’) are consolidated out of 

autoclave (Figure 1).  

 

Figure 1. Oven used for out of autoclave consolidation of C/PEKK composite. 

Samples of size 50x50 mm² are cut in the neat PEKK plates and composite laminates using a 

band saw and diamond saw respectively. The hydraulic fluid used in this study is Skydrol LD4, 

composed of different phosphate esters. 

2.2 Gravimetric measurement 

Neat PEKK and composites samples are dried in an oven at 120°C during 48 hours and crystallized 

at 200°C during 4 hours prior to Skydrol immersion. The samples are immersed in Skydrol at 

70°C, in sealed glass jars placed in a temperature-controlled water bath. The samples are 

regularly surface-dried with paper towel and weighed using a Mettler Toledo analytical balance. 

The weight uptake is measured using the following equation: 𝑤(𝑡) = 𝑚(𝑡) − 𝑚0𝑚0 (1) 
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With m(t) the mass of the sample at time t and m0 the initial mass of the dried sample. The mean 

weight uptake is averaged on four samples and two samples for neat PEKK and C/PEKK 

respectively. 

2.3 Tensile testing 

Tensile tests are performed on neat PEKK 7002 (ISO 527 1BA 2 mm-thick specimens) before 

(referred as ‘dry’) and after ageing in Skydrol. The specimens are immersed in Skydrol at 70°C in 

sealed glass jars as for gravimetric samples. Poly(tetrafluoroethylene) holders allow maintaining 

the samples vertically. Tensile tests are carried out using an Intron 5966 machine at 1 mm/min. 

2.4 X-ray tomography 

X-ray microtomography imaging is carried out on the Anatomix beamline at Synchrotron SOLEIL 

(9). The samples are cut in the thickness of the C/PEKK composites using a diamond wire saw to 

a size of 2x2x5 mm3. Two volumes corresponding to a cylinder of diameter 1.3 mm and height 

1.3 mm have been investigated in each sample at different locations. 

3. Results and discussion 

3.1 Skydrol sorption in neat PEKK 

Weight uptake of neat PEKK immersed in Skydrol at 70°C shows a constant increase during the 

first 300 days of exposure (Figure 2). A maximum is observed at this point corresponding to a 

weight uptake of 0.28 ± 0.01 wt% with no saturation plateau. As the exposure is still in progress, 

no conclusion will be made at this point on the existence of a plateau.  

 

Figure 2. Weight uptake of neat PEKK as a function of immersion time in Skydrol at 70°C. 
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Figure 3. Elastic modulus and ultimate tensile strength of neat PEKK before and after exposure 

to Skydrol at 70°C. 

Tensile tests performed on neat PEKK exposed to Skydrol at 70°C show very low decrease in 

elastic modulus (-3%) and ultimate tensile strength (-5%) after 3000 hours of exposure (Figure 

3). These results are consistent with the low absorption of Skydrol (0.17 wt%). Thus, Skydrol do 

not seem to degrade neat PEKK after 3000 hours of immersion. 

3.2 Skydrol sorption in C/PEKK 

Exposure of C/PEKK unidirectional and cross-ply ([0/90]2s) composite to Skydrol at 70°C show 

very different behaviors in terms of weight uptake (Figure 4). Unidirectional composite absorbs 

almost no Skydrol, corresponding to the quantity of fluid absorbed by neat PEKK. Nevertheless, 

cross-ply composite part absorbs around ten times more Skydrol than unidirectional layup.  

 

Figure 4. Weight uptake of unidirectional and cross-ply composite C/PEKK as a function of 

immersion time in Skydrol at 70°C. 

Fluid sorption in composite is a complex mechanism, taking into account different phases of the 

material such as the matrix, the fibers, the interface between matrix and fibers, possible voids, 

etc. Our previous results show low fluid sorption in neat PEKK. We can assume that carbon fibers 

do not absorb fluid. As the unidirectional C/PEKK absorbs low amounts of Skydrol as observed 

in neat PEKK, the interface between matrix and fibers does not seem to be a preferential site for 
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fluid sorption. Finally, a hypothesis would be that cross-ply C/PEKK has a non-negligible, 

although low, void content that Skydrol can penetrate and fill in. 

    

Figure 5. X-ray tomography imaging of C/PEKK (a) unidirectional and (b) cross-ply laminates. 

X-ray tomography confirms the negligible porosity content in unidirectional C/PEKK (Figure 5a.). 

Furthermore, cross-ply composite layup seems to hinder the filling of micro cavities with the 

molten resin during the consolidation process, resulting in some porous areas in the composite. 

X-ray tomography brings to light the high anisotropy of porosities which are located in the 

direction of fibers (Figure 5b.). Moreover, the distribution of cavities is particularly 

heterogeneous. As the Skydrol has a low surface tension (28.2 mN.m-1 at 25°C), the fluid can 

easily fill in the micro cavities leading to an increase in weight uptake when the composite is 

fully immersed. 

4. Conclusions 

The present study focusses on the sorption of Skydrol by neat PEKK and C/PEKK composite by 

immersion in the fluid at 70°C. It has been shown that the diffusion of Skydrol in neat PEKK is 

very slow and that the weight uptake is lower than 0.30 wt% after 300 days. Mechanical 

properties of PEKK are preserved after 3000 hours. Immersion of unidirectional composite 

shows Skydrol uptake in the order of magnitude of the matrix capacity of sorption whereas 

cross-ply composite exhibit abnormally high weight uptake. X-ray tomography showed the 

presence of relatively porous areas in the cross-ply composite which constitute the main cause 

for such fluid uptake. Further investigation on C/PEKK mechanical properties are planned. 
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Abstract: For simple prismatic geometries, such as cylinders, the addition of a twist to 

fibre tows at the pre-braiding, bobbin winding stage is seen to result in beneficial 

changes in the fibre architecture of a braided preform. This research considers the effects 

of braiding on a non-prismatic, frusto-conical cross-section by analysing the key process 

metrics of tow width, braid angle and braid thickness. The present study demonstrates 

that whilst some variabilities were observed, adding twist to fibre does not make a 

significant difference to braid architecture for non-prismatic geometries, but does reduce 

processing-induced tow damage and is therefore of benefit in improving the final part 

quality.  

Keywords: Braiding, twist, complex geometry  

1. Introduction 

Braid architecture simulations are built on generalised assumptions for the tow geometry[1].  This 

results in discrepancies between key process variables such as cover factor and braid thickness 

of the designed braid and manufactured preform.  

Localised variations in braid architecture and process-induced tow damage are detrimental to 

the final quality of the manufactured preform. One of the ways tow widths can be influenced is 

by adding twist to the fibre during the rewinding stage of the process. Torun et al determined 

that increasing the number of twists reduces the tow diameter producing a more compact 

structure2 and that a small number of additional twists offered favorable processability benefits.  

It is well accepted that the tow rewinding stage of the braiding process is critical to resultant 

product quality[3]. State-of-the-art rewinding machines can control multiple parameters 

including rewinding speed, rewinding tension and tow twist to produce a high-quality bobbin 

package. Torun et al recommended no more than 10 twists per metre (Tpm) to reach a 

compromise between tow diameter and friction benefits for a 12K carbon fibre tow.  

A geometrical cross-sectional change in the component has been shown to increase the level of 

variability in braid architecture, for example Du and Popper demonstrated an increase in 

preform uniformity when section gradient is converging [4]. The authors’ previous work has 

demonstrated that the inclusion of an additional twist during the bobbin rewinding stage 

reduces braided tow geometry variability [5]. This present research builds on [5] by investigating 

the effects of fibre tow twist on the braid architecture of a component with changing cross 

section. The information in this study is aimed at improving the quality and performance of 

braided composites.  
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2. Methodology 

2.1 Material Bobbin Rewinding 

Standard modulus HST45 12K carbon fibre was wound using the CEZOMA VLS87 winding 

machine and accompanying Eurocarbon Twist Cabinet at the National Composites Centre (NCC). 

Three different sets of bobbins were wound with three different levels of twist: 0, 5 twists and 

7 twists per metre (Tpm). The rewinding tension was maintained for each set of bobbins and the 

rewinding speed was constant at 1000 rpm. Anticlockwise bobbins were wound in an 

anticlockwise direction (or Z-twist) and clockwise bobbins were wound with a clockwise twist (S-

twist) to produce a balanced braided preform.  

2.2 Preform Manufacture 

Two sizes or scales were considered. For the large-scale study, preforms were manufactured 

using the 192-carrier axial Eurocarbon braider at the NCC. For the small-scale study the preforms 

were manufactured on the 48-carrier Steeger braider at the UoN. 

The fibres were braided onto a continuous axisymmetric mandrel incorporating two stages – a 

cylindrical section and a frusto-conical section with a transition angle of 10◦
. For the large-scale 

study nominal mandrel diameter was 200mm and maximum diameter 350mm, for the small-

scale study 50mm and 87.5mm respectively. By switching the located end of the mandrel in the 

gantry, the transition therefore becomes either a converging (reducing) or diverging (increasing) 

cross-section. Manufacturing trials were completed with the mandrel in both orientations. The 

braiding machine was operated in a fully loaded configuration to create a biaxial braid with a 

regular braid pattern. The process parameters, carrier speed and take-up speed were varied to 

produce single layer preforms with a constant braid angle of 45◦
  

In the large-scale study braids were single ply and in the small-scale study multi-ply preforms of 

four layers were manufactured. 

2.3 Braid Architecture Measurement 

An Apodius RS6 Scanner was used to measure the thickness of layers in the small-scale braided 

preforms.  

Manual images and images taken using the in-process monitoring system at the NCC were used 

to monitor the characteristics of the braid architecture. Parameters such as braid angle and tow 

width were measured using image processing software ImageJ.  

3. Results 

The outputs from the investigation are summarised in the following section. The results highlight 

the importance of tow material preparation on the resulting fibre architecture of the braided 

preform.  

3.1 Tow Width Variability 

Tow widths for the constant, increasing or decreasing cross-sectional change are shown in Figure 

1. The twisted fibre tows generally resulted in a smaller tow width than the untwisted tow 

(roughly 2mm compared to 3.5mm), with a significantly reduced variability (roughly ± 0.3mm 
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compared with more than ± 0.6 mm).  No clear trends for the effects in cross section change 

were seen - differences between prismatic, diverging and converging sections were within the 

range of observed variability.  The variability of the tow width leads to localised defects in the 

braid architecture, this results in irregularity in cover factor which in turn leads to inconsistent 

mechanical properties.  

 

Figure 1 Tow width range for different cross-section changes 

3.2 Braid Architecture Variability 

Figure 2a and Figure 2b demonstrate the influence of the direction of transition, increasing or 

decreasing (2b) diameter on the braid angle (for the programmed constant braid angle of 45 

degrees), where the yellow orange and red lines represent the converging cross-section and the 

three blue lines represent the diverging section and where the sloped section of the component 

is between 200-600mm of the axial length. 

Figure 2a shows that for untwisted fibres, braiding on a diameter of decreasing, converging 

cross-section achieves a more consistent braid angle closer to the programmed braid angle, 

within ± 2 degree. The braid angle deviation for the diverging cross-sectional diameter was 

notably higher, reaching 4 degrees at its peak. 

Figure 2b shows that for twisted fibres, braiding on a diameter of decreasing, converging cross-

section also achieves a more consistent braid angle - within ± 1 degree of the programmed angle. 

For the diverging cross-section, the braid angle deviation was again higher, reaching 6 degrees.  

A braid angle variation of ± 1 degree is generally perceived to be a tolerable range in aerospace 

manufacture. 

1154/1211 ©2022 Grimes 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 Deviation from programmed braid angle : (a) untwisted fibre tows, (b) twisted fibre tows  

 

3.3 Layer Thickness 

In the small-scale study, multi-ply preforms of four layers were manufactured. Table 1 shows 

the average layer thickness recorded for each layer. An increase in layer thickness was seen in 

the twisted preforms, 0.668 mm ± 0.067 compared to 0.570 mm ± 0.074 for the diverging 

transition and 0.689 mm ± 0.076 compared to 0.584 mm ± 0.141 for the converging sections. 

However, the overlap in standard deviation suggests that these differences were not statistically 

significant. The variability in layer thickness showed no difference for either the inclusion of a 

twist or the direction of the transition. The additional twist to fibres did not appear to influence 

the nesting of the subsequent layers with each additional layer in a 0.2-0.4 mm increase in 

preform thickness. 
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Table 1 Average layer thickness of braided preform 

Number of  

Layers 

0 Tpm 

Diverging 

0 Tpm 

Converging 

5 Tpm  

Diverging  

5 Tpm 

Converging 

1 0.570 ± 0.074  0.584 ± 0.141 0.668 ± 0.067 0.689 ± 0.076 

2 0.813 ± 0.069 0.820 ± 0.087 1.017 ± 0.334 0.959 ± 0.108 

3 1.213 ± 0.008 1.058 ± 0.096 1.386 ± 0.104 1.300 ± 0.065 

4 1.430 ± 0.006 1.364 ± 0.104 1.700 ± 0.079 1.521 ± 0.035 

 

3.4 Fibre Processability 

Figure 3 shows examples of the accumulation of processing defects for the untwisted preform. 

The images highlight the visible fibre damage shown by the red boxes.  

 

Figure 3 Images from the in-process monitoring system of untwisted preforms 

Figure 4a and 4b shows a visual comparison of the impact of adding twist to carbon fibre tows. 

Figure 4a demonstrates the preform manufactured with 0 Tpm fibres and Figure 4b 

demonstrates the preform manufactured with twisted fibres. Greater visible damage such as 

filamentation and fibre breakage (fuzz) is noticeable in Figure 4a.  

 

 

 

 

 

 

 

            (a).                                                                              (b). 

Figure 4 Images of the braided preforms (a) untwisted, (b) twisted 
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Figure 5 demonstrates a collection of images taken during the manufacturing process on the 

192-carrier braider. Image (a) and (b) show significant levels of filamentation in the braid cone, 

(c) demonstrates the influence of inconsistent tension levels and (d) shows filamentation 

causing process interruptions. These filaments catch on the mechanisms of the machine which 

cause the level of fibre damage to escalate. This results in inconsistent tow tension which leads 

to tow breakages.  

 

Figure 5 Images of processability problems 

 

4. Conclusions 

This research investigates the influence of the addition of a twist to carbon fibres during the 

rewinding process and its resultant impact of the manufacture of a frusto-conical preform. Two 

different manufacturing set-ups were both considered: small scale (48-carrier) and large scale 

(192-carrier). Two different levels of twist were used in each configuration: 0 and 5 Tpm for the 

small-scale manufacture and 0 and 7 Tpm for the larger machine. Changes in tow width and 

braid angle were measured to analyse the variability of the braid architecture. The observations 

and the key points are outlined below summarised in terms of tow geometry, braid architecture 

variability and fibre processability.  

• Tow Geometry: 

o Direction of the slope influenced the spread of the tow for the untwisted fibre. 

On a diverging cross-section change the tow width reduced and a converging 

cross-section changed the tow spread.  

o The tow width of the twisted tow remained constant for both straight and 

changing geometrical features. 

o Variability of the tow width increased for the untwisted fibres on the 

geometrical change in cross-section. 

• Braid Architecture Variability: 

o Braiding on a converging cross-sectional change produced a more repeatable 

braid angle, close to the programmed value of 45 degrees. 

o The addition of twist to the fibres had no discernible impact on the braid angle 

of the preform. 

• Layer Thickness:  

(a)                                   (b)                                     (c)                                      (d) 
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o The initial layer of the braid saw an increase in thickness with twisted fibres.  

o The direction of transition did not influence the magnitude or variability of the 

thickness of the braided preform.  

• Fibre Processability: 

o Surface ‘fuzz’ caused by fibre filamentation during braiding was seen in the 

untwisted preforms, resulting in visible processing defects and a greater 

number of fibre breakages and entanglements.  
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Abstract: Permeability of carbon fiber reinforced polymer is strongly related to its damage state. 

In order to identify fracture properties on which cracking kinetics depend, we choose to combine 

experimental and virtual tests by modelling explicitly all transverse cracks. Two modelling tools 

are compared, the cohesive zone model (CZM) and finite fracture mechanics (FFM). Both models 

are based on a double criterion of energy and strength. Each potential crack is assigned a couple 

of material parameters (critical fracture energy, strength failure limit) derived from a probability 

distribution. The spatial distribution of parameter pairs follows the evolution of an experimental 

fiber volume rate to ensure the continuity of the mechanical properties along the sample.  

Keywords: Cohesive Zones; Fracture Mechanics; Cracking; Damage; Variability  

1. Introduction 

Recently, the use of carbon fiber composites for cryogenic propellant storage has been the 

subject of numerous studies for the development of reusable lightweight launchers. Without 

the presence of sealing liner, composite must ensure strength and permeability criteria itself. 

Feasibility studies have shown that intra-laminar cracking is inevitable and even favored by 

cryogenic conditions and by the pressurization of the tank. The accumulation of this type of 

damage is likely to generate leakage points long before the burst failure. The strong relationship 

between the permeability of a laminate and its transverse cracking rate has been demonstrated 

in the literature [1, 2]. The analysis and the prediction of transverse cracks network in laminated 

composite subjected to thermomechanical loadings are therefore of considerable interest for 

the design of liner-less composite tank. 

Experimental approaches based on mechanical tests cannot allow alone to identify the cracking 

process of a composite laminate since this one come from a combination of many factors 

inherent to the material (microstructure heterogeneity, local defects), the laminate (ply 

thicknesses and orientations), stress due internal pressure and thermal residual stress [3]. 

Virtual tests consist in performing finite element simulations that consider the actual damage 

morphology within a representative cell of the material. Simulation can be used to evaluate the 

influence of the increasing damage on the elastic properties at upper scale through a 

homogenization method and further to build damage propagation laws.  

The modeling of matrix damage such as transverse cracking can be done at several scales. At the 

microscopic scale, virtual test can be used to study the effect of the fiber arrangement, the 

interface strength or the matrix behaviour on the crack onset and propagation [4]. This approach 
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is relevant to study small volume cell with one or few cracks due to computation time. To study 

transverse cracks distribution in one ply or damage interaction between several plies, 

mesoscopic scale simulation is required. In such simulations, each ply is represented by 

homogeneous orthotropic properties. Nevertheless, the intrinsic variabilities of the material can 

be introduced throughout a large representative volume using graded properties for the 

material or discrete properties for potential cracks. Meso-scale damage mechanisms (transverse 

cracking, micro-delamination at crack tips) can be considered [5, 6, 7].  

In this paper, we compare the responses of two explicit models of transverse cracking at the 

meso-scale. One uses the cohesive zone model (CZM), which is due to [8] and [9] and which is 

widely used in the literature to model the cracking mechanisms of composite materials. The 

other is based on finite fracture mechanics (FFM) [10, 17]. Both models work on the basis of a 

double energy-strength criterion [11]. This double criterion is illustrated in Fig. 1 thought the 

influence of ply thickness on the transverse cracking strain threshold. The cohesive zone method 

verifies sequentially: initiation and propagation, whereas the FFM verifies both criteria 

simultaneously.  

 

Figure 1. Theoretical (1) denotes the energy criterion, theoretical (2) the stress criterion, they 

are compared to the [12]  results [11].  

2. Presentation and implementation of the two models 

Both CZM and FFM require to assume the location of cracks which are susceptible to develop 

within the material contrary to extended finite element method (XFEM) or crack band theory. 

Presupposed cracks are named potential cracks later. In the literature, two ways are proposed 

to defined potential transverse cracks. One can either consider a periodic distribution of cracks, 

or, and this is mostly the case, one considers a random distribution of potential cracks. It is worth 

noting that by increasing the density of potential cracks, the two methods move towards each 

other. The way how the number, the location and the mechanical properties of potential cracks 

are defined is detail in section 2.3. Integrating variability on the critical energy release rate as 

well as on the tensile strength prevents simultaneous creation of cracks during the computation. 

Purely transverse loading (mode I cracking process) is addressed in thus study. A [0/90/0] 

laminate is therefore loaded in 0-degree direction in order to damage the central ply. The cell 
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geometry, length 𝐿𝐿 and width 𝑤𝑤, is illustrated in Fig. 2. The thickness of the 90-degree ply will 

take different values in order to activate either one or the other criterion.  

 

Figure 2. Geometry of the multi-cracked cell associated to a [0/90/0] laminate 

2.1 Finite Fracture Mechanics (FFM) 

Fracture mechanics is dedicated to the study of the mechanical behavior of cracked materials 

subjected to loading. Irwin [13] developed the concepts of Griffith [14], Inglis [15] and 

Westergaard [16]. Griffith noted that when a cracked material is subjected to mechanical 

loading, its potential energy decreases as the cracked area increases. The propagation of a crack 

is allowed by releasing the energy necessary to create the fracture surface. Irwin then 

established a fracture criterion based on surface energy: a crack is created when the energy 

released by the sample per surface unit exceeds a critical value called the critical energy 

restitution rate. The calculation of this energy is detailed below. When this criterion is applied 

for transverse cracking process in composite laminates, it is suitable for thin plies but 

underestimates the cracking threshold of thick plies, which is why Leguillon [11] proposes to 

couple the energy criterion with a stress criterion. An extension of this double criterion proposed 

by [17] will be used as a basis for our modeling. 

A cell containing potential cracks is modeled by considering perfect interfaces, infinitely rigid 

and without thickness. A homogeneous longitudinal deformation is applied to the cell. The 

calculation aims at determining the appearance sequence of each crack. At a given damage state 

(n cracks created), we determine the level of loading required for each potential crack to validate 

both criteria. The strength criterion provides a loading level 𝜀𝜀𝑥𝑥𝑥𝑥𝜎𝜎  and the energy criterion 

provides a loading level a loading level 𝜀𝜀𝑥𝑥𝑥𝑥𝑊𝑊 . The use of discrete fracture mechanics involves 

validation of both criteria, thus the theoretical crack appearance strain is 𝜀𝜀𝑥𝑥𝑥𝑥𝑓𝑓 = max(𝜀𝜀𝑥𝑥𝑥𝑥𝜎𝜎 , 𝜀𝜀𝑥𝑥𝑥𝑥𝑊𝑊 ). 

Calculation of 𝜀𝜀𝑥𝑥𝑥𝑥𝑊𝑊  

The internal energy stored in the laminate that contains 𝑛𝑛 cracks can be reduced to the elastic 

energy 𝑊𝑊 𝑛𝑛 . Assuming that only the compliance of the damaged ply is influenced by the creation 

of a new crack, it follows: 𝛿𝛿𝑊𝑊 =  𝑊𝑊𝑛𝑛 −𝑊𝑊 𝑛𝑛+1 
  (1) 
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Where 𝑊𝑊 𝑛𝑛+1  the elastic energy of the laminate including the additional crack and 𝛿𝛿𝑊𝑊 is the 

energy released by the considered crack. Linear fracture mechanics assumes that the dissipated 

energy is proportional to the area created  𝛿𝛿𝛿𝛿 =  𝑡𝑡𝑤𝑤.  𝛿𝛿𝑊𝑊 = 𝐺𝐺𝐼𝐼𝑐𝑐𝑡𝑡𝑤𝑤 (2) 

where 𝐺𝐺𝐼𝐼𝑐𝑐 is the mode I critical energy restitution rate. 

In an elastic calculation, the elastic potential energy is proportional to the square of the strain 

applied to the cell 𝜀𝜀𝑥𝑥𝑥𝑥 . Let: 

� 𝑊𝑊𝑛𝑛 = 𝜆𝜆𝜀𝜀𝑥𝑥𝑥𝑥 2𝑊𝑊𝑛𝑛+1 = �̃�𝜆𝜀𝜀𝑥𝑥𝑥𝑥 2 (3) 

where  𝜆𝜆 and �̃�𝜆 are proportional coefficients. 

The difference in internal energy between the two cracked cells provides the strain 𝜀𝜀𝑥𝑥𝑥𝑥𝑊𝑊  at which 

the crack is created. Combining Eq. (1), (2) and (3) gives: 

𝜀𝜀𝑥𝑥𝑥𝑥𝑊𝑊  
= �𝐺𝐺𝑇𝑇𝑐𝑐𝑡𝑡𝑡𝑡𝜆𝜆−𝜆𝜆�  (4) 

 

Calculation of 𝜀𝜀𝑥𝑥𝑥𝑥𝜎𝜎  

The normal stress 𝜎𝜎𝑛𝑛 is integrated over each potential crack following method developed by 

[17]. These quantities are linear as a function of the strain applied to the laminate: 𝜎𝜎�𝑛𝑛 =
1𝑆𝑆 ∫ 𝜎𝜎𝑛𝑛 𝑑𝑑𝜎𝜎 𝑆𝑆 = 𝛼𝛼𝜀𝜀𝑥𝑥𝑥𝑥 (5) 

where  𝛼𝛼 is a proportional coefficient. 

The strength criterion gives: 𝜎𝜎�𝑛𝑛 = 𝜎𝜎𝑛𝑛𝑓𝑓 (6) 

where 𝜎𝜎𝑛𝑛𝑓𝑓 is the tensile strength in mode I. 

Injecting Eq. (5) into Eq. (6) gives: 𝜀𝜀𝑥𝑥𝑥𝑥𝜎𝜎 =
𝜎𝜎𝑢𝑢𝑓𝑓𝛼𝛼  (7) 

 

At a given damage state, stresses are calculated for all remaining potential cracks to determine 

the strain at failure 𝜀𝜀𝑥𝑥𝑥𝑥𝜎𝜎 . Then, the energy potentially released by each crack is calculated in turn 

to determine 𝜀𝜀𝑥𝑥𝑥𝑥𝑊𝑊  and finally 𝜀𝜀𝑥𝑥𝑥𝑥𝑓𝑓 . The minimal value of 𝜀𝜀𝑥𝑥𝑥𝑥𝑓𝑓  on all the potential cracks gives the 

crack created at this step and added to build the new initial state required to start the next 

calculation step. 

2.2. Cohesive Zone Model (CZM) 

The concept of cohesive zones was first introduced by [8] and [9]. It is commonly used in the 

modelling of delamination initiation and propagation in composite materials. The behaviour of 

a cohesive zone is governed by a tensile-separation law illustrated in Fig. 3. The stress and 

displacement of the interface are related by a linear relationship of slope 𝐾𝐾, corresponding to 
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the stiffness of the interface. This stress increases during loading until it reaches a maximum 

value, called the initiation stress 𝜎𝜎𝑖𝑖, which constitutes the crack initiation criterion. As soon as 

this criterion is activated, the stiffness degrades according to an energy criterion describing the 

evolution of stiffness loss. The zone in which the initiation criterion is verified but the stiffness 

is only partially reduced is called the process zone. It constitutes a transient place in which the 

material passes from a healthy state (without loss of stiffness) to a completely damaged state 

(of zero stiffness). 

 

Figure 3. Traction-separation law used in CZM 

In the case of mixed loading, the cohesive behaviour depends on the three directions of 

displacement jump at the interface, so a coupling of the modes is necessary. The initiation 

criterion form used in this work is quadratic 

The evolution of the damage from an energy criterion with linear softening allows a good 

representation of the intra-laminar crack propagation in laminated composites [18], [19]. When 

the loading is mixed, [20] have shown the relevance of using the criterion of [21] for carbon-

epoxy composites. 

Numerical parameters 

Stiffnesses define the linear relationships between the out-of-plane stresses and the interface 

displacement jump. In order not to disturb the overall stiffness of the laminate, they must be 

sufficiently large without generating numerical difficulties. In our study, the cohesive zones 

concern intra-laminar cracking and delamination. In his study on delamination, [22] proposes to 

express the normal stiffness of the cohesive elements as a function of the out-of-plane Young's 

modulus of the laminate and the thickness of the substrates. 𝐾𝐾33 =
𝛼𝛼𝐸𝐸3𝑡𝑡  (8) 

 

Where 𝑡𝑡 is the smallest thickness of the laminate on either side of the delaminating interface, 𝐸𝐸3 is the Young's modulus in the out-of-plane direction of the composite material and 𝛼𝛼 is a 

fitting parameter which must be well above 1. For values of 𝛼𝛼 above 50, the overall stiffness is 

not influenced by the value of 𝐾𝐾33. As in the work of [7] and [23], we will take the value 

5.106𝑁𝑁/𝑚𝑚𝑚𝑚 for delamination and transverse cracking. 
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Numerical models containing time-dependent degradation of mechanical properties can 

present convergence difficulties in implicit codes such as ABAQUS/Standard. [24] proposes the 

use of a viscous regularisation coefficient τ which acts as a delay effect on the damage, it is 
expressed in seconds and must be small in front of the calculation time increment in order not 

to influence the simulation results. In the following, we will take 𝜏𝜏 = 10−4𝑠𝑠. 

The multi-crack geometry used is the same as the previous one. Cohesive interfaces are 

positioned at each potential crack and a homogeneous deformation is applied to the cell. [7] 

estimates with a comparison with fracture mechanics that a transverse crack is created when its 

central node is completely damaged. 

3. Implementation of material variability 

The experimentally obtained cracking kinetics shows at its beginning a slow and progressive 

crack rate evolution. This phase may be due to lower local cracking thresholds that can be 

represented as defects or local weaker areas in the ply. A probabilistic Weibull-type distribution 

is chosen following the example of [1, 5, 25, 26, 27]. This distribution allows to apply various 

fracture properties to each potential crack. A large number of potential cracks is necessary to 

ensure the representativeness of the chosen distribution. 

In the slow evolution and accumulation phases of the cracking process, the creation of a crack 

is followed by a local unloading around the crack pushing back the cracking thresholds of the 

neighbourhood. [7] shows that a random distribution of material properties leads to a 

dependence of the response on the number of potential cracks.  Indeed , increasing the number 

of potential cracks results in a large number of low strength cracks. These cracks are created 

first at low loading levels and unload others potential cracks making up the rest of the 

distribution. This bias shifts and distorts the cracking kinetics. 

One solution is to implement a continuous spatial distribution of energy and strength criteria. 

The work of [27, 28, 29, 30] highlights the correlation between fibre volume rate (FVR) and mode 

I crack propagation. We rely therefore on microscopic images taken on the edge of [0/90] cross-

laminates to evaluate the FVR along a composite ply. The images are binarized and then 

thresholded using the image processing software ImageJ, the white pixels represent the matrix, 

the black pixels the fibres. The fibre volume ratio corresponds to the proportion of black pixels 

in the area of interest [31]. The scan is performed with windows of different heights ranging 

from 71 𝜇𝜇𝑚𝑚 to 858 𝜇𝜇𝑚𝑚 over 20mm in length. Below 286 𝜇𝜇𝑚𝑚 the frequency domain study shows 

that only noise is added, above 572 𝜇𝜇𝑚𝑚 a part of the spectrum is lost. We therefore rely on the 

volume rate distribution obtained with 286 𝜇𝜇𝑚𝑚 windows.  

A set of 104 values allows a good representativeness of the criterion distribution (strength or 

energy).  It is sorted then projected on the TVF spatial distribution. Since convergence and 

sensitivity studies show that 250 potential cracks of 20mm length give good results, the spatial 

distribution is gridded into 250 parts, each value corresponding to a potential crack. Fig. 4 shows 

an example of the TVF spatial distribution (blue) and criteria extrated with this method (red). 

This selection of strength and energy restitution rate and their distribution ensures continuity 

of properties across the length of the laminate. It also provides sets of properties representative 

of the initial probability law. The authors will ensure that the modelling results are independent 

of the ply chosen for the fibre volume rate distribution.  
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Figure 4. Normal strength criterion according to the position along the ply 

4. Results and discussion 

The elastic and cracking properties of the material are derived from the experimental 

characterisation in [7]. The cracking property distributions are identified by calibration to the 

cracking kinetics. The distribution of strength limits is identified from the cracking kinetics of 

thick plies, driven by the strength criterion, while those of thin plies allow the identification of 

the energy criterion.  

As shown in Fig. 5, the fracture mechanics correctly reproduces the experimental kinetics. The 

predominant fracture criterion is dependent on ply thickness and the three phases of kinetics 

are observed: slow cracking rate, quick cracking rate and cracking saturation. However, the 

instantaneous creation of cracks through the ply thickness prevents non-realistic competition 

between two nearby potential cracks.  

The cohesive zone model represents a different cracking mechanism depending on the thickness 

of the ply. For thick plies, the strength criterion drives the cracking process, therefore the among 

of energy released at crack on-set is large enough to generate a quick propagation of the crack 

though the thickness. This prevents non-realistic competition between two nearby potential 

cracks, as for FFM. For thin plies, once the strength criterion is reached for a potential crack, the 

cohesive zone is progressively damaged since the energy released is quite low. The stiffness loss 

is thus not sufficient to generate a significant stress unloading around the crack. In this way, 

when the strain applied to the ply rises, the strength criterion of nearby potential cracks, which 

are close to each other, is in turn reached. In spite of distributed cracking properties, all the 

potential cracks have their damage level growing nearly simultaneously. Such a process is clearly 

unrealistic and prohibits displaying a relevant cracking kinetics. A low potential crack density 

(lower than 2 𝑚𝑚𝑚𝑚−1 in the present case) is required to create a gap between strength of nearby 

potential cracks and prevents cracks initiate nearly simultaneously and discharge each other 

during damage propagation.    
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Figure 5. Reduce crack rate according to the laminate strain – Experimental and numerical 

results 

5. Conclusion 

This study aims at identifying from virtual tests the fracture properties associated to the 

transverse cracking process of a unidirectional ply. Two modelling approaches are evaluated: 

Finite Fracture Mechanics and Cohesive Zone Model. A method to define the spatial distribution 

of fracture properties required for the discrete modelling of the accumulation of transverse 

cracks is proposed. 

In term of numerical method, fracture mechanics model requires a large number of elastic 

calculations whereas with cohesive model a single simulation provides the final damaged state. 

However, elastic calculations are significantly less time expensive compared to simulation 

including damage model. Moreover, for FFM the number of calculations can be reduced by 

selecting only relevant cracked states at each calculation step. 

The sequential verification of the double criterion and the progressive damage induced by the 

framework of cohesive zones has shown limitations in the representation of matrix cracking of 

thin plies. Finite fracture mechanics allows the brittle cracking process to be represented 

independently of the ply thickness.  

In future work, FFM will be used for other cracking phenomena such as interactions between 

cracked plies. Thus it will be used to better understand the propagation of cracks through the 

different layers of the laminate. This new model will be a further step in the prediction of 

damage and leakage rates for cryogenic storage.   
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Abstract: Recently, a structural battery with multifunctional carbon fibre anode has been 

reported. The energy density of active material is not fully extracted due to the low ionic 

conductivity inside the battery. To identify the main region that attributes to the low ion 

transportation, we assemble a symmetric structural battery with one anode layer in the centre 

sandwiched between two cathode layers. Such a design can also be treated as a combination of 

two asymmetric batteries with one full thickness cathode layer plus one half thickness anode 

layer. Thus, the travelled distance of lithium ions is shortened only in the anode part. It is found 

that the area energy density of the symmetric structural battery is doubled compared to a 

reference asymmetric battery. Thus, the additional cathode layer activates the double amount 

of carbon fibres in the anode. A plausible reason is that only the carbon fibres next to the 

separator is activated in the battery.   

Keywords: Carbon fibre; structural battery;  

1. Introduction 

Carbon fibre reinforced polymer (CFRP) composites are usually used in lightweight applications 

due to the high specific modulus of the carbon fibre from a mechanical point of view. The 

crystalline microstructure of the carbon fibre is very similar to graphite, which is the most 

frequently used commercial battery anode material. Several research groups have explored the 

similarity from an electrochemical point of view and proved that the carbon fibre, especially the 

polyacrylonitrile-(PAN-) based carbon fibre is capable to be an alternative anode [1-3]. A solid-

state battery equipped with the carbon fibre anode is expected not only to store electric energy 

but also to carry mechanical load. An analytic study shows that a structural battery can reach an 

elastic modulus of 117 GPa in the fibre direction [4]. On a system level, employing such a battery 

in an electric vehicle would reduce the total weight by 20 to 30% [5]. 

Recently, Asp et al. built a first structural battery, which possesses Young's modulus of 25 GPa 

in the fibre direction and an energy density of 24 Wh/kg [6]. The battery employs a commercial 

cathode foil, carbon fibre anodes, a glass fibre paper separator and a bi-continuous polymer 

electrolyte system. Even though this recently developed structural battery outperforms other 

similar products [7-9], there is still a large gap between its real and theoretical properties [6]. 

Especially, its energy density only reaches 30% of the theoretical value. The cycling curves of the 

structural battery have indicated a high overpotential caused by poor ion conductivity. Hence, 

the battery cannot be fully charged/discharged. The poor ion conductivity can relate to the 

anode part, cathode part, separator part or interfaces between them. The crucial region is still 

unknown and needs to be identified for future improvement. 
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In the present study, a symmetrical stacked structural battery is manufactured and compared 

with a reference battery [6]. The symmetrical stacked battery has two cathodes on both sides 

of the carbon fibre anode. Therefore, the stacked battery can be treated as two reference 

batteries with a half thickness carbon fibre anode. The area energy density of the stacked battery 

is almost twice as high as that of the reference cell. Furthermore, the overpotential of the 

stacked battery is much smaller than the reference cell, which indicates that by decreasing the 

thickness of the carbon fibre anode to 50%, the inner resistance of the structural battery can be 

decreased. 

2. Experiment  

2.1 Materials 

The structural batteries are made using same materials as Asp et al [6]. T800SC-12k carbon fibre 

tows from Oxeon AB, Sweden, are used as anode material. Single-side LiFePO4 (LFP) coated 

aluminum foils with energy capacity of 1 mAh/cm2 are purchased from Customcells. Whatman 

GF/A glass microfiber filter paper is selected as separator for its high porosity and stable 

performance. Bi-continuous polymer structural battery electrolyte (SBE) is made of Bisphenol A 

ethoxylate dimethacrylate (Mn: 540 g/mol) and a liquid electrolyte mixture. The liquid electrolyte 

solvent is mixed by 50:50 wt% ratio ethylene carbonate (EC) (Sigma Aldrich) and propylene 

carbonate (PC) (Sigma Aldrich). 0.4 M lithium trifluoromethanesulfonate (LiTf) (99.99%) (Sigma 

Aldrich), 0.6 M lithium bis(oxalato) borate (LiBoB) (Sigma Aldrich) are dissolved as lithium salt. 

In addition, thermal initiator 2,20-azobis (2-methylpropionitrile (AIBN) is pre-dissolved in 1 wt% 

in the liquid electrolyte. 

2.2 Battery manufacturing  

Two different types of structural batteries are made: stacked battery and reference battery. The 

reference cell is made following the procedures described in Asp et al. [6]. The stacked battery 

contains two cathode foils at each side of the carbon fibre anode. To make a stacked battery, a 

pouch bag is prepared outside the glovebox as shown in Fig. 1. Electric insulating tapes are taped 

at the edges of the pouch film to prevent the connections between the current collectors and 

an aluminium film inside the pouch film. Hot melt tapes are placed to ensure the sealing of the 

pouch bag. Carbon fibre anode is 2 cm in length (~13 mg) and glued on a copper current collector 

using silver conductive paint from PELCO®. Separators are placed on both sides of the carbon 

fibre anode. Then the cathode foils (~25 mg / each) are placed outside of the separators and 

connected with aluminium current collectors. To fix the positions of cathode foils, their conners 

are fixed by Teflon tape. The pouch bag is dried at 50 °C under vacuum overnight. The dried 

pouch bag is transfer to glovebox and SBE mixture is added directly on separators to ensure a 

proper wetting. After vacuum sealing, the pouch bag is cured at 90 °C for 90 minutes.  
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Figure 1. Manufacturing procedures of the pouch bag of the stacked structural battery 

 

2.3 Battery test 

The batteries are cycled under C/10 rate using Neware CT-4008-5V10mA-164 battery cycler. The 

voltage window is set between 2.00 to 3.55 V. The cycling current is calculated based on the 

theoretical energy capacity of carbon fibre anode (372 mAh/g). 2 hours rest is set between 

charging/discharging phases. 

 

3. Result and discussion 

The stacked battery and the reference battery have the same area and are cycled using the same 

current. The cycling curves of the two batteries are plotted in Fig. 2. It is obvious that the stacked 

battery has a larger total energy capacity. Its last cycle discharging capacity is 1.1 mAh, whereas 

the last cycle discharging capacity of the reference cell is 0.5 mAh. The larger energy capacity of 

the stacked battery is mainly attributed to the additional cathode material. Moreover, the over 

potential of the stacked battery is significantly lower than that of for reference cell, which 

contributes to the larger capacity as well, since the travel distances of the lithium ions in the two 

batteries only differ in the anode part. The shorter travel distance in the anode of the stacked 

battery lowers the over potential very efficiently. However, the energy density improvement is 

limited in the stacked battery (Table. 1). It is because the carbon fibre anode is not the main 

weight contributor in the structural battery. The area mass of the stacked battery is almost twice 

as high as the reference battery.  
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Figure 2. Cycling curves of stacked battery and a reference cell 

 

Table 1: The area energy capacity and energy density of the batteries. 

ID number Area energy capacity [mAh/cm2]  Energy density [Wh/kg] 

Reference battery 0.166 8.7 

Stacked battery 0.370 10.4 

 

The doubled area energy capacity means the additional cathode foil in the stacked battery 

activates the double amount of carbon fibre anode as the reference battery. As shown in Fig. 3, 

one stacked battery can be considered as a combination of two reference batteries, in which the 

thickness of the carbon fibre anode is reduced by 50 %. Each thin anode reference battery has 

approximately the same capacity as the reference battery even though less carbon fibre anode 

is used. This can be explained by the outer half part of the carbon fibre ply is not activated in in 

the reference battery. That is, the lithium cannot reach the top part of the carbon fibre ply due 

to the small volume fraction of SBE in the anode or high interface resistance between the carbon 

fibre and SBE. When another cathode is added on the top side, the carbon fibres at the outer 

part can be activated.  
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Figure 3. Comparison of the reference battery and the stacked battery.  

   

4. Conclusion 

In the present study, a symmetrical stacked structural battery is manufactured, and its 

electrochemical performance is characterised and compared with a reference cell. The results 

show that the stacked battery has an energy area capacity that is twice as high as that of the 

reference cell. The results indicate that less than 50 % of the carbon fibre anode is activated in 

the reference cell. The low activation level can be due to low/limited ionic conductivity and 

dense fibre distribution in the carbon fibre anode. As a consequence, the lithium-ions cannot 

reach the carbon fibres away from the separator. Since a thinner carbon fibre ply is not available 

as of today, a lose spread carbon fibre ply is suggested as a better choice for the future structural 

battery. 
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Abstract: Fiber reinforced polymers (FRP) are steadily gaining more popularity in applications 

that require high performance materials such as aerospace, automotive, sports or civil 

engineering. As a consequence of the high-volume demand, it is necessary to propose new 

alternatives for the FRP waste management. In this study, we present a thermoplastic liquid resin 

as a solution for this problem, which enables the manufacture of composite materials with 

commonly used techniques in this sector. Besides, FRP based on this resin can be thermoformed 

at low temperature while polymer and fiber can also be easily recovered without compromising 

their properties  

Keywords: Composite materials; sustainability; thermoplastics; recycling; carbon fiber. 

1. Introduction 

Since the use of fiber reinforced polymer materials began to expand in the 20th century, their 

use in different sectors has grown exponentially, replacing conventional materials such as wood 

or metal in countless applications; as an example, in Europe alone, 1141 kt of FRP were produced 

in 2019 [1]. This effect is mainly due to its excellent strength-to-weight ratio in combination with 

other characteristics such as high fatigue and corrosion resistance and good dimensional 

stability [2]. These materials consist of a reinforcing agent, commonly short or continuous fibers 

(carbon, glass, aramid or natural fibers, among others) embedded in a thermoplastic or 

thermosetting polymeric matrix. Such wide range of configurations enables the materials on 

demand for each application, even presenting superior properties to those of steel, as shown in 

Figure 1 [3]. They are therefore found in aviation, ships, wind generators, sports equipment and 

even in orthopedics prostheses.  

 

Figure 1. Typical FRP materials VS mild steel [3]. 
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This significant raise in FRP consumption has led to an increase in the percentage of composite 

wastes at the end of its service life, which the European Union has begun to regulate in the last 

decade to prevent their accumulation in landfills and prioritize their recycling [4]. Normally, high-

performance FRPs consist of continuous fibers in combination with a thermosetting matrix. In 

addition, the liquid nature of these resins facilitates the impregnation on the fiber fabrics at 

room temperature. However, recycling these materials is a challenge for the industry since the 

techniques developed so far, remarkably reduce the properties of the recovered fiber, which 

relegates the use of these fabrics for applications of low structural requirements [5,6] and 

completely eliminates the polymer.  

Consequently, the composite sector is looking for alternatives such as providing self-healing 

capacity to the material, the use of natural fibers or the substitution of thermosets by 

thermoplastic matrices or biopolymers [7,8]. The most developed alternative in the industry is 

the use of thermoplastics owing to their high chemical resistance and shorter processing times 

compared to thermosetting resins. Still, their main advantage comes from their chemical nature. 

In contrast to the highly cross-linked network structure of thermosets, thermoplastic structures 

are composed of linear and branched molecular chains that can move freely. This feature gives 

them better post-service performance, facilitating their repair [9] and the thermoforming of FRP 

sheets [10], which facilitates the reuse of the material once its service life is over [11]. In 

contrast, the processing of FRP based on thermoplastics is more complex, since high 

temperatures and pressures are required in order to properly impregnate the fiber, which 

implies investing in expensive techniques and equipment [12] and limits the production of high 

fiber content composite materials. A promising alternative is the development of thermoplastic 

reactive resins. Arkema has developed Elium, a liquid thermoplastic (100–500 mPa·s) that can 

be processed with the same processes as epoxy resins, e.g. vacuum infusion, resin transfer 

molding (RTM), and wet com- pression molding [13]. Using this resin, they have manufactured 

a functional boat prototype and a wind generator blade [14]. However, the polymerization of 

Elium is a highly exothermic redox process with a short pot-life, which hinders the impregnation 

processes of composite materials. This communication introduces the use of a new 

thermoplastic liquid resin. We have developed and patented a liquid thermoplastic resin, named 

Akelite [15], that solves these shortcomings. Therefore, in this study, the processability and 

mechanical properties of continuous carbon fiber reinforced polymers (CFRP) based on Akelite 

resin will be compared with two commercial resins; a thermoplastic resin by Arkema and an 

Epoxy resin by Resoltech. Besides, the recyclability of CFRP based on Akelite resin was studied.  

2. Experimental 

2.1 Materials 

Akelite resin was synthesized in the Institute of Science and Technology of Polymers (Madrid, 

Spain) by the Polymer Composite Group; the epoxy resin used (Resoltech 1050) and its catalyst 

(Resoltech 1053s) were purchased from Castro Composites (Pontevedra, Spain); the 

thermoplastic resin (Elium 180®) and its benzoyl peroxide initiator (Perkadox GB50X) were 

purchased from Arkema S.A. (Barcelona, Spain). An unidirectional (UD) carbon fiber fabric (12k, 

340 g/m2) was purchased from INP96 (Madrid, Spain).  
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2.2 Fabrication of CFRP laminates 

Four-layer laminates of UD carbon fiber and the different resins were manufactured by vacuum 

assisted resin infusion molding (VARIM) at room temperature (see Fig. 2). The cure protocol 

followed the suppliers’ recommendations and were as follows: Elium 180® with 3%wt of 

Perkadox GB50X was polymerized at 60°C for 2 hours, followed by a post-curing step of 1 hour 

at 80°C; epoxy and hardener were mixed in a ratio of 100:35 and were then cured at 80°C for 3 

hours; Akelite based laminates were manufactured at 60°C for 2 hours in the presence of 3%wt 

of benzoyl peroxide.  

 

Figure 2. Vacuum assisted resin infusion molding.  

2.3 Recovery of carbon fabrics 

The carbon fiber composites based on Akelite were immersed in a common solvent for 2 days 

and the four layers were easily separated and left to dry at room temperature. This process 

recovered the fibers and the polymer in optimum conditions.  

2.4 Mechanical properties of CF laminates 

All specimens were machined on a NEURTEK BRILLIANT 220 precision cutting machine and at 

least ten specimens for each type of material were obtained for each test.  

Three-point flexural tests, both in 90° and 0° directions, were performed in accordance to ASTM 

D 790. The test was carried out in a universal test machine INSTRON 2204 at a constant cross-

head speed of 1 mm/min. The Charpy impact tests in 0° direction were performed in a pendulum 

impact testing machine CEAST in accordance to UNE-EN ISO 179 at a constant hammer speed of 

2.9 m/s.  

3. Results and discussion 

Table 1 shows the flexural and impact response of the composite materials in transversal (90°) 

and longitudinal (0°) directions. There are no significant differences in the maximum flexural 

strength and modulus of the three different materials. Meanwhile, both thermoplastic 

composites performed better in terms of impact, which is ascribed to the better impact behavior 

of thermoplastics [16]. Thus, these results suggest that it is possible to manufacture structural 
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CFRP based on thermoplastic resins with similar or even superior mechanical properties than 

epoxy resins. It is relevant to note that this is achieved using commercial carbon fabrics without 

a specific sizing and using the same conventional transformation techniques for the fabrication 

of CFRP based on thermosetting resins.  

Additionally, the main advantages of these composites based on thermoplastics (FRTP) are that 

they can be thermoformed, they are easy to repair, parts can be joined without the use of 

adhesives and both components, fiber and polymer, can be easily recovered with good 

properties and reuse them for the manufacture of new high-performance composite materials. 

All these characteristics cannot be achieved with conventional FRP and thermosetting matrices. 

That is what makes this FRTP 100% circular, favoring a closed circle in the circular economy of 

composite materials and plastics.  

Table 1: Mechanical properties of the materials. 

Laminate 

Flexural Impact 

Modulus, GPa Strength, MPa Strength, kJ/m2 

0° 90° 0° 90° 0° 

Akelite 53±4 5.1±0.5 1045±50 78±4 73±11 
Elium 54±4 5.6±0.3 1076±56 77±7 75±9 
Epoxy 59±7 6.6±0.8 957±67 90±5 59±6 

 

An already finished piece can be thermoformed at low pressures by heating the material over 

100°C. This allows adapting to the desired shape (see Fig. 3) and the process can be repeated 

indefinitely. Moreover, we can easily join already polymerized parts by applying heat and 

pressure without the need of any type of adhesive.  

 

Figure 3. Thermoformed piece.  

Yet, this material can be easily recycled by a gentle and suitable method for industrial scale. By 

dissolving the laminate in a common solvent at room temperature, we can recover the fiber 

fabrics and the polymer in optimal conditions (Fig. 4). The recycled material can be reprocessed 

to obtain a new FRP that can mechanically perform similar properties to the original one, 

resulting in a closed cycle process which barely generates any waste. 
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Figure 4. CF layers recovery.  

4. Conclusions 

A thermoplastic liquid resin that combines the advantages of thermosetting and thermoplastic 

matrices has been developed. It demonstrates that the properties of FRP based on this resin can 

perform positively as those based in commercial resins. In addition, both the polymer and the 

fiber can be recycled and recovered without compromising their properties. Still there is a long 

path to go to achieve the long-awaited goal of no FRP waste. However, the results obtained in 

this study are very promising and launch a range of possibilities to pursue in order to achieve 

this goal.  
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Abstract: This paper deals with the thermal ageing of ELIUM® based composites filled with 

mineral fillers (aluminium trihydrate in particular) and corresponding matrices. The ageing of 

thin films and thick blocks was investigated by gravimetry. The comparison of matrices with an 

incremental complexity highlighted the effect of comonomers and thermal stabilizers. In all 

cases, unzipping was shown to be the predominant source of mass loss but oxidation seems also 

to be involved in the case of ageing under air. The existence of this latter was confirmed by the 

existence of a brown surface layer. This oxidized layer was shown to be deeper for filled 

composites than unfilled matrices, suggesting that fillers favor the oxygen diffusion into the bulk.  

Keywords: Acrylic resin; Aluminium Trihydrate; Thermal oxidation; Kinetic modeling;  

1. Introduction 

ELIUM® resin is increasingly used as matrix for composites with the advantage of a low viscosity 

reactive mixture containing methyl methacrylate [1,2] which can be polymerized at moderate 

temperature using an organic peroxide [3]. It can thus be easily processed using the common 

tools used for thermoset matrix based composites (infusion, RTM…). Another of its great 

advantage is that the monomer can be recovered by the classical depolymerization method 

allowing to recover feedstock. Its use can for example be envisaged for manufacturing several 

parts needed for satisfying the societal need of low carbon energy: wind blades [4], or liquid 

hydrogen tanks [5].  

ELIUM® resin suffers, however, from the well-known poor flame resistance common to all the 

members of the acrylic polymers family, such as PMMA for instance. This deficiency can be 

solved, for example, using flame retardants, among them aluminum trihydrate. Another issue is 

the relatively low feedback in terms of long term stability. In particular, the lifetime prediction 

makes necessary to determine the degradation rate, which can be achieved using a kinetic 

model based on the degradation mechanism. 

Finally, the aim of this paper is to establish a first kinetic model for ELIUM® resin, and check its 

validity for Flame Retardant additivities resin. Since composites are usually thick parts, we will 

also address the so called diffusion limited oxidation effect. For that purpose, thin and thick 

samples of various kinds of ELIUM® resin (differing by the content of comonomers, stabilizers, 

and Flame retardant fillers) will be isothermally aged at several temperatures under several 

atmospheres (under nitrogen or in presence of oxygen) so as to derive a first kinetic model. 

2. Materials and methods 

Three kinds of unfilled acrylic resins were studied here as 4 mm thick plates samples: 
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- ELIUM® V1 is an acrylic resin synthesized from a MMA syrup. 

- ELIUM® V2 is synthesized from the same reactive mixture than V1 (MMA syrup) to which 

butanediol dimethacrylate and methacrylic acid were added. 

- ELIUM® V3 is made from ELIUM® V2 reactive mixture with an antioxidant package. 

Composites (denoted by ELIUM® ATH) were made of ELIUM® V3 loaded with aluminium 

trihydrate (62% in weight) and Zinc borate (6% in weight). 4 mm thick plates were isothermally 

aged in ventilated ovens at 180°C.  

50 µm thin films of ELIUM® V1 and V2 were obtained by micrototomy. They were in situ aged in 

TGA cell at temperatures ranging from 230 to 270°C either under pure nitrogen or pure oxygen 

flow. 

4 mm thick ELIUM® V1, V2 V3 and ATH plates were isothermally aged in ventilated ovens at 180 

under air. Their ageing was followed by gravimetry and microscopic observations. For ELIUM® 

ATH samples, 10 mm blocks were used for the microscopic observations. 

To better understand the degradation of this composite, the stability of aluminium trihydrate 

and zinc borate was also investigated under air at those temperatures by gravimetry. 

3. Results and discussion 

3.1 Stability of thin films of pure ELIUM® resin under nitrogen 

The stability of ELIUM® V1, V2 and V3 resin was first investigated by mass loss curves directly 

recorded in TGA cell. Examples are given in Figure 1 for ELIUM® V2 resin. It can be seen that 

samples display (i) a first very quick mass loss step expected to correspond to VOC loss in low 

content, (ii) an auto-decelerated mass loss step (Figure 1). Some Tg measurements were realized 

by DSC on ELIUM® V1 resin. It was verified that, even after significant level of mass loss (up to 

40%). This mechanism was ascribed to an end chain unzipping mechanism [6]. 

 

Figure 1. Mass loss curves of thin ELIUM® samples recorded by TGA under inert atmosphere. 

In a first approach, its kinetics was depicted by the following equation: 
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𝑚𝑚𝑚𝑚0 =
𝑚𝑚𝑣𝑣0 .exp(−𝑘𝑘𝑣𝑣.𝑡𝑡)+𝑚𝑚𝑝𝑝0 .exp (−𝑘𝑘𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢.𝑡𝑡)𝑚𝑚𝑣𝑣0+𝑚𝑚𝑝𝑝0       (1) 

mv0 and mp0 corresponding respectively to the initial mass of residual VOC’s and of polymer, kv 

being the rate constant for the volatilization of VOC’s and kunzipping corresponding to the apparent 

rate constant for the overall unzipping process. 

This latter was estimated for both ELIUM® V1 and V2 and found higher for ELIUM® V1, in good 

agreement with the well-known role of acrylic comonomers for slowing down the unzipping rate 

as illustrated for example in PMMA [7]. 

 

3.2 Stability of thin films of pure ELIUM® resin under oxygen 

In presence of oxygen, the mass loss curves display the same shape at early stage, but a strong 

auto-acceleration of mass loss is observed (Figure 2). The depletion of Tg was here clearly higher 

under air than under inert atmosphere indicating that a random chain scission occurs  

 

Figure 2. Mass loss curves of thin ELIUM® V2 samples recorded by TGA under N2 or O2 

atmosphere. 

 

3.3 Stability of thick blocks of ELIUM® resin and its composites under air  

Those investigations were used to understand the ageing behavior of thick blocks of ELIUM® and 

its composites at high temperatures under air, i.e. in conditions closer to the service condition 

of organic composites. Figure 3 depicts the mass loss of 4 mm blocks.  

ELIUM® V1 resin, which has neither comonomers nor antioxidants, is the less stable meanwhile 

there is a weak difference between ELIUM® V2 and V3 resins. The difference in terms of mass 

loss between ELIUM® V1, V2 and V3 is very visible on the first stage (before 100 days). After this 

duration, the apparent mass loss rate seems to reach a value which is almost constant for the 3 

systems under investigation at longer times. 
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There is no evidence of the very strong auto-acceleration associated to oxidation suggesting that 

the oxidation plays only a negligible role on mass loss.  

 

Figure 3. Arrhenius diagram of unzipping rate constant estimated for ELIUM® V2 samples from 

TGA under N2 (from Figure 1). 

 

For example, the extrapolation of kunzipping from estimated from Figure 1 allows a very reasonable 

fitting of ELIUM® V2 and V3 (Figure 4). The slight difference between experimental curves and 

simulation could be testimony of the existence of a minor oxidation process with a negligible 

effect on mass loss. Interestingly, the fact that antioxidants present in ELIUM® V3 do not modify 

the mass loss rate compared to ELIUM® V2 also confirms this hypothesis. 

  

Figure 4. Mass loss curves of 4 mm thick ELIUM® V1, V2, V3 and ELIUM ATH samples at 180°C 

under air. Dashed lines correspond to simulated mass loss using Eqs. 1 and 2. 

ELIUM® ATH composite is the more stable formulation, which can be discussed in the following, 

having in mind that ELIUM® resin on one side, and fillers on the others, can degrade. To better 

understand the behavior of this composite, fillers were aged alone (Figure 5). They can be 
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observed to be almost stable at the temperature under investigation, keeping in mind that, for 

example, aluminium trihydrate degraded by dehydration: 

2Al(OH)3 → Al2O3 + 3H2O so that the total process induces a mass loss equal to 35%. 

 

Figure 5. Mass loss curves of zinc borate and aluminium trihydrate at 180°C under air. 

 

The mass loss of A-ATH was thus simulated using:   ∆mm0 = wA. �∆mm0�A + wATH. �∆mm0�ATH + wB. �∆mm0�B     (2) 

 

where A, ATH and B respectively correspond to ELIUM® resin, aluminium trihydrate, and zinc 

borate, and wi are the relative fraction in weight of each component and (∆m/m0) their relative 

mass loss. The mass loss of ELIUM® composite was thus predicted using Eq 1 for the mass loss 

of ELIUM part, kunzipping extracted from Figure 3 (as a direct extrapolation of values derived from 

TGA measurements under inert atmosphere at 230-290°C), (∆m/m0)ATH and (∆m/m0)B from 

Figure 4. 

The discrepancy between experimental results and this very simple simulation can be 

interpreted by two ways: 

- either the extrapolated kunzipping value is not reliable. 

- or there is a “synergy” between degradation of ELIUM® resin and degradation of fillers. One 

could imagine, for example, that ATH favors the degradation of acrylic group, or that 

degradation products of ELIUM polymer degrade the ATH filler. 

- either oxidation has a more pronounced effect in A-ATH blocks than in ELIUM® samples of 

comparable thickness, which can be discussed in terms of thickness of degraded layers 

This last hypothesis was discussed from the thickness of oxidized layers observed by optical 

microscopy (Figure 6). The following observations were made: 
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- for ELIUM® V2 and ELIUM® V3, the overall thickness decreases in line with unzipping and 

oxidation induced mass loss. 

- the existence of dark edges is characteristic of the oxidation of surface layers, meanwhile the 

progressive browning observed in the “core” region of the thick blocks is testimony of the 

existence of chemical modifications in zones where no oxidation occurs.  

- the thickness of degraded layer is slightly higher for ELIUM® V3 than for ELIUM® V2. Keeping 

in mind that the thickness of oxidized layer (TOL) can be approximated from: 

TOL² = PeO2/rOX, PeO2 being the oxygen permeability and rOX the rate of oxygen consumption in 

surface, results given in Figure 6 may come from the fact that either stabilizers inhibit the 

polymerization and induce a lower “crosslinking density in ELIUM® resin, and thus a high value 

for oxygen permeability or (ii) stabilizer decrease the oxidation rate in surface.  

In the case of ELIUM® ATH, a white surface layer is observed. This layer could be constituted of 

ATH, this latter being almost stable at 180°C (Figure 4) or Al2O3. The degraded layer is slightly 

more degraded (1.5 – 2 mm) than for unfilled resins (about 1-1.2 mm). Since ELIUM® ATH is 

made from ELIUM® V3, the only possible explanation is that the presence of filler favors the 

diffusion of oxygen from edge to the bulk. 

4. Conclusions 

 

This paper describes the thermal ageing of ELIUM® and its composites. By using an 

incremental approach, it was observed that this polymer is more stable when 

comonomers are added, provided those latter slow down the possible thermally 

induced unzipping. On the contrary, thermal stabilizer hardly slow down the 

degradation kinetics, which was explained from the fact that thermal unzipping 

predominates over oxidation effect. In the case of particle filled composites, the 

oxidation seems increases, in link the possible increase of oxygen diffusivity due to fillers 

presence. 
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(a)     (b) 

  

(c)       (d) 

  

(e)    (f) 

Figure 7. Microscopic observations of ELIUM® ATH aged 1 month (a) and 4 months (b), ELIUM® 

V2 aged 1 month (c) and 3 months (d), ELIUM® V3 aged 1 month (e) and 11 months (f) at 180°C 

under air (thickness of samples is close to 4 mm for ELIUM® V2 and ELIUM® V3 and 10 mm for 

ELIUM® ATH). 
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Abstract: Tubular fabrics are increasingly used in composite parts due to their structural 

integrity. In this study, the Flax/PA12 fibres reinforced fabrics have been performed in the 

uniaxial tensile test to analyze the deformation and shear behavior. The results show that in the 

process of fabric stretching, the interwoven yarns approach each other, the included angle is 

reduced and the shear behavior occurs. The change of the shear angle is closely related to the 

deformation of the fabrics. At the same time, the length of the yarn remains unchanged with the 

increase of the shear angle during the stretching process. When the shear angle reaches a certain 

value, the length of the yarn increases and begins to be stretched. Moreover, during the 

stretching process, the fabrics undergo a pure shearing stage, stretching and shearing stage, and 

stretching stage.  

Keywords: tubular braided fabrics; textile composites; shear behavior; stretching process 

1. Introduction 

Textile composites have been widely used in special-shaped parts due to their excellent 

properties. Currently, most composite parts are produced by resin transfer molding (RTM) or 

thermoforming processes [1,2]. During these two manufacturing processes, textile 

reinforcements forming plays an important role as the first step in the process of manufacturing 

composite parts. Forming quality of textile reinforcements strongly influences on the 

mechanical performance of final composite parts [3–8]. Therefore, the mechanical properties of 

the reinforcements during the preforming process are important. Among textile reinforcements, 

braided fabrics are gaining increasing attention due to their widespread use in the manufacture 

of advanced.  

A variety of researchers have mainly attached importance to the mechanical properties of 

braided fabrics. However, most studies focus on flat fabrics. Tubular fabric as a special structure 

of braided fabric has not been widely carried out yet in the published literature. The tubular 

braided fabrics obtained by circular braiding provide a high level of both structural integrity and 

strength to braided composites[9]. And then, it increases the application range of braided 

fabrics. Not only limited to the aviation and automotive industries, but also have applications in 

industries such as medicine and sports [10]. The mechanical response of tubular fabrics during 

the preforming process is critical, which determines the strength of the entire structure. Similar 

to flat fabrics, tensile behaviour is one of the most important mechanical properties, its 

characterization was largely analyzed by tensile tests. When the fabric is subjected to tensile 

load, the interwoven yarns rotate and move closer to each other, a shearing behavior occurs. At 

the same time, it is accompanied by lateral contraction. And the lateral contraction is 

symmetrically distributed along the stretching direction. 
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The objective of this paper is to study the mechanical properties of tubular braided fabrics under 

the tensile test. In particular, the shear behaviour of the yarn is characterized. At the same time, 

the distribution of shear angle along the fabric axial direction is also discussed. 

2. Materials and methods  

2.1 Materials 

The materials used in this study are provided by Schappe Technique. The type of the tubular 

braided fabrics was Flax/PA12, which were commingled with 64% of flax fibres and 36% of PA12 

fibres. The main properties of the Flax/PA12 are noted in Table 1. The length of the specimen is 

40 mm (excluding the gripper regions), the diameter of the specimen is 50mm. It is defined that 

half of the angle of interwoven yarns (β) is the braid angle of the fabrics. During the braiding 

process, the braid angle can be fixed to 55° (β/2) through the chosen parameters. After the 
braiding, it can get the tubular braided fabrics (see Fig.1)  

 

Figure 1. Structure of sample 

Table 1: The main properties of the tested braided fabrics. 

Parameters   

Type of fabric Biaxial twill 2-2 

Area density (g/m2) 376 ± 5 

Thickness (mm) 2.06 

Braid angle (β/2) 55° 

 

2.2 Stretching process 

The tensile tests of tubular braided fabrics were conducted on a INSTRON experimental machine 

at the LPMT laboratory. The experimental setup is shown in Fig. 2. Both ends of the specimen 

are fixed on the stretching machine by clamps, and the stretching machine applies force at a 

uniform speed along the axial direction of the fabrics. The tests are performed at a constant 

displacement rate of 10 mm/min. The force of deformation and a constant displacement 

applying on the specimens can be recorded by a force detector, which is linked to the upper jaw. 
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The force-displacement data are saved on the computer for analysing and post-processing. To 

accurately analyze the shear deformation characteristics of the tubular fabrics and the change 

of the shear angle, the three-dimensional scanning software GOM is used to scan the sample 

(seen in Fi.2). At the same time, it also observes the test process in real-time and records the 

changing state of the sample with the stretching process. 

 

Figure 2. Tensile test on tubular fabrics 

3. Results and discussion 

In this section, the deformation characteristics of tubular fabrics under tensile load are studied. 

Four zones of the tubular fabric in the axial direction are selected to analyse, as shown in Fig.3. 

Due to the symmetry, the shearing characteristics of the whole fabric can be obtained by 

studying the shear angle distribution of the upper half. The experimental results are shown in 

Fig.4. The tubular fabric will eventually show a radially contracted shape after the tensile test. It 

can be noted that the deformability of tubular fabrics depends strongly on the stretching 

deformation. The radial shrinkage of the fabric is increased along with the fabric extension, 

resulting in different degrees of shear deformation area. 

 

Figure 3. Regional division of tubular fabrics 
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(a) (b) 

Figure 4. Tested tubular braided fabric, (a) before the test and (b) during the test 
 

3.1 Distribution characteristics of the shear zone 

 Under the tensile load, the shear angle changes in different zones of the tubular fabrics are 

shown in the Fig.5. It can be seen that when the fabric is stretched, the tensile deformation 

increases, and shear behavior occurs. The shear angle shows a trend of increasing first and then 

unchanged. In the early stages of the test, the interwoven yarns are rotated towards each other 

due to the tensile load. Due to the large shear space between the yarns, the shear angle 

increases rapidly. When the interwoven yarns contact each other through the shearing process, 

there is a mutual extrusion effect in the transverse direction of the yarns. This compressive force 

will reduce the width of the yarns, thereby reducing the increase in the shear angle. Before the 

fabric failing, the in-plane shear angle hardly changes. At the same time, it can be seen that the 

shear angles of different zones of the fabric are also different. The shear angle of the middle 

zone of the fabric is larger than that of the two end zones, and the shearing occurs earlier. 

 

Figure 5. Shear angle distribution in different zones 
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3.2 The shear mechanical properties of tubular braided fabric 

Fig.6 presents load-deformation curves for Flax/PA12 tubular braided samples obtained by 

extension tests. The curves can be divided into three parties before reaching the maximum shear 

load. At first, with the deformation increases, the load increases relatively slowly. This shows that 

at the beginning of the experiment, the shear area of the fabric is larger, and a smaller load is 

needed at this stage to achieve a larger amount of deformation. As the tensile deformation 

continues to increase, the shear space of the interlaced offset yarns continues to decrease. At 

this time, the continuous shearing behaviour of the interlaced offset yarns will generate a 

transverse compressive force along the radial direction of the yarn, and the load will increase 

rapidly and enter the second stage. When the stretching displacement continues to increase, 

the shearing space decreases until it no longer exists. The end of the shearing behaviour may be 

accompanied by the stretching phenomenon, and then the third stage is entered. 

 

Figure 6. Load vs. displacement of Flax/PA12 specimen during the test 

In order to analyse the shear behaviour of tubular braids under tensile load more accurately, the 

tensile response of a single yarn of the fabric has also been studied. As described in section 2.2, 

after the tubular fabric is fixed on the stretching machine, mark points are made on a single 

yarn. Meanwhile, the GOM software can be used to identify the mark point and obtain the 

length change of a single yarn during the entire stretching process. 

 

  

(a) (b) 

Figure 7. Tensile results. a) single flax/PA12 yarn and b) pure flax yarns 
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Combining with the tensile result of a single flax/PA12 yarn at room temperature (Fig.7a) [11], 

it can be seen that when a single yarn is deformed at about 3%, there will be a steep increase in 

force, which is similar to the results of pure flax yarn under tensile force, as shown in Fig. 7b 

[12]. So, the pure Flax breaks after a shorter deformation with a rapid increase under the tensile 

force during the test. Therefore, it shows that the third stage in the stretching process of the 

tubular fabric is caused by the fracture of Flax under the action of the tensile load, and the 

subsequent tensile load is carried by the PA12. At the same time, it is also the reason for the 

change in the load slope and causes the third stage of the load-deformation curve (Fig.6). In this 

stage, the shear angle changes slowly and the shearing action ends. The fabric shearing 

characteristic in this stage is defined as a pure stretching process. 

4. Conclusion 

The shear behavior and mechanical properties of the tubular braided fabrics under tensile load 

is analysed in the present study. The shear angle of the fabric gradually decreases from the 

center of the fabric to the two ends, which means that the closer the area in the axial direction 

to the center of the fabric, the larger shear space in this area, and the easier it is to shear under 

the same load. The shear angle also increases faster. On the other hand, the obtained results 

reveal that the tubular fabric undergoes three stages of pure shearing, shearing and stretching 

coexistence, and pure stretching during the tensile process. This is caused by the shear between 

yarns and the breakage of pure flax. 

Acknowledgements 

This work was supported by the China Scholarship Council (CSC). 

5. References 

1.  Ruiz E, Trochu F. Flow modeling in composite reinforcements. Compos Reinf Optim 
Perform. 2011 Jan 1;588–615.  

2.  Campbell F. Manufacturing Technology for Aerospace Structural Materials. Manuf 
Technol Aerosp Struct Mater. 2006;  

3.  Bickerton S, Šimáček P, Guglielmi SE, Advani SG. Investigation of draping and its effects 
on the mold filling process during manufacturing of a compound curved composite 
part. Compos Part A Appl Sci Manuf. 1997 Jan 1;28(9–10):801–16.  

4.  Bel S, Hamila N, Boisse P, Dumont F. Finite element model for NCF composite 
reinforcement preforming: Importance of inter-ply sliding. Compos Part A Appl Sci 
Manuf. 2012 Dec 1;43(12):2269–77.  

5.  Boisse P, Hamila N, Vidal-Sallé E, Dumont F. Simulation of wrinkling during textile 
composite reinforcement forming. Influence of tensile, in-plane shear and bending 
stiffnesses. Compos Sci Technol. 2011 Mar 22;71(5):683–92.  

6.  Liu LS, Zhang T, Wang P, Legrand X, Soulat D. Influence of the tufting yarns on 
formability of tufted 3-Dimensional composite reinforcement. Compos Part A Appl Sci 
Manuf. 2015 Nov 1;78:403–11.  

7.  Wang P, Legrand X, Boisse P, Hamila N, Soulat D. Experimental and numerical analyses 
of manufacturing process of a composite square box part: Comparison between textile 

1194/1211 ©2022 Li 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 

reinforcement forming and surface 3D weaving. Compos Part B Eng. 2015 Sep 1;78:26–
34.  

8.  Wang P, Hamila N, Boisse P. Thermoforming simulation of multilayer composites with 
continuous fibres and thermoplastic matrix. Compos Part B Eng. 2013 Sep 1;52:127–36.  

9.  Rawal A, Saraswat H, Kumar R. Tensile response of tubular braids with an elastic core. 
Compos Part A Appl Sci Manuf. 2013;47(1):150–5.  

10.  Ayranci C, Carey J. 2D braided composites: A review for stiffness critical applications. 
Compos Struct. 2008;85(1):43–58.  

11.  Xiao S, Wang P, Soulat D, Gao H. Thermo-Mechanical Characterisations of Flax Fibre and 
Thermoplastic Resin Composites during Manufacturing. Polym 2018, Vol 10, Page 1139 
[Internet]. 2018 Oct 12 [cited 2022 Mar 20];10(10):1139. Available from: 
https://www.mdpi.com/2073-4360/10/10/1139/htm 

12.  Omrani F, Wang P, Soulat D, Ferreira M. Mechanical properties of flax-fibre-reinforced 
preforms and composites: Influence of the type of yarns on multi-scale 
characterisations. Compos Part A Appl Sci Manuf. 2017 Feb 1;93:72–81.  

 

1195/1211 ©2022 Li 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.mdpi.com/2073-4360/10/10/1139/htm
https://doi.org/


Composites Meet Sustainability – Proceedings of the 20th European Conference on Composite Materials, 
ECCM20. 26-30 June, 2022, Lausanne, Switzerland 

MECHANICAL CHARACTERISATION OF SOME POLYMERS 

USED IN 3D PRINTING 
 

Andrey Aniskevicha, Edmunds Zīlea, Olga Bulderbergaa, and Daiva Zeleniakieneb 

a: Institute for Mechanics of Materials, University of Latvia, Riga, LV-1004, Latvia – 
Andrey.Aniskevich@pmi.lv  

b: Department of Mechanical Engineering, Kaunas University of Technology, Kaunas, Lithuania 

 

Abstract: With the advancement of fused deposition modelling (FDM), there is a great need for 

new high-performance materials capable of meeting the requirements of different engineering 
applications. This study focuses on the comparative evaluation of mechanical characteristics of 
such thermoplastic polymers processed by FDM as PLA (several variants), PC, PA, ABS, TPU95A, 
PP, CPE, PET-G, PEI, and PEKK. Tensile properties of “as-produced” filaments, extruded mono-

fibres, and unidirectional printed specimens are compared. The compatibility of different 
polymer types for hybrid structures is evaluated in the adhesion tests.  

Keywords: Fused deposition modelling; Density; Tensile modulus; Strength  

1. Introduction 

Fused deposition modelling (FDM) is a rapidly growing 3D printing technology utilising a 

thermoplastic filament that is melted and then extruded through a nozzle. The digitally 

controlled nozzle deposits the liquefied material on the platform to build the part in a layer-by-

layer manner. A wide range of materials is used in FDM 3D printing. Polylactic acid (PLA) is a 

compostable, biodegradable, high-strength, high-modulus thermoplastic made from renewable 

sources. Zhao et al. [1] demonstrated that printing parameters significantly influence the tensile 

strength and Young’s modulus of the printed PLA material. Acrylonitrile butadiene styrene (ABS) 

is a widely used thermoplastic material in FDM due to its good melt fluidity, acceptable stiffness 

and strength, and resistance to wear and impact. ABS was one of the first materials used for 3D 

printing. Petruse et al. [2] performed tensile tests of 100 specimens printed from ABS material 

and determined that fibre orientation has the most significant influence on the physical 

properties. Polyetherimide (PEI) is becoming a popular material for FDM printing due to its 

adhesive properties and chemical stability. Gilmer et al. [3] noted that, while PEI is of great 

interest because of its desirable mechanical properties and high use temperatures, it also 

creates a more challenging modelling problem with higher thermal gradients and greater 

potential thermal processing window compared to more traditional FDM materials, such as ABS 

and PLA. An exceptional chemical and thermal resistance combined with outstanding 

mechanical properties make polyetherketoneketone (PEKK) an interesting material for high-end 

applications. Polyethylene terephthalate glycol (PETG) is characterised by notable tensile 

toughness, transparency, flexibility, high processability and excellent chemical resistance. 

Guessasma et al. [4] studied the printability of PETG for fused deposition modelling. The study 

reported that PETG could be printed within a limited range of printing temperatures (240–250 

°C). Co-polyester (CPE) is a very strong and versatile material with growing popularity in filament 

form for FDM printing. Abouzaid et al. [5] investigated the printability conditions of a co-

polyester based polymer. A strong relationship was found between thermal cycling, tensile 
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properties and printing temperature. Polypropylene (PP) is a semicrystalline polymer extensively 

used in packaging, furniture production, medical and automotive applications. Carneiro et al. [6] 

addressed the potential of PP as a candidate for FDM. They found that the thickness of the layers 

had little influence on the mechanical performance of the samples, but the infill degree had a 

dramatic and linear effect on the mechanical properties. Thermoplastic elastomers such as 

thermoplastic polyurethane (TPU) have low modulus, high flexibility and high elongation to 

breakage. These are commonly used to produce medical parts with good mechanical 

performance [7], strain sensors etc. TPU has a low glass transition temperature and high 

crystallisation rate and, thus, are suitable for FDM processing. Polyamide (PA) is commonly 

referred to as nylon. As indicated by Zhang et al. [8], FDM fabricated products based on pure PA 

are seriously warped, distorted, and lack of shape stability due to the accumulation of shrinkage 

stress generated from the crystallisation of polymer, which then severely restricts the 

application of PA in 3D printing. Polycarbonate (PC) is a transparent material resistant to very 

high temperatures, slightly flexible and highly resistant to impacts. Similar to other 

thermoplastics, parts printed from PC are also highly anisotropic in tensile and shear properties. 

Cantrell et al. [9] found that depending on the raster orientation in the flat build PC samples, the 

moduli and strengths varied by up to 20%. 

Knowledge about the basic mechanical properties of the source filaments and simple specimens 

is of key importance for further predicting printed structure properties and their reliable design. 

The aim of this study focuses on the comparative evaluation of mechanical characteristics of 

such thermoplastic polymers processed by FDM as PLA (several variants), PC, PA, ABS, TPU95A, 

PP, CPE, PET-G, PEI, and PEKK. Tensile modulus and strength of “as-produced” filaments, 

extruded mono-fibres, and unidirectional printed specimens are compared. The compatibility of 

different polymer types for hybrid structures is evaluated in the adhesion tests. 

2. Experimental procedure 

2.1 Materials and printer settings 

Ultimaker 3D printers S5 and 2+Connect (Ultimaker B.V., The Netherlands) with a 0.4 mm 

diameter nozzle were used to produce the specimens from the filament of 2.85 mm diameter. 

The nozzle and bed temperatures depend on the material and are given in Table 1. The print 

head speed was 20 mm/s. The layer thickness was set at 0.1 mm for most specimens, as seen in 

Table 1. In all cases, the infill pattern was set “Lines”, fibre width (“Line width”) was set to 0.35 

mm, and infill density was set to 100%. Shell and Top/Bottom thickness settings were set to zero. 

These printer settings provided the unidirectional orientation of all filament fibres in all 

specimens and uniform within any specimen’s cross-section. 

Table 1: List of tested materials. 

Material, 

Short name, grade 
Supplier 

Nozzle 

temperature, ℃ 

Bed 

temperature, ℃ 

Layer 

thickness, 

mm 

Polylactic acid, PLA Tough 
White 20231 

Ultimaker 225 70 0.1 

PLA Tough Black 202300 Ultimaker 225 70 0.2 

PLA Red Devil Design 200 60 0.1, 0.3 

PLA Super Blue Devil Design 200 60 0.1 
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* Thermochromic. 

**Filled with carbon black. 

2.2 Single extruded fibres 

A series of samples of a single extruded fibre with an average diameter of 0.42 ± 0.06 mm and 

length of approx. 140 mm was tested in tension. Tensile tests were performed on the ZWICK 2.5 

machine with a 10 mm/min test speed. The tensile strain was calculated by a grip-to-grip 

separation with a starting value of 100 mm. Elastic modulus was calculated in the strain range 

of 0.05–0.25%. 

2.3 Fabrication of specimens for tensile tests 

Standard ISO_527-2_1B dog-bone specimens having a length of 150 mm and cross-section size 

in the working zone of 3×10 mm were used for tensile testing. Tensile tests were performed on 

the ZWICK 2.5 machine with a 1 mm/min crosshead displacement rate. The tensile strain was 

measured using a clip-on extensometer with a base length of 30 mm. Pre-load of 0.5 N was 

applied to all samples. Elastic modulus was calculated in the strain range of 0.05-0.25%. Strain 

measurement was switched on grip-to-grip separation above the value of 0.7% and related to 

the starting value of 110 mm. Three to five specimens were tested for each series, and average 

data were used. These standard dog-bone specimens had an angle θ between the fibre direction 

and specimen longitudinal axis equal to 0 and 90°. Specimens with θ = 0° allow the 

PLA LAVA*, 
CY190415lyjzys2 

Hello3d 200 60 0.1 

PLA conductive**, 
CDP12805 Batch 171201 

Proto-pasta 200 60 0.1 

Polyethylene 
terephthalate glycol, PET-

G, White 
Devil Design 235 85 0.1 

Acrylonitrile butadiene 
styrene, 

ABS, White 1622 
Ultimaker 240 85 0.1 

Co-polyester, CPE, White 
UM-9703-A 

Ultimaker 240 70 0.1 

Polycarbonate 
PC, White 1642 

Ultimaker 270 110 0.1 

Polypropylene, PP, 
Natural 

Ultimaker 225 70 0.1 

Thermoplastic 
polyurethane, TPU95A, 

White 1755 
Ultimaker 223 70 0.1 

Polyamide 
PA, Nylon Transparent 

1647 
Ultimaker 245 70 0.1, 0.2 

Poly(ether ketone ketone) 
PEKK, Antero 800NA 

Stratasys 395 180 0.25 

Polyetherimide, PEI, 
ULTEM 9085 CG 

Stratasys 385 180 0.25 
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determination of the longitudinal elastic modulus and longitudinal strength. Transverse elastic 

modulus and transverse strength were determined on the specimens with θ = 90°. 

The geometry of adhesion/cohesion specimens is shown in Figure 1. “Dog-bone”-like specimens 

had square cross-sections of 10 × 10 mm from both ends to be fixed in a testing machine. This 

cross-section was gradually transformed into a circular one of 10 mm diameter in the middle of 

a specimen. All specimens have a circular groove in the middle to facilitate failure in this location. 

The groove is also a location where the different printing materials are joined. The adhesion 

contact area was a circle of 8 mm in diameter. 

 

Figure 1. Adhesion/cohesion test hybrid samples 

3. Experimental results and discussion 

3.1 Density 

The FDM process inevitably introduces voids in the produced material. A typical cross-section 

image of printed material (example of PLA Red) showing the voids is presented in Figure 2. To 

assess the effect of the printing process on the extruded mono-fibres and printed part, density 

measurements were performed, and the obtained results are shown in Figure 3. The 

manufacturer’s data were taken from the Technical Data Sheets (TDS) or the manufacturer’s 

websites.  

 

Figure 2. Typical sample cross-section image (example of PLA Red) 

The filament density was calculated assuming its cylindrical form using weight (± 0.00001 g), 

measured diameter ca. 2.85 mm (± 0.001 mm), and length ca. 100 mm (± 0.01 mm). Results for 

three specimens were averaged. No systematic deviation of TDS and measured data was 
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revealed, although disagreement ranged from -2 to +3%. The average difference between the 

TDS data and the measured density of “as-produced” filaments was 1.7%. The density of 

extruded fibre was also calculated for a cylinder with the same accuracy of measurements for 

specimens of ca. 1000 mm length. For all materials, the density of extruded fibre is higher than 

the filament density. The average difference is 4.4% (TPU95A White was excluded due to the 

anomaly in results), indicating a polymer’s slight compaction during the extrusion. 

 

Figure 3. The density of tested materials 

 

Figure 4. Typical side face of the printed cube with an edge length of 1 cm (example of PLA 
Tough Black) 

Two types of cubes were printed out: one group had an edge length of 1 cm, the other one of 

2.5 cm. The cubes with an edge length of 1 cm were used to determine the “production” density 

of the printed material as the effect of cube side face unevenness due to the printing process 

(see Figure 4) was taken into account. The faces of the cube with an edge length of 2.5 cm were 

polished to determine the “true” density of the same structure. Due to the rough side faces, the 

“production” density was always lower than the “true” density on average by 3.6%. 

3.2 Comparative Tensile modulus and strength 

Experimental results on the tensile modulus are presented in Figure 5. In most cases, the 

modulus of “as-produced” filaments was lower than the modulus of the extruded mono-fibres 

by 12% on average. In the case of PLA materials, this difference was significant up to 20-30%, 

but for the PC, ABS, PP, CPE, and PET-G materials, the difference between the moduli was small 

(1–2%) or negligible. For the PEI and PEKK materials, these data were not available. The effect 
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mentioned above can be explained by the polymer molecular orientation, in which the polymer 

chains change their alignment above the glass transition temperature. As seen from the 

experiments, this can significantly affect the modulus of the extruded mono-fibre, as orienting 

polymer chains further improve the strength and modulus in the orientation direction [10]. The 

FDM printing process is similar to the methods used in conventional manufacturing to produce 

high modulus, high strength polymers. As seen from the experiments, the molecular orientation 

effects are dependent on the bulk material type. The PA (Nylon Transparent) material will be 

retested in future studies as the currently obtained experimental results show anomalous 

characteristics. 

 

Figure 5. Experimental values of tensile modulus 

 

Figure 6. Experimental values of tensile strength 

Due to the presence of voids, the transverse elastic modulus (θ = 90°) of the printed structure 
was always lower than its longitudinal modulus (θ = 0°), except for the anomalous PA (Nylon 
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Transparent) material. The same behaviour can be observed for the tensile strength (see Figure 

6). The transverse modulus and strength were lower than longitudinal ones on average by 7.5 

and 30%, respectively. 

3.3 Cohesion/Adhesion 

Adhesion tests were performed to evaluate the compatibility of different polymer types. Test 

results are presented in Figure 7. The strength of PLA Tough Black / Tough White pair is lower 

than the strength of pure Tough Black and Tough White specimens, indicating the possible 

influence of different colourant additive mix at the interface between extruded fibres. 

Interestingly, the PLA LAVA / Tough White pair has the same strength as the pure Tough White 

specimen even though PLA LAVA contains special additives which change their molecular 

structure with temperature changes, thus changing the colour of the printed object. Further 

studies will be devoted to determining the effect of chemical additives. The adhesion test of PLA 

Conductive Protopasta – PLA Tough White showed a very low result. 

 

Figure 7. Tension test results of cohesion/adhesion specimens 

Analysis of fracture surfaces showed that half of the specimens had clear adhesion fracture with 

no traces of the second component for hybrid contact of PLA Tough White- PLA Tough black. 

Another half of the specimens had mainly cohesion fracture character with traces of PLA White 

on the surface of PLA Black. A similar result was obtained for hybrid contact of PLA Tough White 

– PLA LAVA. Half of the specimens had adhesion fracture with weak traces of the White 

component on PLA Lava surface. Another half of the specimens had mainly cohesion fracture 

character with clear traces of PLA White on the surface of PLA Lava. Finally, all specimens for 

the hybrid of PLA Tough White – PLA Conductive Protopasta had evident cohesion fracture 

through PLA Conductive with traces of black-on-white. 

4. Conclusions 

This paper performed a comparative evaluation of the mechanical characteristics of PLA, PC, PA, 

ABS, TPU95A, PP, CPE, PET-G, PEI, and PEKK thermoplastic polymers processed by FDM. The 

following conclusions have been drawn: 

• For all materials, the density of extruded fibre is higher than the filament density. The 

average difference is 4.4%. Additionally, the “production” density is always lower than 

1202/1211 ©2022 Aniskevich 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 “true” density on average by 3.6% due to the presence of rough surfaces naturally 

occurring during printing. 

• In most cases, the elastic modulus of “as-produced” filaments is lower than the modulus 

of the extruded mono-fibres by 12% on average. In the case of PLA materials, this 

difference is significant (20-30%). 

• Due to the presence of voids, the transverse elastic modulus and strength of the printed 

structure are always lower than its longitudinal modulus and strength. 

• Tests showed that adhesion at hybrid PLA contact is only slightly affected by the 

presence of colourant additives in one of the parts. However, huge adhesion reduction 

was observed when one of the parts contained conductive particles. 
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Abstract: Scanning transmission X-ray microscopy (STXM) uses a focused X-ray beam to 

measure spectra and images with a spatial resolution better than 50 nm. The application of 

various spectroscopic effects allows STXM to achieve strong, natural contrast mechanisms based 

on materials properties such as elemental composition, molecular structure, molecular 

orientation, oxidation state, and/or magnetisation. Since X-ray absorption spectra combine 

linearly, STXM can be used to quantitatively map a variety of chemical and physical properties in 

composite materials at the nanoscale. Further, a set of projection images can be used to 

reconstruct the sample volume in 3D. 
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1. Introduction 

Materials characterisation is crucial for materials development and as the materials we create 

become more complex, further advanced characterisation techniques are needed to assess how 

well the intended properties and structures have been achieved. X-ray imaging has been an 

important materials characterisation technique for many years due to its penetrative power and 

high resolution due to the very short wavelengths. Bright synchrotron radiation sources have 

allowed X-ray imaging to progress into nanoscale spatial resolution, 3D imaging, and tunable 

contrast mechanisms [1,2]. In particular, soft X-ray spectroscopy provides many opportunities 

to interrogate the chemical and physical properties of a material, and its combination with 

nanoscale spatial resolution in an X-ray microscope produces image contrast that allows unique 

views into the structures and properties of a material [3]. Here, we present the working 

principles of scanning transmission X-ray microscopy (STXM) alongside example research from 

the PolLux STXM [4] (Paul Scherrer Institute, Switzerland) that is relevant to the field of 

composite materials. Synchrotron-based instruments such as PolLux are readily available to all 

researchers through a “user facility” access model [5]. 

2. Experimental Method 

2.1 Soft X-ray Spectroscopy 

Soft X-ray spectroscopy is a powerful tool for materials characterisation that probes the 

electronic structure of a specific element to provide chemical and physical information. X-rays 

interact with matter via the electrons and so any understanding of X-ray spectroscopy must be 

based on electronic states and transitions [6]. On a wide scale, the X-ray absorption spectrum of 

a material usually involves a gradual reduction in intensity as the photon energy increases (i.e. 

increasing penetration power), with discrete step increases at photon energies corresponding 

to the binding energy of electron shells (i.e. the X-ray has enough energy to eject the electron 

from the atom) associated with the constituent atoms of the sample. At this level, the X-ray 

absorption spectroscopy (XAS) only provides information on the samples elemental composition 
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and density. However, if we examine the “fine structure” occurring close to the steps (called 

absorption edges) then we can observe resonance peaks that correspond to specific electronic 

transitions from the same initial core state, to final states that are empty in the excited atom 

[6]. The examination of these near-edge resonances is called either near-edge X-ray absorption 

fine structure spectroscopy (NEXAFS) or X-ray absorption near-edge spectroscopy (XANES) and 

therefore indirectly indicates the chemical state of the element as the final states of the 

resonances correspond to types of bonding the atom is participating in [6]. For example, NEXAFS 

resonances at the Fe L-edge (near 700 eV) allow one to differentiate between Fe2+, Fe3+ and 

metallic states [7]. This is particularly powerful for organic samples as carbon K-edge (near 300 

eV) NEXAFS spectra display resonances corresponding to the anti-bonding molecular orbitals of 

the sample material [1,3,6]. 

 
Figure 1. Molecular structures and NEXAFS spectra of PFB and F8BT a) showing detail of the pi* 

resonances and b) a wider view of the C K-edge spectral region. Dashed vertical lines indicate 

the X-ray photon energies of the images in Figure 2a. 

 Figure 1 shows the molecular structures and NEXAFS spectra of two polymers: poly[(9,9-

dioctylfluorenyl-2,7-diyl)-co-bis(N,N’-(4,butylphenyl))bis(N,N’-phenyl-1,4-phenylene)diamine] 

which goes by the acronym PFB, and poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1’,3}-

thiadiazole)] which goes by the acronym F8BT. These spectra display a step-increase in X-ray 

absorption between 280 eV and 320 eV (that can be regarded as photo-excited electronic 

transitions to the vacuum continuum) and a set of peak resonances that can be attributed to 

transitions to discrete bound states.  The general attributions of the resonance peaks is 

presented in Table 1. 

Table 1: General positions of C K-edge resonances [8]. 

Photon Energy (eV) Electronic Transition Associated Bond 

285 C1s→π*C=C Double-bonded carbon 

286 C1s→σ*C-N Carbon – nitrogen single bond 

287 C1s→σ*C-H Carbon – hydrogen bond 

293, 300 C1s→σ*C-C Carbon – carbon bond 
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In both spectra, the resonances between 284 eV and 286 eV are attributed to C1s→π*C=C 

transitions, meaning that the final states correspond to the π-type anti-bonding states of the 

carbon-carbon double bonds. In the case of PFB, these resonances occur at the same energy, 

resulting in a single sharp peak. In F8BT, however, the π*C=C resonances are split into slightly 

different energies, resulting in a group of peaks that are overall shorter and wider. The spectral 

differences between PFB and F8BT means that X-ray measurements conducted at a photon 

energy of 284.5 eV or 285 eV will show stark differences between these materials. 

A further useful property of X-ray spectroscopy is that intermolecular effects are not significant 

and so the spectrum of a mixed sample is a simple linear combination of the component spectra 

[6,8]. An exception to this rule is dichroism effects that can be observed in special circumstances. 

In linear dichroism, the spatial arrangement of the final-state molecular orbital gives a preferred 

direction for the electronic transition and so the strength of the corresponding resonance 

depends on the relative orientation of the X-ray polarisation [1,6,9]. X-ray magnetic circular 

dichroism (XMCD) causes the resonance strength to depend on the local magnetisation since 

the local field biases the unoccupied final-states towards electrons of a particular spin [3]. 

2.2 Scanning Transmission X-ray Microscopy 

Scanning transmission X-ray microscopy (STXM) uses a very simple optical setup to sequentially 

measure a set of pixels having particular sample positions (for images) and incident X-ray energy 

(for spectroscopy) [9]. Focusing is performed with a Fresnel zone plate to produce spot sizes 

typically of about 30 nm, but can also be as small as 7 nm [10]. Nanoscale positioning precision 

and repeatability is achieved via laser interferometer metrology and feedback of the signal to 

the scanning stages [4]. 

While the lack of parallelism in the STXM hardware slows the measurement process, it also 

makes it very easy to mix spectroscopy and imaging to produce hyperspectral data (i.e. colour 

pictures) that provide information beyond the simple shape and density of the sample materials. 

An illustrative example can be found in the characterisation of a polymer blend film in which the 

components have similar density and elemental composition. Extending the example of PFB and 

F8BT discussed in the previous section, Figure 2a displays raw STXM images measured at photon 

energies, where the 285 eV image shows markedly different contrast due to the strong 

absorption by the PFB component. These polymers have semiconducting properties and are 

blended together to form the active layer in a photovoltaic solar cell [11]. Since we know the 

spectra of each component in the sample, we can use analysis techniques like singular value 

decomposition to calculate a quantitative composition map (Figure 2b), and with further 

information of the component materials (e.g. mass density and formula, or the thickness of a 

reference sample) also calculate the thickness map (Figure 2c) [9]. Such analyses can be applied 

to sample of any number of components, so long as the number of input images is greater than 

the number of components. Alternative analytical approaches (e.g. principle component 

analysis and clustering) can be applied to datasets for which reference component spectra are 

not available [9]. 
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Figure 2. a) Images measured at strategic photon energies show contrast based on the 

absorption spectra of the component materials (see Figure 1). Combining the set of images 

with knowledge of the component spectra allow calculation of b) composition and c) thickness 

maps. Reproduced from [12]. 

3. Results 

3.1 Engineering PLA Toughness 

Polylactic acid (PLA) is a major commercial biodegradable plastic, however its brittleness 

remains a concern in many applications. Melt-blending with a PLA-based thermoplastic 

elastomer (PLAE) significantly results in a material with significantly better toughness [13]. 

NEXAFS spectra and STXM images of 20% and 30% PLA/PLAE blends (microtome slices of bulk 

material) are presented in Figure 3 and reveals a change in structural morphology of the PLAE 

inclusions. These structures were found responsible for the improved mechanical properties of 

the blend [13]. 

 
Figure 3. a) NEXAFS spectra of PLA, PLA blended with 20% PLAE, and PLAE. STXM images of 

20% (b,c) and 30% (d,e) PLA/PLAE blends measured at 288.5 eV (b,d) to highlight the PLA 

matrix and 289.9 eV (c,e) to highlight the PLAE inclusions. Reproduced from [13]. 

3.2 Functional Microspheres 

Polymer microspheres find many applications as carriers of material that can be released by 

some external trigger depending on the functionalisation design. For example, 
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superparamagnetic magnetite nanoparticles allow triggering by an external magnetic field [14]. 

In order to ensure that the functional design is correctly implemented, it is important to confirm 

distribution of the nanoparticles. This has been performed via 3D imaging in a STXM using the 

60° laminography geometry (similar to tomography, but with a tilted rotation axis so as to allow 

a flat sample support) at 711 eV for optimum absorption contrast of the magnetite (Fe L3-edge 

resonance) [14]. Figure 4 presents data from a single magnetite nanoparticle-coated 

polyvinylacetate microsphere that reveals the shape of the object and the relatively even 

distribution of magnetite nanoparticle agglomerates. 

 
Figure 4. 3D reconstruction of an air-filled PVA microsphere coated with magnetite 

nanoparticle agglomerates imaged by soft X-ray laminography. a) Volume rendering of the 

whole sphere and b) the cut sphere with a modified colour scale to distinguish between the 

polymer shell (blue/green) and the magnetite agglomerates (red/white). c) raw STXM image. 

Reproduced from [14]. 

3.3 Porous Electrospun nanofibers 

Porous electrospun nanofibers find a number of applications. Coating such fibers with metal 

oxides provides selective separation membranes [15]. 3D STXM imaging of porous polystyrene 

(PS) electrospun nanofibers coated with ferric acetylacetonate was performed via focal-stack 

imaging at 705 eV (weak absorption by Fe) and 712 eV (strong absorption by Fe). Figure 5a shows 

a 3D model reconstructed from data measured at 712 eV, while figure 5b shows the model 

reconstructed from the difference between the 712 eV and 705 eV data sets in order to isolate 

the X-ray absorption by iron. 

 
Figure 5. 3D reconstruction of a porous PS nanofiber coated with ferric acetylacetonate 

presented as a) density, and b) Fe distribution. Scale bars are 1 micron. Reproduced from [15]. 
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3.4 Carbon Fiber Crystallisation 

The physical properties of carbon fibers is strongly affected by the crystalline microstructure, 

however, most conventional imaging techniques are unable to see such details [16]. By tuning 

the photon energy to a NEXAFS resonance displaying linear dichroism, STXM images produce 

contrast based on the crystal orientation [9,12]. In this case, the crystals are essentially graphite, 

which has a layered structure of hexagonally arranged (i.e. sp2 hybridised electron orbtials) C 

atoms. The π*C=C anti-bonding orbital lies in the out-of-plane direction and so the corresponding 

resonance at 285.4 eV shows high absorption when the electric field vector of the linearly 

polarised X-ray beam is oriented perpendicular to the graphite layers and low absorption when 

oriented parallel to the layers. Similarly, the 292 eV C1s→σ*C-C resonance lies within the plane 

of the graphite layers and so displays the opposite trend in absorption strength with respect to 

the electric field orientation of the X-ray beam. 

Figure 6 presents TEM and STXM images of carbon fiber cross-sections (measured at BL-13A of 

the Photon Factory, Japan). The carbon fibers were produced from either polyacrylonitrile (PAN) 

or pitch-based materials [16]. The pitch-based carbon fibers show strong contrast that inverts 

when the X-ray polarisation is rotated by 90°, consistent with linear dichroism for graphitic 

crystals with the sheets  oriented along the fiber axis. On the other hand, the PAN-based fiber 

shows no dichroic contrast and so its graphitic crystals must either be smaller than the STXM 

resolution, or oriented with the sheets perpendicular to the fiber axis (which is unlikely since the 

weak interlayer bonds would give the fiber a very low tensile strength). 

 

 
Figure 6. A comparison of images of cross-sections from (a-e) PAN- and (f-j) pitch-based carbon 

fibers. (a,f) TEM (bright field) images. STXM optical density images measured at photon 

energies of (b,c,gh) 285.4 eV and (d,e,i,j) 292 eV and with linear horizontal (LH) and linear 

vertical (LV) polarised X-ray beams. Reproduced from [16] 
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4. Conclusions 

Scanning transmission X-ray microscopy (STXM) provides opportunities to to produce nanoscale 

maps (2D or 3D) with a variety of quantitative contrast mechanisms. The technique allows 

differentiation of highly similar materials, such as polymers and other organic materials, 

highlight particular elements or oxidation states, and to observe physical properties like 

molecular orientation. 

STXM instruments require the brightness and tunable photon energy of synchrotron radiation 

and so are of limited number. However, synchrotron facilities are typically government funded 

and run as so-called “user facilities” where anyone can apply for access to the instruments free 

of charge (on condition that the results are published – proprietary access typically requires 

fees). The “Way For Light” website [17] catalogues all of the synchrotron-based instruments in 

europe and can be a valuable discovery tool (a search for “STXM” will bring up links for PolLux 

alongside similar instruments). Further synchrotron facilities around the globe can be found on 

the “Lightsources” website [18]. Since each instrument will have unique advantages and 

optimisations, contacting the beamline scientists is highly recommended for ensuring the best 

suited instrument is selected for your scientific case. 
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