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Abstract 
There is a growing interest in exploring novel material combinations and processing technology to 

manufacture complex 3D shaped polymer and composite structures. In the field of prosthetics and 

orthotics, this need is significant with additional challenges of providing patient specific 

customization to these devices in a cost-effective manner. Thermoplastic based materials(TP) 

including thermoplastic elastomers (TPE) and their composite counterparts have the potential to 

address these applications. 

 

The objectives of the research are to develop composite preforms that can conform to complex 3D 

structures, understand the processing phenomena in particular the fusion bonding mechanisms of 

different thermoplastic materials forming hard and soft interfaces and finally develop processing 

strategies that are suitable for the manufacture of complex 3D structures with these multimaterials.  

 

A novel TPE based composite preform consisting of continuous glass fibres was first manufactured 

by a continuous melt impregnation technique, extremely well suited for the studied TPE material. 

This process resulted in superior fibre wetting and impregnation characteristics for the composite 

preform. Furthermore, TPE reinforced by glass fibres provided preforms which can conform easily 

to 3D shapes owing to the flexible nature of the matrix. Then isothermal integration of 

polypropylene based glass fibre (iPPGF) composites with the TPE materials was studied and the 

bond strengths of bilayer specimens under different processing conditions were determined. The 

bonding temperature and pressure were tuned to promote the best fusion bonding conditions which 

was verified from peel tests and microscopic characterization of the interfaces.  

 

Further improvements in bond strength and fusion bonding time was achieved by non-isothermal 

fusion bonding techniques namely overmolding and 3D printing. The processing windows were 

then obtained for these two processes under a wide range of fusion bonding conditions and for 

various TPE and TP based materials. The presence of a continuous plasticized iPP phase in the TPE 

was determined to play an important role in the bonding through the establishment of intimate 

contact and interdiffusion mechanisms during the molding process. The influence of the interface 

temperature and bonding pressure was shown to govern the wetting and intimate contact of the 

interfaces and to compensate shrinkage respectively. The established processing conditions 

permitted tailoring of the bond strengths for TPE-iPP and TPE-iPPGF interfaces. These results can 

be directly applied for high volume manufacture of complex 3D shaped composite parts. The effects 

of the TPE composition (fillers, reinforcements, TP content, surface roughness…) and of bonding 
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temperature, pressure and time, were thus better understood under the non-isothermal bonding 

conditions encountered in the additive processes. The results of the FDM printing can be combined 

with other low pressure processing techniques such as thermoforming to manufacture hybrid 

multimaterials 3D structures. 

 

The research is applied in developing a hybrid processing technology which proposes the 

combination of thermoplastic-based multimaterials and different processing techniques that are 

suitable for the manufacture of the next generation of composite applications in particular for 

customized affordable prosthetic limbs. 

 

Keywords: Fusion bonding, TPEs, thermoplastics, composites, overmolding, FDM, 3D printing 
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Résumé 
 

Un intérêt particulier est accordé actuellement à l'exploration de nouvelles combinaisons de 

matériaux et de mises en œuvre pour fabriquer des structures tridimensionnelles (3D) complexes en 

polymère et composite. Dans le domaine des prothèses et orthèses, ce besoin est important afin 

d’offrir à moindres coûts une personnalisation spécifique de ces dispositifs. Les matériaux 

thermoplastiques (TP), les élastomères thermoplastiques (TPE) et leurs composites ont le potentiel 

pour répondre aux divers besoins de ces applications.  

 

Les objectifs de ce travail sont alors de développer des préformes composites qui peuvent se 

conformer à des structures 3D complexes, de comprendre les phénomènes de mise en œuvre en 

particulier les mécanismes de liaison par fusion de différents matériaux thermoplastiques formant 

des interfaces de rigidités et déformations variables et enfin de développer des stratégies de mise en 

œuvre adaptées à la fabrication de structures complexes 3D avec ces multimatériaux. 

 

Une nouvelle préforme composite à base de fibres continues de verre a d'abord été fabriquée par 

une technique d'imprégnation en fusion continue adaptée aux TPE. Le procédé permet d’obtenir 

une meilleure mouillabilité et imprégnation des fibres.  De plus les TPE renforcés de fibres de verre 

offrent des préformes facilement configurables en 3D grâce à la flexibilité de leur matrice.  

Ensuite, l'intégration isotherme de composites fibres de verre/polypropylène (iPPGF) avec les 

matériaux TPE et les forces de liaison de ces éléments bicouches ont été déterminées dans 

différentes conditions de mise en œuvre. La température et la pression de fusion ont été optimisées 

pour obtenir la meilleure interface entre les différents matériaux.  

 

D'autres améliorations de la résistance interfaciale et du temps de soudage par fusion ont été 

réalisées par des techniques de soudage par fusion non isotherme lors de procédés de surmoulage 

et d’'impression 3D. Les plages de mise en œuvre ont ensuite été obtenues pour ces procédés dans 

une large gamme de conditions de soudage par fusion et pour différents matériaux à base de TPE 

et de TP. La présence d’une phase continue plastifiée iPP dans un TPE fut découverte comme vitale 

pour les mécanismes de contact intime et d’interdiffusion responsable de la qualité du soudage. 

L’influence de la temperature interfaciale et de la pression sur la mouillabilité et le contact intime 

aux interfaces fut démontrée ainsi que leur rôle pour compenser les phénomènes de retrait. Les 

conditions établies permettent de varier la résistance des interfaces TPE-iPP et TPE-iPPGF. Ces 
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résultats sont directement applicables pour la fabrication de grands volumes de structures 3D 

composites.  

 

Les effets de la composition des TPE (charges, renforts, teneur en TP, rugosité de surface ...) de la 

température de soudage, de la pression et du temps ont été mieux compris et ainsi les mécanismes 

physico-chimiques du soudage non isotherme rencontrés dans les processus additifs furent 

appréhendés.  

 

Les résultats de cette recherche sont appliqués au développement d’une technologie de mise en 

œuvre hybride intégrant plusieurs matériaux et procédés pour la fabrication de la prochaine 

génération de structures composites, en particulier pour personnaliser les membres prothétiques à 

moindre coût. 

 
Mots-clés : soudage par fusion, TPE, thermoplastiques, composites, surmoulage, FDM, impression 

3D 
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Chapter 1 Introduction 
 

1.1 Motivations and challenges 
With advances in manufacturing technology comes an urgent need to expand the materials envelope 

and develop processing technologies that address the new functional and design constraints of 3D 

structures. In applications such as prosthetics and orthotics, there is a strong desire to customize 

rehabilitative devices and tailor them to the needs of the individual patient’s body for improved 

performance, comfort and acceptance, while remaining cost effective. These applications often rely 

on the integrated manufacture of multimaterials components with inherent contrast in properties 

such as hardness and stiffness. Thermoplastic elastomers (TPEs) and thermoplastics (TPs) materials 

and their reinforced composites are an increasingly popular choice for such components owing to 

their attractive characteristics compared with thermoset materials, including reformability, 

recyclability, shorter cycle times, cost effectiveness, infinite shelf-life, corrosion resistance, 

versatile mechanical properties (especially toughness and impact resistance) and the ease with 

which they may be combined with each other. The term thermoplastic-based multimaterials 

encompasses both TPs and TPEs, along with their reinforcements and compounds. Depending on 

the volume and customization level required, the processing technology for combining these 

materials varies considerably. The term hybrid processing considers the combination of at least two 

materials bringing different functions and involves the control of processing steps and parameters 

to achieve the fusion bonding between the materials and enhance performance of the final structure

For the selected materials families, sequential molding, or “overmolding” is the most widely used 

technique for the high-volume production whereas vacuum thermoforming and the more recent 

FDM (Fusion Deposition Modelling) based multimaterials 3d printing are promising techniques for 

low volume customized parts.   

 

Overmolding is used widely for a wide range of applications including toothbrushes, soft-touch and 

waterproof overmolded products, automotive anti-vibration mounts and gaskets, and medical 

devices. Under optimized processing conditions, this technique can produce very robust interfaces 

and can be suitable for parts with standardized sizes and shapes. It can be used to manufacture 

rehabilitation devices such as prosthetic feet, fitting adapters, crutches, etc., which are usually 

required in higher volumes. Prosthetic feet in particular have very challenging performance 

requirements, having to withstand a million foot cycles a year under diverse external conditions. A 

strong interface between the load bearing hard keel and soft/flexible cosmesis is crucial to ensuring 
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the long-term durability of the device. The cost-effective prosthetic feet currently available in 

developing countries have poor mechanical performance and fail very early in their designed 

lifetime due to the poorly designed and processed interfaces, involving thermoset based elastomers 

such as polyurethanes. A novel combination of neat or reinforced thermoplastics with TPEs is 

proposed for this particular application, ensuring durability of the part through optimized processing 

conditions of the bonded interfaces.  

 

Overmolding generally relies on the use of expensive automated injection molding machines with 

complex metal molds, making it unsuitable for prototyping or producing low volume custom parts. 

Thus, there is a growing interest in developing cost-effective processes and materials combinations 

for low volume highly customized and complex-shaped products not only for the prosthetics and 

orthotics portfolio, but also in other areas such as protective and sports gear for athletes, wearable 

interfaces, prototyping etc. Research in materials science is currently very active in new materials 

and processing methods, especially in the domain of additive manufacturing. 3D printing of 

synthetic materials such as polymers has become more accessible with the advent of desktop 3D 

printing, i.e. FDM, stereolithography (SLA) etc. There is hence growing interest in using FDM 

technology for manufacturing customized prosthetic and orthotic devices requiring complex shapes 

and functionality, thanks to its cost-effectiveness and ease of automation. In general, FDM 

technology has been very successful for prototyping in limited load applications, but still fails to 

provide the mechanical integrity and material combinations needed for high performance functional 

devices. Desktop 3D printing of thermoplastic-based composites that could meet such requirements 

is still in its nascent stage and there remain considerable challenges in terms of both hardware and 

software. Currently, automated tape or tow layup processes are among the most widely used 

techniques for making complex thermoplastic composite structures, but they generally require 

complex and expensive equipment and are therefore more appropriate to high volume or high value 

applications. Expanding the more accessible FDM platform using composite multimaterials would 

require innovative processing routes and a selection of compatible materials systems suitable for 

3D structures with strong interfaces. This thesis addresses the difficulties involved in building 

custom, cost effective 3D structures where tailoring the bonding of the multimaterials interfaces is 

important for performance and durability of the part. 

 

A critical factor for the mechanical performance and durability of any product is the interface 

between the different materials, which must be tailored to fulfill bond strength requirements under 

diverse loading conditions. Interface formation in processes such as overmolding, fusion deposition 

modeling (FDM), compression molding and vacuum thermoforming typically occurs under highly 
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non-isothermal conditions, involving contact between a polymer melt and a solid substrate that is 

initially at a much lower temperature. This research describes the development of novel 

conformable preforms and integration through fusion bonding of thermoplastic-based 

multimaterials for complex 3D structures with tailorable materials properties. Fusing bonding at 

different interface temperatures over a relatively broad range of well-defined pressures is explored, 

and the observed interfacial strengths discussed in terms of morphology at and close to the interface. 

An improved understanding of the influence of these process parameters during the fusion bonding 

process will contribute to the establishment of a rational basis for the further development of 

processing techniques aimed at producing complex multimaterials components with durable fusion 

bonded interfaces in the limit of very low effective bonding pressures. 

1.2 Application case study 
The results of the thesis will pave the way for building multiscale interfaces using different 

materials, creating gradient and anisotropy with soft and rigid thermoplastic-based materials at the 

micro scale, and fibre-reinforced 3D preform architectures at the macro scale.  A hybrid processing 

technique is proposed for assembling and building 3D structures with such multiscale interfaces in 

a cost-effective manner. The research will be directly applied in the development of novel prosthetic 

limbs, promising improved comfort and performance using this hybrid processing technique.  The 

main scientific challenges for this kind of application may be categorized in terms of structure, 

property, processing and performance, as depicted in Figure 1.1. 

 
Figure 1.1 Scientific challenges for complex, cost effective and customized applications 
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1.3 Objective of the thesis 
The objectives of this work can be summarized as follows: 

 

• To develop 3D conformable preforms with contrast in material properties that can be 

integrated in complex multimaterials structures. 

  

• To gain an understanding of the fusion bonding of compatible thermoplastics, thermoplastic 

elastomers and their reinforced counterparts.  

 

• To investigate the processing conditions and their effects on the bond strength under non-

isothermal conditions for both high volume and low volume processes. 

 

• To evaluate the processing strategies to form 3D structures using suitable 3D printing 

platforms and composite processing techniques. 

 

• To apply and develop a sustainable and cost effective processing technique for trans-tibial 

prostheses. 

 

1.4 Outline of the thesis 
The organization of this thesis is shown schematically in Figure 1.2. Chapter 2 describes the state 

of the art covering the different material systems, processing techniques, fusion bonding theory and 

a review of prosthetic technology. The selection criteria for the materials, processes and 

experimental methods are defined in Chapter 3. The development of novel preforms with high 

contrast in material properties and an ability to conform to 3D structures are discussed in Chapter 

4.  The basic research on fusion bonding of neat and reinforced thermoplastic-based materials under 

well-defined conditions using a high-volume process, namely overmolding, is discussed in detail in 

Chapter 5. Chapter 6 explores low volume custom processing using FDM 3D printing for different 

thermoplastic-based multimaterials interfaces. Processing windows for the different processes are 

summarized and processing strategies are analyzed in Chapter 7, where a hybrid processing 

technique for 3D structures based on the multimaterials studied, forms the basis for the prosthetic 

case study. 
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Figure 1.2 Thesis outline and key topics studied 
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Chapter 2 State of the art 
 

This chapter will first provide a background on thermoplastic-based material systems, focusing on 

TPE composites, which are not yet extensively used commercially. An overview of the properties 

of these materials and their different processing techniques are given. This is followed by a 

discussion on fusion bonding theory, which will be applied to the integration of the different 

materials. Finally, an overview of prosthetic leg technology is given, showing the different parts, 

requirements and performance characteristics of a passive transtibial prosthetic leg. This chapter 

will provide key insights into the state of the art in the field and highlight the research that will be 

developed to promote the integration of this kind of multimaterials into 3D structures. 

 

2.1 Materials system overview 
The two families of polymeric materials that will be explored in this research are thermoplastics 

(TP) and thermoplastic elastomers (TPEs). These materials are generally known to be recyclable, 

cost-effective and suitable for a wide range of applications such as consumer, automotive, medical 

and aerospace sectors. They have different basic polymer structures as illustrated in Figure 2.1. 

Thermoplastics are polymers that are softened or melted by heat and hardened by cooling. They are 

usually linear chain molecules that can be repeatedly reprocessed. Thermoplastics are classified into 

semi-crystalline and amorphous depending on the molecular chains. TPEs are a class of co-

polymers or a physical mix of polymers usually a thermoplastic and a rubber. For example SEBS 

(poly(styrene-ethylene/butylene-styrene)) can involve hydrogenation of copolymers like SBS to 

form the final TPE SEBS which has hard thermoplastic polystyrene (PS) domains and soft 

elastomeric domains of poly (ethylene-co-butylene) (EB). They possess the process ability of 

thermoplastics and the elasticity of vulcanized rubber. The bonds between the TPE chains are 

physical crosslinks whereas the bonds between the domains are covalent linkages as depicted in 

Figure 2.1. 
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Figure 2.1 Difference in thermoplastic and TPE polymer structures 

The properties of TPs and TPEs can be enhanced by additives and/or reinforcements to enhance 

their properties. Additives such as processing aids, heat stabilizers and compatibilizers are widely 

used in both the material families to create compounds with optimized properties for the intended 

processing technique and application. Reinforcements such as continuous fibres or discontinuous 

short fibres of glass, carbon, Kevlar, natural fibres or particulate-based fillers are usually used to 

improve the mechanical properties. Figure 2.2 describes this versatile material system offering 

various combinations that can be tailored for suitable applications. Thermoplastic-based composites 

offer distinct advantages over thermoset composites such as short processing times, increased 

impact strength properties, longer shelf life, recyclability and reprocessability. Thermoplastic 

composites are increasingly becoming popular and are commercially available in different forms 

for example chopped pellets, prepregs, laminates, tapes and comingled fibres. TPE composite 

preforms with continuous fibres are not widely available except for a few suppliers like Lanxess 

AG offering TPU/carbon and glass fibre composite laminates under the brand TEPEX® Dynalite. 
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 Figure 2.2 Versatility in material combinations for TPEs and TP composites 

TPE composites particularly have the unique ability to be made tough or flexible depending on the 

compliant matrix and the fibre geometric configuration. The advantages of neat TPEs include their 

toughness, low temperature flexibility, moderate abrasion resistance, chemical and weathering 

resistance, moderate service temperature capability, a broad hardness range and ease of processing. 

However, they suffer from limited load bearing ability, limited resistance at elevated temperatures, 

limited fire resistance and a tendency to creep. Some of these disadvantages may to some extent be 

overcome by the use of fibre reinforcements such as glass, as reported by JE Theberge [1] . This 

has motivated research on various different continuous fibre and fabric reinforced TPE systems, as 

well as short fibre and particulate reinforcements, which have mainly been considered as a means 

of improving the mechanical performance and thermomechanical properties.  

The term "flexible composites" was used by TW Chou [2] in the 1980’s to identify composites 

based upon elastomeric polymers of which “ the usable range of deformation is much larger than 

those of the conventional thermosetting or thermoplastic polymer-based composites.” At this time, 

applications in the pneumatic tyres and conveyor belt were being analyzed in which such flexible 

composites could sustain large deformation and fatigue loading and still provide a high load-bearing 

capacity. In his 1989 review on flexible composites he examines the linear and nonlinear behaviour 

of cord/rubber composites, coated fabrics and composites containing wavy fabrics. It has been 

observed in literature that there are many research works focused on short fibre elastomeric 

composites rather than continuous fibre reinforced elastomers. This is probably due to the 

application interest and also owing to the complex loading behaviour of continuous fibre flexible 

composites.  Continuous fibre reinforced flexible composites offer a very unique design capability 
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in composites, which can be difficult to achieve with the more traditional rigid matrices. These 

special features shall be discussed in more detail in the next section.  

2.2 Properties of thermoplastic-based composites 
TPEs and TPs have characteristic mechanical properties which vary by orders of magnitude as 

shown in the Ashby plot in Figure 2.3.  

 
 Figure 2.3 Ashby Plot showing the Young’s moduli of different materials 

A more detailed material selection for the materials used in the research is presented in Chapter 3. 

The properties of TPE composites differ from traditional rigid composites in several ways and this 

is described in more detail in this section. TPE composites also show low shear moduli and hence 

large shear deformations, permitting changes in orientation of the fibres. Hence in addition to the 

nonlinearity of the matrix there may also be a contribution to the non-linearity in the composite 

from changes in the fibre orientation [3]. When curved fibres or crimped fabrics are used, there may 

be an increase in the stiffness during tensile loading, for example. Composite properties generally 

depend on fibre orientation, but anisotropy may be particularly large in TPE composites, as seen in 

UD Kevlar-49/silicone elastomer composites [4] and Santoprene/Kevlar composites [5]. The 

mechanical response of TPE or elastomer based composites has been extensively studied with 

different material combinations and it has been observed that the mechanical response of the 

composite is also influenced by the matrix and fibre type, as well as the fibre arrangement. Studies 

by Peel et al. [6] on polyurethanes with different hardness have shown that for a given type of glass 

fibre the softer elastomers produced the highest loss factor, and for a given elastomer the stiffest 
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reinforcement produced the highest damping.  Kishi et al. [7] have studied damping properties by 

interleaving TPEs in carbon fibre reinforced epoxy composites. They have found this to have a 

significant effect on damping. It was seen that the damping properties not only depend on the 

viscoelastic properties of the interleaved TPE but also on the fibre architecture. 

 

TPE composites show greater impact strengths when compared to epoxy composites, as tested by 

Rathnam et al. [8] for different materials. It was observed that for the same resin type, glass fibre 

reinforced specimens performed better than carbon fibre reinforced specimens. Rigid elastomer 

composites also performed better than intermediate stiffness elastomer composites, although the 

intermediate stiffness elastomer showed fewer tendencies to fracture or delaminate. Moreover, 

when specific impact resistance was considered, the elastomer composites were far superior to 

metals. 

 

The processing technique and the processing parameters also play a key role in the properties of 

TPE composites. Shonaike et al. ([9],[10],[11],[12]) have studied different TPE systems and the 

influence of processing parameters such as impregnation time and temperature. It was found that 

with increase in impregnation time, the bending properties and tensile strength in the transverse 

direction increased. However despite good impregnation after long processing times, SEM 

micrographs of fracture surfaces showed rather poor fibre/matrix adhesion [11]. High processing 

temperatures improve the interfacial adhesion for shorter processing times but may also lead to an 

increased void content owing to matrix degradation. In certain cases, the degree of impregnation is 

not influenced by the cooling conditions [9]. In semi crystalline TPEs, the impregnation time may 

also affect the crystallinity.  

Various flexible composite systems have been studied from the literature and the following general 

trends have been observed: 

Influence of the processing conditions  

• Increase in impregnation time decreases the void content   

• Increase in impregnation time improves mechanical properties such as the transverse 

bending strength 

• Increase in processing temperature degrades the mechanical properties 

• Increase in impregnation time increases crystallinity in certain polymers 

Influence of the interface 

• The adhesion of glass fibres to TPEs is generally poor, as observed by SEM fractography 

but with suitable coupling agents the adhesion can be improved. 
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Influence of design 

• Fibre orientation is highly important for mechanical properties and may be used to tailor the 

tensile behaviour of the composite 

• The volume fibre fraction and matrix properties are important in flexible composites 

• Adding TPEs to composites improves the mechanical and acoustic damping  

• TPE based composites have very good impact properties 

 

In applications that require large deformation of the flexible composite, it is necessary that fibres 

deform along with the matrix. This behavior is possible using short fibres, arranging continuous 

fibres in such an orientation that they are allowed to rotate as the load increases, and using 

reinforcements in woven, knitted, braided, or other wavy forms [2]. As mentioned earlier, under 

axial loading the curved or wavy fibres are gradually straightened resulting in enhanced stiffness 

with increase in deformation. Hence, these flexible composites exhibit low stiffness under a 

relatively low applied stress and high stiffness and strength under a high-applied stress. The same 

kind of behaviour is also observed in knitted fabrics with even larger displacements due to the textile 

structure. For example, tests by Bekisli et al. [13] using biaxial bubble inflation on TPE knitted 

fabric composites have shown good performance in this respect. 

The theory behind the nonlinearity of flexible composites was described by Chou et al [14] and he 

has also studied the effect of fibre waviness. A constitutive model based on a Eulerian approach 

was developed and experimentally verified. Fibre reinforced elastomers also possess the unique 

property of very high or negative Poisson’s ratios, depending on the lay-up, orientation and 

materials combinations [15] . High and negative Poisson ratio laminates can be used for micro-

actuators, dampers, body armor, helmets, biomimetics etc. These materials can produce damping 

greater than traditional orthotropic fibre reinforced elastomers. The Poisson’s ratio also influences 

the damping properties of the composites.  

2.3 Processing of thermoplastic-based composites 
The current trend in processing of composites is driven more towards more cost effective, eco-

friendly and rapid processing techniques especially for mass production. It is important to note that 

the material physical properties, material microstructure and processing conditions set the 

theoretical limits for rapid processing [16]. Processing of composites in general can be done in 

several ways as depicted in Figure 2.4 depending on the kind of polymer matrix and reinforcement 

types used. The processing of thermoplastic-based composite preforms in general involves the 

following three steps: 
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1. Melting of the polymer 

2. Impregnation 

3. Solidification 

Whereas the consolidation of the composite involves: 

1. Removal of voids 

2. Intimate contact and healing between yarns and plies

3. Solidification and crystallization (with semi crystalline polymers) 

 

 
Figure 2.4 Alternative processing routes for thermoplastic-based composites (modified from [17]) 

The impregnation of the polymer matrix into the reinforcement is a very important parameter 

controlling the quality and performance of the composite especially in the long term. Thermoplastic 

composites are advantageous over thermosets in many aspects but are known to have challenging 

impregnation kinetics due to their high viscosities. This prevents the composite to have higher 

volume fractions of the reinforcements and sets limits to the performance. More recent 

thermoplastics and thermoplastic elastomers offer a better scope with their lower viscosities and 

certain commercial compounds can have good thermo-mechanical properties additionally. The 

impregnation kinetics governed by Darcy’s law is given by [16]: 

      (2.1) 

 

where  is the superficial velocity of fluid,  the porosity of the porous medium, L the flow distance 

in the z direction, t the time, K the permeability of the porous medium,  the viscosity of the 

Newtonian fluid, and P is the pressure. The impregnation time is evaluated as: 
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    (2.2) 

 

Where Pa and Pc are the applied pressure and capillary pressure. Pf is the pressure carried by the 

fibres. It can be noted that by reducing the flow distance, it is possible to decrease the impregnation 

time. This concept has led to the development of different kinds of preforms. Figure 2.5 shows the 

typical processing cycle and material transformation phenomena for thermoplastic materials that 

also suits TPEs. 

 
Figure 2.5 Processing cycle and material transformation phenomena for thermoplastic-based 

materials [17] 

By having a thorough understanding of the material transformation phenomena, a more efficient 

manufacturing process can be adapted for the composite system. Thermoplastic composite systems 

have been already studied well as reviewed by Vaidya et al., [18], commercially available and are 

widely used in the sports, medical and automotive industries. Whereas TPE composites are not so 

popular yet, so this section shall mention more examples of processing done for this family of 

materials which can also be applied to thermoplastic composites. The processing techniques used 

can be split into 2 major categories namely batch based processing and continuous processing, as 

described below: 

 

2.3.1 Batch based processing 

Filament winding and compression molding 

Filament winding or tape winding have been used for many years especially in the space industry 

to make hollow structures. Preimpregnated thermoplastic tapes such PEEK/CF or PP/GF are usually 

heated by gas torches and wound around soluble core mandrels with a chilled consolidation roller 

applying pressure. Shonaike et al. ([9],[10],[11],[12]) have investigated several TPE based 
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composites made by batch processing techniques. In this method, the TPE pellets were predried and 

spun into fibres using a laboratory type extruder. The glass fibre and elastomer fibres were 

unidirectionally wound layer upon layer on a metal frame and was then placed in a specially 

designed mould that prevented the matrix resin from flowing out. Compression moulding was used 

to consolidate the composites. The cooling was varied by using iced water for rapid cooling and air 

for gradual cooling of the samples.  

 

Film/fabric stacking and compression molding  

One of the most simple ways to make fabric based thermoplastic-based composites is by stacking 

layers of TP or TPE sheets with the desired reinforcement fabric, according to the layup sequence, 

and then compression molding them in a press ([13], [19]). This process can have long cycle times 

and is suitable for low volume products with simple geometries. 

 

Bladder inflation molding 

Hollow composites can be produced by a technique known as bladder inflation molding. In this 

technique, a bladder is used to hold the reinforcement usually in the form of a braid and then the 

polymer resin can be applied to the reinforcement as a wet layup or by placing a sheet of polymer 

around the braid and then molding it. Peel et al. [20] have used a similar technique to manufacture 

rubber muscle actuators (RMA) using TPEs. 

 

2.3.2 Continuous processing 

Most of the continuous based processing methods are employed in the production of composite 

profiles, conveyor/transmission belts, ropes, and coated fabric applications. The basic process 

involves bonding the thermoplastic or TPE onto the reinforcement, which is continuously drawn. 

The bonding process can be done by several methods such as calendaring, melt impregnation, hot 

bonding etc. 

 

Calendaring 

In this method, the reinforcement is passed in between the thermoplastic or TPE sheets and through 

several calendaring rolls for impregnation and bonding by heat and pressure.  This method is 

typically used to manufacture conveyer belts and reinforced TPE cords. 

 

Melt impregnation and pultrusion techniques 

For thermoplastic-based composites, pultrusion is a common method of producing profiled 

composite structures. Pultrusion usually involves a melt impregnation in order to impregnate the 
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fibres. In this process, the fibres are passed into an impregnation unit containing the molten polymer. 

This method can also be used for low viscous thermoplastic elastomer materials. Prior to 

impregnation the fibre is passed through spreading pins to spread the fibre improving the 

impregnation.  

 
 Figure 2.6 Melt impregnation setup [21] 

Devices have been developed to improve the speed of production with good impregnation by the 

use of powered rotating spreader with convex conical shapes.  Speeds up to 1 m/s with good 

impregnation quality have been reported using this kind of device [22]. 

 

2.3.3 Hybrid processing 

There are several processing techniques employed by different research groups and industries, 

which involve a combination of different processes. These techniques usually adopt a 2-stage 

process involving the production of a preform followed by an overmolding process. Most of these 

methods discussed below are used for thermoplastic materials but they can be adapted to meet 

thermoplastic elastomers. An example of such a processing method using thermoplastic materials 

is shown in Figure 2.7 emphasizing the method used for automotive components.  

Figure 2.7 Press forming combined with injection molding process [23] 

Such processing techniques enable the production of composite components with high stiffness and 

fast cycle times. Some research groups are focused more on tailored local reinforcements and using 

tape laid up preforms. A machine as shown in Figure 2.8 can precisely place the tape in the desired 
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orientation and sequence automatically. This technique is suitable for mass production of composite 

parts especially in the automotive industry. In this kind of technique, the tapes can also be 

consolidated while being laid up. There are several ways of doing this such as laser assisted, flame, 

heat etc.   

 
Figure 2.8 UD tape layup combined with injection molding/compression molding process also 

using LFT (bottom) [24] 

Laser-assisted thermoplastic tape laying shown in Figure 2.9 is becoming an attractive option due 

to their higher throughputs, energy efficiency and accuracy. The temperature can also be controlled 

very precisely and maintained at a local area leading to good consolidation as shown in Figure 2.10. 

Figure 2.9 Tape-laid and tape-wound continuous CFRT (courtesy Fraunhofer IPT) 
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Figure 2.10 Comparison of CF/PEEK laminate qualities produced with laser –and IR-assisted tape 

laying processes (courtesy Fraunhofer IPT) 

Different processing equipment are integrated into work cells, which are often automated by robots, 

to manufacture the final composite parts as shown in Figure 2.11. These work cells enable mass 

production of structural composite parts efficiently. 

Figure 2.11 Automated work cell adopted by BASF/Faurecia for automotive components 

(Courtesy: PMC Baycomp) 

2.3.4 Integrated processing 

This is also a kind of hybrid processing and is a very versatile process developed since the 90’s at 

the Laboratory of Polymer and Composite Technology (LTC) from EPFL in which the neat 

polymers and composites are combined in a single operation to reduce the manufacturing cost by 

the suppression of intermediate processing and assembly steps [17]. In this process, reinforcements 

in the form of commingled yarns or melt-impregnated tows can be used. The studied material 

transformation steps are described Figure 2.12. 
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Figure 2.12 a) Materials, b) processes and d) material transformation steps to integrate to produce 

samples with selective reinforcement, c) evolution of cross-sections from initial tow to the final 

integrated part [17] 

The setup consists of a tow placement unit and an overmolding unit. The tow placement is done 

robotically which simultaneously heats and consolidates the preforms as shown in Figure 2.13. This 

consolidated preform is placed into a mold for the overmolding process which can be done by 

compression molding and/or injection molding. 

 
Figure 2.13 Tow placement facility schematic [25] and integrated processing setup [26] 

This processing technique can be used in combination with several processing platforms such as 

injection molding, compression molding thermoforming or even blow molding. By using such a 

processing technique, it is possible to tailor the properties of the composite locally in the structure. 

Also, integrated processing allows to design parts with tailored stiffness by the use of different 

material systems and to design forms in different processing methods as depicted in  Figure 2.14. 

Applications combining stamped fabrics, local tows and injected thermoplastics have been 

developed for automotive applications in particular[27].  
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 Figure 2.14 Combination of intrinsic and design stiffness by combination of various material 

forms and processing techniques [17] 

2.3.5 Fusion Deposition Modeling  

Fusion Deposition Modeling (FDM) is one of the most popular kind of additive manufacturing 

(AM) techniques used for primarily thermoplastic based materials and is currently being extended 

for TPEs, ceramics, composites and other novel materials. FDM based techniques can reduce the 

design-manufacturing cycle and has proved successful to prototype products including complex 

shapes. The key advantages of FDM process are low investment and operating cost, less material 

waste, adaptable for material changes, accessible and large open-source community. Some 

disadvantages are the surface finish and the strength of the parts for high performance applications. 

The basic principle of FDM is a thermoplastic polymer filament being melted in a hot end nozzle 

and deposited on a platform based on the designed 3D solid model. A control unit programmed by 

a G code controls the deposition and movement of the head and bed platform. The designed 3D 

model is converted into the G code using a slicer software. The basic FDM process is shown in the 

schematic Figure 2.15. 

 
Figure 2.15 FDM Process schematic [28] and extrusion head [29]
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The polymer filament usually available for standard desktop FDM machines are 1.75mm or 3mm 

diameter and they are deposited into layers as small as 50 microns up to 1mm precisely. Each layer 

is basically fusion bonded and the parameters such as nozzle temperature, printing speed, layer 

height, etc. can influence the adhesion of the layer. The percentage and pattern for the infill can be 

designed, influencing the strength of the parts and time required to print. There are recent 

commercial 3D printers that can print TPE materials with hardness greater than 80 shore A. 3D 

printing softer TPEs pose a problem in driving the soft filament through the nozzle without filament 

buckling and tangling issues at the drive gear. Also, it is possible to combine different materials 

during the print using mixing nozzles and dual printers. This can be used to print complex shapes 

and movable parts using soluble filaments such as PVA or HIPS. Also, this allows creating a 

gradient in properties in the print such as colors, hardness or functionality such as conductivity etc. 

An example of TPU and PLA combination is shown below. 

 
 Figure 2.16 Dual material Print PLA and TPU (http://www.gyrobot.co.uk/) 

Some printers can print short fibre composites and nanocomposites using premixed filaments. They 

have shown to increase the mechanical properties of the neat polymers [28]. Also, there are a few 

printers such as MarkForged shown in Figure 2.17 that are capable of printing continuous 

thermoplastic composites like glass fibre or carbon fibre reinforced nylons. The nozzle combines 

the thermoplastic filament and reinforcing fibre creating a local impregnated composite, which is 

laid up by the printing head. 

 

 Figure 2.17 MarkForged 3D printing and part details (https://markforged.com/)
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The next section shall explain in more detail the principle of fusion bonding, which governs the 

material integration steps in processes like overmolding, FDM, and integrated processing.

2.4 Fusion bonding theory 

This method consists of joining two polymers together in close contact at a temperature above the 

glass transition Tg for amorphous polymer and above the crystalline melting temperature for semi-

crystalline polymer. The fusion bonding thermal process is achieved in a window with the 

temperature in function of the time of the process represented in Figure 2.18. During the bonding 

phase it is important to control the temperature and time parameters to be in the region of optimal 

bonding.  

 
 Figure 2.18 Process window for fusion bonding [30] 

2.4.1 Mechanisms 

Various mechanisms may be involved in bonding at the interface, according to the physical and 

chemical interactions between the different components. These have been widely investigated for 

homogeneous or reactive interfaces between amorphous [31] and semicrystalline thermoplastic 

polymers [32]. In either case, development of bond strength involves intimate contact, followed by 

establishment of specific interactions and/or interdiffusion of the polymer chains across the 

interface and, finally, vitrification or crystallization of the molten phase(s) [33]. Finally more than 

one mechanism may contribute to the overall adhesion [26]: 

• Interdiffusion: When both sides of amorphous polymers are melted; the polymer chains 

diffuse through the interface. A good cohesion is observed when the diffusion distance of 

the molecules is enough to create entanglements on both sides of the interfaces. The two 

models describing the molecular diffusion are the Rouse Theory [34] and the reptation 

theory of de Gennes [35] . A schematic representation of healing of the interface describing 

by Wool et al. [36] is represented in  Figure 2.19. 
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Figure 2.19 Healing of polymer-polymer interface with a) two distinct interface, b) intimate 

contact is created and c) interdiffusion across the interface [36] 

• In-situ chemical: This in-situ mechanism is present in the case of bonding immiscible or 

incompatible polymers. Block copolymers are used at the interface as a glue to form 

chemical bonding when each block is compatible with one of the two polymers.  

• Co-crystallisation: The mechanism is represented in Figure 2.20. At t=0, the molten 

polymer enters in contact with the solid polymer and flows to the surface irregularities to 

obtain intimate contact. At t›0 and t‹thold, the heat of the molten polymer begins to melt the 

interface of the solid polymer that creates a closed contact with the molten chains. Finally 

at t›thold, the bonds are quenched and begin to form solid-melt boundary that create a link 

across the interface [32]. 

 
 Figure 2.20 Co-crystallisation mechanism [32] 

• Physical adhesion: this mechanism is the simple interlocking and adhesion through the 

asperities of the material that results in small bond strength and a small contact area. 

 

The choice of process parameters strongly influences the relative contributions of these different 

processes. For example, in non-isothermal processes, such as overinjection, that are associated with 

short process times, flow at the interface is assumed to play an important role, in which case the 

applied pressure and the temperature dependence of the viscosity of the molten phase(s) may be 

crucial for the bonding kinetics. A number of studies have also focused on fusion bonding between 

semicrystalline thermoplastics and overinjected TPEs, thermoplastic vulcanates (TPVs) or 

polyolefin copolymers ([33],[37],[38],[39]). Depending on the specific system, mechanisms such 
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as mechanical interlocking, interdiffusion, co-crystallization or a “Rouse-type fingering 

mechanism”, i.e. partial interpenetration of the interface over depths equivalent to the longest Rouse 

chain length [39] have been invoked to explain the variations of bond strength with temperature, 

pressure, time and surface roughness.  

 

Overall it appears that there are two main mechanisms involved in the bond adhesion between the 

materials used in the research (PP and SEBS compounds), depending of the scale we consider. 

Adhesion at a small scale is described by the development of entanglements between the chains of 

the two polymers due to the diffusion of its chains across the interface. Thus, the strength of the 

interface is directly influenced by the depth of this interdiffusion. Moreover, the increase of the 

thickness (and thus the adhesion strength) of the interface is due to thermodynamic diffusion or 

adsorption of ethylene butylene (EB) blocks into the PP matrix (however, this is limited by the 

formation of poly styrene far away from the interface and PS blocks are highly incompatible with 

PP). This is the driving force for mixing PP and SEBS, due to the random character of the EB blocks 

copolymer which can be considered as a random copolymer with ethene and but-1-ene segments 

and that might contribute to improve miscibility with PP [40] . 

Adhesion at a large scale is determined by the development of an intimate contact between the 

polymers, Weng & Al [41] have shown that high injection temperature and a long contact time 

between the two polymers have a significant impact on the degree of molecular interpenetration. 

This time can be seen as the time to reach a full intimate contact, meaning D=1, D being the degree 

of intimate contact describing the fraction of bond area that is in intimate contact. In the case of 

asperities on the surface, according to Figure 2.21, this value is given by: 

    (2.3) 

 

Where b is the width of a rectangular asperity. 

 
 Figure 2.21 Rectangular elements representing the evolution of a rough surface during fusion 

bonding (Dara & Loos [42] ) 

The time to reach a full intimate contact is given by: 
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   (2.4) 

Where  is the time dependent viscosity and P the pressure. Note that this equation is linearly 

dependent on the viscosity but inversely dependent on the pressure applied, suggesting that the best 

properties of the interface in term of strength will be reached at high temperature (meaning low 

viscosity) and pressure. Moreover, the roughness seems to play an important role because of the 

increase of specific surface.  

 

However, several other conditions may be required for over molding polymers: The viscosity of the 

injected polymer must be low enough and its critical surface tension must be lower than the surface 

free energy of the “static” polymer. This is because it has to fill the imperfection by capillarity and 

create a mechanical interlocking. 

 

2.4.2 Non-isothermal fusion bonding 

Non-isothermal fusion bonding is when two polymers with different interface temperatures are 

placed in contact to form a bond. It typically involves a melted polymer come in contact with 

another polymer in the solid form. In order to decrease the surface energy, the melted polymer will 

increase the contact area with increase in intimate contact. Compared to isothermal fusion bonding 

it gives better quality adhesion because the rapid cooling of the melted polymer (when it comes in 

contact with the “solid” and colder polymer) forces it to crystallize and creates Van der Waals 

interaction across the interface. This example follows the co-crystallization mechanism [43] if the 

solidifying polymer crystallizes at the interface.. The temperature at the interface of a non-

isothermal fusion bonding is given by the average of the temperatures of the two surfaces T1 and 

T2:  

   (2.5) 

 

Many of these studies indicate the melt and interface temperatures to play a dominant role in bond 

strength development, but the effect of pressure during the interface formation remains unclear, 

particularly at very low levels.  

 

Moreover, past overmolding studies have generally only considered the effect of bonding pressure, 

Ph, on interfaces formed in the injection phase, during which the maximum pressure may differ 

significantly from the final Ph. The aim of the present work has been to investigate fusion bonding 

of TPE and isotactic polypropylene (iPP) at different mold temperatures, Tm, over a relatively broad 

range of well-defined pressures, and to interpret the observed interfacial strengths in terms of 
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morphology at and close to the interface. In addition to its direct implications for overmolding, an 

improved understanding of the influence of pressure during the fusion bonding process should also 

contribute to the establishment of a rational basis for the development of additive processing 

techniques aimed at producing complex multimaterials components with durable fusion bonded 

interfaces in the limit of very low effective bonding pressures. 

 

2.4.3 Interface structure, morphology and characterization 

As mentioned earlier the bonding takes place at different scales. At a large scale, the wetting and 

the flow of the polymer are the main involved mechanisms and the interface temperature must be 

increased to a value where the viscosity is low enough for the polymer to flow. Also, the 

rearrangement of the asperities on the surface operates by changing the degree of intimate contact. 

At a lower scale, diffusion occurs and if the interface temperature is higher than the glass transition 

temperature of the “static polymer”, its adhesion strength will be principally determined by 

interdiffusion of the chains through the interface. Note that a crystalline structure will promote 

interdiffusion compared to an amorphous structure. In our case, PP is isotactic with ~60% 

crystallinity. Finally, during solidification, several mechanisms of crystallization take place 

determining the final microstructure.  

S.Setz and al. [40]  have shown that nucleation effect occur when SEBS is mixed with PP. Indeed, 

after that a blend of iPP/SEBS (70/30 %) was placed at 165°C for several hours, TEM measurements 

reveal that the SEBS copolymer particles phases are dispersed in iPP matrix. These particles are 

between 150nm and 1µm size and a more precise analysis shows a microphase separation of the 

SEBS with thinner lamellae of PS separated by 15-20nm. Moreover, on the edges of these particles, 

lamellae of iPP growing at interface can be observed (but not in the bulk phase), proving some 

nucleation effect. Further at the interface, a dissolution process of the block copolymer inside the 

ipp matrix can be observed. This dissolution acts through the migration of microdomains of PS 

starting at the interface (Figure 2.22) to separate from the bulk and decrease in size. This has the 

effect of increasing the roughness of the peripheral layers as shown in Figure 2.22. 
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Figure 2.22 TEM micrograph of an interface between iPP and SEBS after 2h at 165°c (left) and 

the same image in 3D (right). [40] 

The durability of multimaterials is generally dependent on the nature of the interface. Mechanical 

interface tests like peel tests, tensile tests and flexural tests can be done to test the bond strength of 

the interfaces. For composite materials, there are three main factors that determine fibre/matrix 

adhesion: (i) covalent bonds between the fibre and matrix (chemical bonding), (ii) wettability of the 

fibre by the matrix (physical bonding); (iii) micromechanical interlocking [44] A strong interface 

in composites will transfer load from the matrix to the fibres more efficiently. There are several 

methods to assess the interfacial strength of the fibre/matrix as illustrated in Figure 2.23.  

 
 Figure 2.23 Methods for the measurement of the fibre/matrix bond strength (a) transverse 

bending, (b) single-fibre pull-out, (c) micro bond, (d) fragmentation, (e) micro-indentation [16] 

At the microscopic scale, the fragmentation test method has been used extensively to determine the 

bonding characteristics between the fibre and the matrix [44]  This test can be used to compare the 

adhesion quality of different fibres to the polymer matrix. Moreover, it can also be used to estimate 

the interfacial shear stress of the interface by the use of suitable models. The interfacial shear stress 

can be higher or lower than the shear strength of the matrix depending on the polymer and fibre 
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system studied. At the macroscopic scale, matrix-fibre adhesion may be studied by peel tests, 

cantilever bond tests etc. 

 

2.5 Applications 
The stiffness, elongation to failure, energy absorbing capacity, etc., of composites can be tailored 

to suit specific applications through the judicious selection of fibre/matrix materials systems and 

the fibre geometry. Thermoplastic composites have started to gain a lot of interest in the automotive, 

aeronautical and sports sectors primarily. Novel car bumper beams, turbine rotor blades and bicycle 

frames are a few examples to mention. 

 

TPEs reinforced with continuous fibres have the potential to provide new design possibilities where 

high load-bearing requirements are combined with a need for excellent impact and damping 

performance. Noteworthy examples are semi-structural applications in the automotive industry 

where crash performance is required (incl. pedestrian safety), applications in the sports & leisure 

industry, where feel & control performance must be balanced with stringent safety requirements, 

and in medical applications such as prosthetics and orthotics, where tailored stiffness and comfort 

are essential for high performance and improved comfort. 

 

TPE composites can be used for suspension systems in automotive applications. Benteler-SGL and 

Henkel have developed a process for resin transfer molding (RTM) of glass-fibre-reinforced leaf 

springs that uses a polyurethane matrix resin. Compared to conventional leaf springs made of steel, 

these composite leaf springs are up to 65 % lighter and are expected to last longer. 

 

       

 Figure 2.24 Polyurethane based composite leaf spring and Twin shuttle RTM processing 

equipment (courtesy compositestoday) 

They can be used in high performance applications such as ski boots, helmets, protective padding 

etc., where impact resistance is a key factor, as shown in Figure 2.25. 
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Figure 2.25 TPE composites used in sports applications (courtesy bond laminates) 

The application of the current research is tailored towards the field of prosthetics, which is reviewed 

in the next section. 

2.5.1 Prosthetic leg technology: overview 

The primary reasons for amputation are accidents, injuries, diseases and birth defects. Fortunately, 

with the improvements that have been achieved in the prosthetics field, amputees can overcome 

their physical disability to a large extent by using prosthetic devices tailored to specific activities 

and goals provided they can get access to it. Lower limb amputation can be categorized as shown 

in Figure 2.26 a. As mentioned earlier the current prototypes shall focus on prosthetic solutions for 

transtibial (below knee) amputees owing to the complexities involved in the design of prostheses in 

other kinds of amputations and also the fact that a large number of amputation cases are below the 

knee amputation. But the processing technology developed shall be capable of addressing other 

forms of amputation where loadbearing and comfort are the primary concerns. 

 
 Figure 2.26 a) various levels of lower limb amputation [45]  ; b) Lower limb exoskeleton 

prosthesis [46] 

Below knee prosthesis  

A basic below knee prosthesis consists of a suspension, liner, socket, a pylon and a prosthetic foot 

as depicted in Figure 2.26 b. Each part of the prostheses has a very specific function which shall be 

discussed next: 

It holds and stabilizes the artificial limb and must always be snug fitted. The suspension can be a 

belt or incorporated into the socket/liner design.  The latest advancements in the suspension method 
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include active vacuum based systems or volume adjustable wire meshes for superior comfort and 

fitting. Examples of the most common suspension types are shown in  Figure 2.27.  

 
 Figure 2.27 Various suspensions: straps, pin locks, sleeves, active vacuum types and anatomical 

fits [47] 

The liner is typically made from a softer material than the socket, acting as a protective layer to the 

residual limb providing comfort and preventing skin breakdown due to constant use. Typical liner 

materials used are TPE gels, silicone, foams as shown in Figure 2.28. The benefit of silicone is 

tissue stabilization and better accommodation of the shear forces. Foams are typically used for low 

cost prosthetic sockets. 

 
 Figure 2.28 Different kinds of liners: cotton socks, silicone and gel liners [47] 

This is the section of the prosthesis that will support the residual limb or stump. It is important that 

the socket fits correctly as a poorly fitting socket may cause discomfort, pain or cause skin 

breakdown. The socket is made so that pressure is applied over areas of the stump that are pressure 

tolerant. This is important because the weight of the body will be on the prosthesis over a prolonged 

period of time. There are different types of sockets constructions depending on the loading points 

like total surface bearing sockets (TSB), patellar tendon bearing(PTB) etc., and also different 

designs like hard shells, flexible sockets and more recent multimaterial sockets as shown in  Figure 

2.29.
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Figure 2.29 Various kind of sockets available commercially and under research [48] [49] 

These are basically the adapters that connect the socket to the shin. They are used to align the 

prosthesis to adapt to the biomechanical axis of the body for a proper gait. These are typically made 

of metal like titanium or aluminum alloys for lightweight and strength. Pyramidal adapters made 

from titanium or aluminum alloys are increasingly becoming a preferred method of assembling the 

different prosthetic components. 

It connects the socket or knee to the foot. The pylon can be:  

• Exoskeletal – soft foam contoured to match the natural shape with a hard-outer load bearing 

shell. No internal structural frame is used in this type. 

• Endoskeletal – internal structural framework with or without cosmetic covering is used. 

 
 Figure 2.30 Different kinds of pylon solutions used [48][50][51]  

This part is supposed to mimic the normal foot/ankle movement. There are various kinds of 

foot/ankle parts depending on the activity levels as depicted Figure 2.31. The foot is usually made 

to fit at a certain heel height. The concept of energy storage and return in foot design has promoted 

the use of carbon fibre and composite springs in the modern designs. 
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Figure 2.31 Overview of different passive prosthetic feet types ([47], [52],[53]) 

Design for optimum load transfer and comfort 

The load transfer in lower limb prostheses will change dramatically depending on the level and kind 

amputation and also on the type of prosthetic solution used. The load transfer is a complex 

biomechanical process in the human locomotion cycle known as the gait cycle. Figure 2.32 shows 

the human gait cycle and the different stages of load transfer by the human body.  It is important 

that the patient with a prosthetic limb can achieve a healthy gait cycle and prevent secondary 

damage to the body especially to the back or hips during movement. 

Figure 2.32 Human Gait Cycle [54] 

Currently in the scope of the thesis, the aspects of human movement analysis and biomechanics 

have not yet been taken into account as the focus remains on the processing technology. But during 

the stage of the implementation these aspects will need to be carefully studied to be able to provide 

a composite prosthetic limb that can assure a steady and healthy gait. Also, there will be focus on 

the energy storing and release capability of the prosthetic limb, which will assure a more 

comfortable and less fatigue gait. 
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Definition of required properties and functions 

The requirements of prostheses can be classified and described as follows: 

1. Stiffness variability  

2. Energy storing and return  

3. Range of motion 

4. Low cost  

5. Large scale manufacturability  

6. Durability  

7. Environmental considerations  

8. Aesthetics  

1. Stiffness variability  

It is desired in the design of a prosthetic foot that the stiffness of the prosthetic feet and its 

components can be varied dynamically according to the gait, activity and environment. This can 

improve the overall characteristics of the gait cycle, leading to more efficient energy expenditure 

and increasing the comfort of the amputee. An optimized stiffness distribution for different 

situations can improve the walking gait for the patient. Like every healthy person, the amputee also 

selects a comfortable walking speed which is often influenced by the static and dynamic response 

of the prosthetic limb [55]. Typical situations requiring different foot properties are walking speed 

faster than the most comfortable one, an inclined walking surface or walking up or downstairs. It 

can be noted that there is a significant difference in the ground reaction forces especially the 

magnitude depending on the activity as shown in Figure 2.33.  

 
Figure 2.33 Typical Ground reaction forces for walking and jogging [56] 

Recent studies in fixed stiffness feet in [57] show that decreasing foot stiffness can increase 

prosthesis range of motion, mid-stance energy storage and late-stance energy return, but the net 

contributions to forward propulsion and swing initiation may be limited as additional muscle 
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activity to provide body support becomes necessary. This implies that stiffness has to be careful 

controlled considering the loadings to the sound limb also.  

2. Energy storing and return 

Energy storage and return is one the key features which was introduced with prosthetic feet having 

polymeric elastic keels or composite blades that store energy during the heal strike and stance phase 

of the gait and then release the energy during the toe off to provide a forward propulsion to the user. 

This property is sought after for active amputees and especially during sporting activities like 

running and hiking [58]. The human foot and ankle complex is far superior to passive prosthetic 

feet and can generate more energy than it actually absorbs as shown in  Figure 2.34. Such 

performance can be achieved in prosthetic feet only through active components like motors with 

optimized power to weight ratios. 

 
  Figure 2.34 Energy stored and released during the gait cycle [59] 

The energy expenditure of amputees during walking is higher, compared to that of non-amputees 

and it increases as the level of amputation increases as shown in Figure 2.35. Hence it is important 

that that prosthesis can store and release energy to decrease fatigue and increase the mobility of the 

amputee.  
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 Figure 2.35 Energy expenditure TT :Transtibial ; TF :Trans femoral ; HD : Hip disarticulation ; 

HP : Hemi-pelvectomy. The oxygen cost is measured in millilitres O2 per kilogram weight per 

meter covered by the patient [55] 

3. Range of motion  

The degrees of motion allowed by the prosthesis are important in achieving a more natural gait. 

This is governed by the design and components in the prosthetic feet. Recent studies by Elizabeth 

et al. [60] on prosthetic ankle-foot flexibility and its effects on gait shows higher ankle flexion 

moments when the prosthetic foot is made stiffer (Figure 2.36). An increase in the range of motion 

makes the prosthetic more comfortable and accommodates to changes in terrain. But a lot of other 

parameters like forces transmitted to the sound parts should be taken into account while designing 

such systems. Split keel designs are known to have higher degree of inversion and eversion that can 

help negotiate uneven terrain and for certain sports activities. 

 

 Figure 2.36 External ankle moments of five different feet (F1-F5) for (a) prosthetic and (b) sound 

sides [60] 
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4. Low cost  

Current commercially available high activity prosthetic feet are priced highly due to the materials 

used and the manufacturing costs. They cost from about 2000 Euros for a K4 activity level below 

knee prosthesis (not including socket making). On the other hand, the low-cost prostheses are 

available from 20 Euros but lack the performance of the high-end prosthetics. There is a need for a 

low cost but high performance prosthesis so that it can be accessed by the majority of amputees 

who are usually from the deprived section of the community. The choice of materials and processing 

technology need to be carefully chosen according to the economic factors of the intended product. 

 

5. Large scale manufacturability  

The manufacturing method plays a key role in the cost of the prosthesis and its production. Suitable 

techniques have to be adapted to ensure a low cost but also large-scale manufacturability. The 

facilities required and the time taken to make prostheses is important choosing a method. Most 

composite prosthesis are made using thermoset carbon/epoxy prepregs and by autoclave or 

compression molding methods followed by water jet cutting. Methods like RTM, pultrusion, 

injection molding and even rapid prototyping like SLS printing has also been used more recently.  

 

6. Durability  

Durability is a key issue in the prosthetic feet. The feet have to be tested according to ISO-10328 

standards and then further subjected to clinical trials for field evaluation. They have to withstand a 

fatigue of approximately 1 million cycles per year.  

 

7. Environmental considerations  

Other factors like moisture sensitivity, heat, UV exposure etc. have to be considered during the 

design and material selection. The foot has to withstand the local climate conditions of the place to 

be used especially humidity and temperature.  

 

8. Aesthetics  

It plays a very important role and especially has to adapt to certain cultural considerations too. A 

more naturally looking foot is preferred in most cases. Most prosthetic feet are inserted into 

removable foot shells to give a more natural look as shown in Figure 2.37. Sometimes the cosmesis 

can affect the functionality of the foot like stiffness and damping. Also, the durability of such 

cosmesis are not adequate usually especially in hot and humid environmental conditions.  
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 Figure 2.37 Commercially available cosmetic covers for the prosthetic feet [63] 

TPEs have potential in prosthetic applications, where tailored load bearing and damping is of great 

importance. Medi’s Panthera CF I as shown in  Figure 2.38 is an example of a commercially 

available prosthetic foot that uses elastomeric composites. It is made by the co-curing of aramid 

reinforced EPDM rubber sandwiched in a CFRP composite. TPE-based composites can also be used 

in orthotic applications for support braces, off-loaders etc., where comfort and load bearing are key 

factors. These structures can be directly thermoformed on the patient’s injured part for precise 

fitting. One research group has focused on developing a bio-inspired soft orthotic device for ankle 

pathologies using rubber muscle actuators (RMA) to induce the movement [62]. 

 
Figure 2.38 A prosthetic foot with elastomer layers shown in pink integrated into specific areas of 

the carbon fibre composite (courtesy medi gmbh) 
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Chapter 3 Experimental 
 

This chapter first presents the selection criteria and the preference of the different materials involved 

in the thesis.  The basic material characterization and different processes for specimen preparation 

i.e. melt impregnation, compression molding, injection overmolding and FDM 3D printing are 

described. Finally, the characterization techniques used to evaluate the bond strengths, the 

microstructure of the interfaces and morphology of the materials are briefly discussed. 

3.1 Material selection  
There are a large variety of thermoplastic-based materials so a precise selection methodology will 

have to be applied that is suitable for the intended prosthetic application. Materials such as 

thermoplastics, thermoplastic elastomers and their composite counterparts will be chosen for this 

research according to the following selection criteria 

a. Sustainable (recyclable, lower energy, easily available, good supply chain) 

b. Low cost (< 5 CHF/KG) 

c. Excellent mechanical and environmental properties 

d. Ease of processing (time, temperature and pressure conditions) 

e. Adaptable for FDM and other low pressure processing techniques 

f. Applicable for P&O applications 

A commercially available material selection software (CES Edupack 2015) was used for this task 

coupled with application knowledge and discussion with experts in the prosthetic field. The above 

selection criteria were applied to the database using limiting stages as listed below.  

Material Family: Polymers and elastomers (database of 863 materials) 

Sustainability: Ability to recycle 

Price: < 5 CHF/Kg 

Molding Pressure: 10 MPa 

Durability: Water resistance and UV resistance 

Out of a total of 863 polymers and elastomers available in the database, only 12 polymers were 

found to be suitable for this application as shown in Figure 3.1. Apparently only the SEBS family 

of materials were found suitable out of all the thermoplastic elastomers such as TPU, TPVs etc. The 

next step to find a suitable and compatible thermoplastic was done by analyzing the mechanical, 

ecological and processing properties of the materials. 
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Figure 3.1 Ashby plot Young’s modulus vs melt temperature  

From the above plot and Figure 3.2 it can be noted that PE-UHMW, PCTG, PET G, SAN and PP 

have good mechanical properties. But only PE, PP, PCTG and SAN have melt temperatures close 

to SEBS, which is important for fusion bonding. 

 
 Figure 3.2 Ashby plot fracture toughness vs flexural modulus 
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Figure 3.3 Ashby Plot of molding pressure vs melt temperature 

From Figure 3.3 it can be observed that PP and SEBS have the lowest molding pressures in the 

group. Further Figure 3.4 shows that PP is the cheapest and has the lowest carbon footprint of all 

the materials. Also, PP and SEBS have good compatibility and SEBS is commercially used as an 

impact modifier for PP.  

 
Figure 3.4 Ashby plot of CO2 footprint, recycling vs price 
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Thus, the thermoplastics investigated in this project were limited to polypropylene and their 

composites from the previously described selection criteria. Further polypropylene is a very 

common thermoplastic material and can be easily found commercially as prepregs with glass and 

carbon fibres. These materials have high flow properties adapted for better impregnation and 

adhesion. The choice of these materials is justified in terms of the properties and processing 

requirements. In addition to being light and recyclable, isotactic polypropylene is 60% crystalline, 

giving it good mechanical resistance by promoting interdiffusion of the polymer chains (compared 

to amorphous polymers). PP also has a good resistance to fatigue ensuring a long service life. 

Different thermoplastic elastomer SEBS compounds where used in the research, which were 

compatible with the PP. Concerning SEBS based materials, one of its principal advantages is being 

elastomeric and compatible to PP. It also has good resistance to deformation and abrasion, it is light, 

soft and easily colored, which are some important properties required for prostheses.  

3.2 Material system 
Table 3.1 summarizes the properties of the TPEs used in the research. TPE 1 is a low viscosity 

experimental grade of selectively hydrogenated block copolymer of S-EB-S structure dusted with 

polyethylene powder to prevent the pellets from sticking together. As will be discussed further in 

Chapter 5, TPE 2, TPE 3 and TPE 4 were a compound of poly(styrene-ethylene/butylene-styrene) 

(SEBS) with an iPP-rich phase, which formed a continuous matrix and was assumed to ensure a 

good solubility parameter match with the iPP substrate during fusion bonding, and an unspecified 

paraffinic oil-based plasticizer. The SEBS forms discrete elastomeric inclusions, in which the 

polystyrene blocks act as physical crosslinks ([63],[64],[65]). TPE 5 is also an SEBS compound 

chemically similar to TPE 4 with better flow properties suitable for FDM printing.     

Table 3.1 TPEs used in the research 

Material Grade Processing 
Temp. [°C] Hardness 

[shore A] 

Tensile 
strength 
[MPa] 

Elongation at 
break [%] 

Density 
[g/cc] 

TPE 1 High flow 190-285 52 11 700 0.88-0.95 

TPE 2 Injection 180-240 60 9 870 0.89 

TPE 3 Injection 160 -200 55 6.9 850 0.97 

TPE 4 Injection 160-200 85 13.7 650 0.98 

TPE 5 3D printing 180-220 85 11 650 1.14 
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 Table 3.2 Thermoplastics used for the research 

Material Grade Type 
MFR 
[230°C/2.16 
kg] 

Processing 
Temp. [°C] 

Tensile 
strength 
[MPa] 

Density, 
[g/cc] 

iPP 1 Spinning PP homopolymer 37 160-240  - 0.9 

iPP 2 Injection PP homopolymer 34 160-240  34 0.9 

iPP 3 3D printing  20% Talc filled PP 18 160-240 22 1.04 

iPP 4 3D printing  Flex PP  5.4 220-250 -  
- 

 

 Table 3.3 Thermoplastic composite materials  

Material Type Processing 
Temp. [°C] 

Tensile 
strength [MPa] 

Weight 
content of 
fibres [%] 

Density 
[g/cc] 

iPPGF 1 
 

Continuos glass fibre 
tapes 160 -240  750 60 1.49 

iPPGF 2 
Short glass fibre 
filaments 
3D printing grade 

210-240 82 30 1.13 

 

 Table 3.4 Glass fibre roving used for melt impregnation 

Material Type Tex [g/kg] Sizing 
Glass rovings Single end 2400 PP 

 

3.3 Basic material characterization 
 

3.3.1 Differential Scanning Calorimetry (DSC)  

Differential scanning calorimetry is a thermo-analytical technique in which the difference in the 

amount of heat required to increase the temperature between a sample and a reference is measured 

as a function of temperature. A TA Instruments DSC Q100 apparatus and TA Universal Analysis 

software were used for this analysis. The reference was an empty aluminum crucible and the sample 

was placed in another aluminum crucible in the instrument. The instrument used nitrogen as the 

cooling and purge gas at a flow rate of 50 mL/min. 
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3.3.2 Dynamic Mechanical Analysis (DMA) 

Thermo-mechanical properties for TPE 1 and iPP 1 were investigated using a TA DMA Q800 

instrument in the tensile mode. DMA is used to evaluate the complex modulus of the viscoelastic 

polymers. Thin layers 6 mm x 20 mm of the materials were compression molded for this test. They 

were attached to the tensile fixture of the DMA. An oscillatory load was applied and the chamber 

is heated to the required temperature for measurement of the loss modulus, storage modulus and tan 

delta values of the polymer. 

 

3.3.3 Weight Fraction Determination 

Thermogravimetric analysis was done using a Mettler Toledo TGA/SDTA 851e with an automatic 

sample robot (34 samples). The melt impregnated TPE GF composites samples were placed in 

alumina crucibles and heated till 500°C in nitrogen atmosphere. Similarly, the composite samples 

were heated in an air oven to 700 °C to also determine the weight fraction of the fibres in the 

composite. 

 

3.3.4 Rheological Analysis 

A Rheometric Scientific ARES machine was used in the parallel plate-oscillating mode for the 

experiments. The rheological analysis data was a complementary to the DSC analysis for TPE 1 

and iPP 1. 25 mm diameter aluminium plates were used and the polymer layer was place on the 

bottom plate and preheated to melt the polymer before forming a meniscus. TPE 1 was tested on a 

parallel plate rheometer in oscillating mode. The temperature ramps between 60 °C and 260 °C was 

performed at 5 °C/min, 1 Hz and 2% strain to determine the processing temperature range of the 

material. 

3.4 Processes and specimen preparation  
3.4.1 TPE composite impregnation process and specimen preparation 

Since TPE composites are not yet commercially available in the form of tapes like thermoplastic 

composites, it was necessary to make them under laboratory conditions. They were fabricated by 

melt impregnation and compression molding techniques. This permitted the understanding of the 

processing conditions of these materials. These techniques were applied to TPE 1 along with single 

end glass roving to produce TPE composites. 
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1) Melt impregnation  

Melt impregnation techniques allow to produce low viscosity polymers reinforced with continuous 

fibres.  The polymer was melted in a prism TSC 16 twin-screw extruder and then passed into a 

special die that allows the fibres to pass through and get impregnated as shown in Figure 3.5. 

 

  
 Figure 3.5 Melt impregnation unit, photos below show TPE reinforced glass fibre tows 

The special die had a curved profile as shown in Figure 3.6 that permitted sufficient impregnation 

of the polymer into the fibres. At the end of the impregnation die a small exit die with a flat profile 

is used to consolidate the composite. A separate band heater is used to control the temperature of 

impregnation and consolidation section. 

 
 Figure 3.6 Impregnation die unit

The reinforced tape samples were made using the twin extruder with the impregnation die as 

explained before. The following conditions were used to extrude and melt impregnate the polymer  

into the glass tow. 
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 Table 3.5 Impregnation temperature conditions 

Zone Part Temperature [°C] 

1  Consolidation die 220 

2  Nozzle 220 

3 Barrel 230 

4 Barrel 230 

The impregnated tow was pulled manually at a speed of approximately 0.5 m/min. Due to the low 

viscosity of the TPE 1 polymer the process requires low pull up forces.  A photo of the fabricated 

samples by this method is shown below. The samples were then cut and different sample 

preparations were performed for the electron and optical microscopy study, which will be discussed 

later.  

 
Figure 3.7 Melt impregnated composite samples 

2) Compression molding  

In this method, the UD composites and fabric-based composites were made by the following steps: 

1. Fabrication of polymer sheets 

2. Tow/Fabric placement  

3. Consolidation & demolding 

Fabrication of polymer sheets 

A Fontijne-Holland 60 KN hydraulic press was used to manufacture polymer films of required 

thickness with the following conditions.  

 Table 3.6 TPE 1 film compression molding conditions 

Material Weight of 
Material [g] 

Molding Temp. 
[°C] 

Consolidation 
Pressure [bar] 

Heating 
Time 
[mins] 

Cooling 
Time 
[mins] 

TPE 1 15 220 0.3 1 10 
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Tow placement 

The tows were stretched and attached to the ends of the mould using Kapton tape. In the case of the 

glass fabrics (plain, twill and mat), they were just cut to the mold size and placed in the mold. 

Consolidation and demolding 

The composite laminates were prepared by intercalating the tow fibres or fabrics in between two 

TPE films and compression moulding them with the same conditions as in Table 3.6 in the 

configuration as shown in Figure 3.8. After compression molding the samples are demolded and 

cut as shown in the Figure 3.9. 

 
 Figure 3.8 Compression molding mold setup 

   
 Figure 3.9 UD glass fibre TPE composite molded sample (left); Glass fabric TPE based samples 

(right) 

3.4.2 Fusion bonded process and specimen preparation  

A) Compression molding  

This technique was primarily used for isothermal fusion bonding of the Batch A (TPE 1 and iPPGF 

1) tapes using a Fontijne-Holland 60 KN hydraulic press. This method involves thermally heating 

layers of the neat polymers and/or composite tape layers in a mold and applying pressure. The mold 

was fabricated in aluminium as shown in Figure 3.10 and end bars were attached to both sides to 
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prevent any leakage of the polymer. The bottom of the cavities and the surface of the counter pieces 

in contact with the polymer were covered by a Kapton release tape in order to demold easily, as 

TPE 1 is a tacky polymer.  

 
Figure 3.10 Fusion bonding compression mold (30x15x200 mm3) shown without end bars 

The compression molding was performed by setting different temperature, pressure and time cycles 

as listed in Table 3.7.  

Table 3.7 Isothermal fusion bonding conditions 

Material Weight of 
Material [g] 

Compression 
Molding 
Temp. [°C] 

Pressure 
[bar] 

Heating 
Time [mins] 

Cooling 
Time 
[mins] 

TPE 1 and 
iPPGF 1 

5.4 or 10.8 160-220 0.4-2  10 -120 15 

The TPE 1 pellets were first compression molded to form a plate of 200 x 30 x 1 mm, with 5.4g of 

pellets per cavity, or 10.8g if a 2mm thickness TPE layer was required. The main challenge of this 

part was to obtain TPE plates of good quality, especially without bubbles. To fusion the TPE plate 

with the iPPGF 1 prepregs, the prepreg sheet was first cut into plates of the cavity size (200x30mm). 

Two plates were placed in each cavity, and the upper one had an extremity covered by Kapton under 

20 mm, in order to be able to initiate the peeling of samples. The TPE plates were placed above the 

two-prepreg plates and then the mold was closed. It was placed in the press for compression molding 

as conditions listed in Table 3.7. After the molding process, the samples were demolded and cut for 

the peel test and microscopy evaluation. 

B) Injection molding 

Injection molding was used to produce non-isothermally fusion bonded neat and reinforced 

iPP/TPE interfaces. This was performed for the following batch of materials. 
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Batch B) TPE 2 with iPP 1 

Batch C) TPE 3 with iPP 2 

Batch D) TPE 4 with iPP 2 

Batch E) iPP 2 with iPP 2 

Batch F) TPE 3 with iPPGF 1 

An Arburg 270s 250 KN injection-molding machine was used to perform the experiments. Also, a 

custom-built low pressure (5-70 Bar) injection-molding machine was used to investigate the fusion 

bonding condition at low pressure and high interface temperature conditions. The three different 

specimens type prepared are discussed in the following section. 

 

Butt joint and Double Edge Notched Test (DENT) Specimens  

3 mm thick tensile butt joint specimens and 1 mm thick double edge-notched tension (DENT) 

specimens (Figure 3.11) were prepared by overmolding using the Arburg 270s 250 KN injection-

molding machine.  

 
 Figure 3.11 Overmolded specimen geometry: the thickness, t = 3 mm for the tensile butt joint 

specimens and t = 1 mm for the DENT specimens (all dimensions in mm; the arrow indicates the 

injection direction) 

A specimen of iPP for the different batches was first molded under the injection molding 

conditions specified in Table 3.8, cut in half using a diamond saw and the resulting surface polished 

using sandpaper with 2 different grit sizes of 220 and 2000 in order to ensure reproducible different 

surface roughness (mean peak to trough distance of 2 µm and 0.3 µm respectively as measured 

using a Tencor Alpha-Step 500 surface profiler). Each polished iPP half-specimen was then 

preheated to the value of Tm chosen for overmolding, reinserted into the mold and overmolded with 

TPE. The overmolded DENT specimens were prepared from the same mold using an aluminum 

insert to reduce the thickness. The notches were introduced in the plane of the butt joint using 

Kapton tape or a permanent marker to mask the surface of the iPP, leaving a well-defined ligament 

length of 3, 5 or 7 mm, as required. The effects of Tm and pressure were studied at a fixed injection 

bonding time of 5 s and a fixed injection temperature of 220 °C. Table 3.8 summarizes the full range 

of parameters investigated. 
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Table 3.8 Process parameters of the insert and butt joint specimens 

Parameter 
iPP 
(insert) 

Batch B 
(butt joint) 

Batch C,D,F 
(butt joint) 

Batch E 
(butt joint) 

Injection Temperature, Ti 
[°C] 220 240 220 220 

Mold Temperature, Tm [°C] 40 40, 80 40, 80, 110 40, 80, 110 

Estimated Interfacial 
Temperature, Tint [°C] - 140, 160 130, 150, 165 130, 150, 

165 

Injection Pressure [bar] 800 220,370,555,820 650 650 

Injection speed [cm3/s] 40 40 40 40 

Bonding Pressure, Ph [bar] - 220,370,555,820 100, 200, 300, 600 100, 600 

Hold Pressure [bar] 500 200, 400 100, 200, 300, 600 100, 600 

Hold Time [s] 2.5 5 5 5 

Surface roughness, Ra [µm] - 0.3 0.3, 2 2 
 

The control of the pressure applied at the interface was complicated because the injection pressure 

in the mold could not be directly measured due to the absence of cavity pressure sensors. Hence, 

the injection pressure was controlled by the flow rate of the polymer ( ) but due to the 

relatively high viscosity of the molten TPE at 220°C (~  the pressure decrease between the 

point of injection (on the edge of the mold) until the point where TPE comes into contact with the 

PP part was unknown. Hence for the different batch of materials different injection molding 

conditions were applied in order to evaluate the effect of pressure. For batch B, the bonding 

pressure, Ph is the pressure applied on the mold during the injection phase of the TPE followed the 

hold pressure. A key feature of the injection molding procedure for batch C and D materials used 

in this study was that although the injection pressure controlled the injection of the bulk of the TPE 

melt, the TPE only entered into contact with the iPP surface during the hold phase. Hence, Ph 

defined the effective bonding pressure in each case. The conditions necessary to avoid contact 

between the TPE and the iPP during the injection pressure cycle were determined from experimental 

trials in which the injection volume was varied at zero Ph. The required injection volumes are given 

as a function of Tm in Table 3.9.   
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Table 3.9 Injection bonding parameters 

Specimen type Injection volume [cm3] Mold temperature, Tm [°C] 

Tensile Butt Joint 13.75 40 

Tensile Butt Joint 13.5 80 

Tensile Butt Joint 12.5 110 

DENT 12.5 40 

DENT 12.4 110 

Bilayer specimens 

The third type is the specimens with the iPP GF composite tape overmolded by TPE in the 

conditions mentioned in Table 3.8. The prepreg is initially a tape and pieces are cut with dimensions 

of 10 cm x 0.5 cm and cleaned with ethanol. The TPEs were preheated in an oven to the injection 

mold temperatures prior to injection. Then the prepreg was simply stuck (using kapton tape) on the 

bottom of the pre-heated mold and the TPE was overmolded to get the bilayer specimens shown in 

Figure 3.12. 

 
Figure 3.12 Peel test sample with width of the prepreg tape, w: 0.5  

C) Fusion Deposition Modelling 

FDM of iPP and TPE in different batches as described below was carried out using an E3D BigBox 

FDM printer with a single head and dual head printing set-up equipped with a metal hot-end (0.4 

mm and 0.5 mm diameter nozzles) and heated bed as shown in Figure 3.13. The printer was 

modified to incorporate an insulated enclosure in order to stabilize the ambient conditions and 

reduce warping of iPP during printing. 

Batch G) iPP 2 with TPE 4 

Batch H) iPP 3 with TPE 5 

Batch I) iPPGF 2 with TPE 5 
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The 3D models were created in Solidworks® (Dassault Systèmes) and Simplify3d® slicing software 

was used to create the G codes for FDM. For Batch G experiments, the iPP and TPE filaments, of 

1.75 mm in diameter were prepared using a Prism TSE 16 TC bench-top twin-screw extruder 

(Thermo Electron) with the processing conditions given in Table 3.10. The iPP layers were then 

printed according to the parameters listed in Table 3.11 to the specified height and the filament then 

changed to TPE so as to form a symmetric butt joint specimen with a nominal cross-section of 0.8 

× 10 mm2 and a total length of 20 mm. For Batch H to I, the nozzle size for the hotend for TPE was 

0.6 mm and a second hotend with a hardened steel hot end (0.5 mm for iPP and filled iPP) was 

added to permit on the rapid change of the printing materials and prevent excess substrate cooling. 

For these batches iPP was printed using one nozzle and after that the TPE was printed on top of the 

iPP layer using the other nozzle. Hollow cuboid samples of width 15 mm, height 20 mm and 

thickness 1 mm were printed. Later the butt joints were cut using a steel circular saw from the 

cuboid specimen with nominal cross-section of 1 × 10 mm2 and a total length of 20 mm. A FLIR 

450 sc infrared camera was used to monitor the substrate temperatures during the printing process.  

Table 3.12 shows the printing parameters for these batches of experiments. 

 

 
 Figure 3.13 FDM Bigbox E3D printer and schematic showing the E3D hot-end (nozzle, 

heated/cooled zone and filament path), modified 3D printer with enclosure and IR camera (right)  

 Table 3.10 Filament Extrusion Parameters. 

Parameters iPP 2 TPE 4 

Extrusion temperature [°C] 185 195 

Die temperature [°C] 180 175 

Pulling speed [m/min] 4 4 

Average filament diameter [mm] 1.75 +/- 0.2 1.75 +/- 0.1 
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 Table 3.11 FDM Batch G Printing Parameters  

Parameters iPP 2 TPE 4 

Extrusion hot-end temperature, Th [°C] 220 240,250 

Bed temperature, Tb [°C] 30,60,90 30,60,90 

Layer height [μm] 200 200 

Printing speed [mm/min] 50 50 

Infill [%] 100 100 

Extrusion width [mm] 0.4 0.4 

 

 

 Table 3.12 FDM Printing Parameters 

Parameters iPP 3 iPPGF 2 TPE 5 

Extrusion hot-end 
temperature, Th [°C] 220 220 240,250,260 

Bed temperature, Tb [°C] 40,110  40,110 40,110 

Layer height [μm] 200 200 200 

Printing speed [mm/sec] 50,100 50,100 50,100 

Infill [%] 100 100 100 

Extrusion width [mm]  0.5  0.5 0.4 

 

3.5 Characterization of microstructure and material properties 
 

This section shall discuss the various characterization techniques used to understand the 

morphology of the fusion bonded interfaces and assess their bonding strengths. Table 3.13 provides 

a summary of the different materials, processing techniques, properties and characterization 

methods followed during this research work. 
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Table 3.13 Summary of materials, process and characterization 

Batch Materials Specimen 
Process 

Phenomena Process 
Variables 

Property : 
Characterisation TPE iPP/iPPGF 

- TPE 1 - 
Compression 

molding 

Impregnation 
 

Temperature 

Thermal transitions: 
DSC 
Rheology: Plate-
Plate Rheometry 
Impregnation 
quality: Optical & 
electron 
microscopy, micro-
computerized 
tomography 
Weight fraction: 
TGA 

- TPE 1 - 
Melt 

impregnation 

A TPE 1 iPPGF1 
Compression 

molding 

Isothermal 
fusion 

bonding 

Temperature 
Time 

Pressure 

TPE 
thermomechanical 
transitions: DMA 
Peel strength: 180° 
Peel test 
Interface 
observations: 
Optical & electron 
microscopy 

B TPE 2 iPP 1 

Injection 
overmolding 

Non-
isothermal 

fusion 
bonding 

Temperature 
Time 

Pressure 

Bond strength: 
Buttjoint tensile test 
and DENT test  
Interface 
observations: 
Optical & electron 
microscopy 

C TPE 3 iPP 2 

D TPE 4 iPP 2 

E iPP 2 iPP 2 
Bond strength: 
Buttjoint tensile test  

F TPE 3 iPPGF 1 
Peel strength: T Peel 
test 

G TPE 4 iPP 2 
Single head 

FDM 
Hotend and bed 

temperature 
Bond strength: 
Buttjoint tensile test 
Interface 
observations: 
Optical & electron 
microscopy 
Interface and 
substrate 
temperature: IR 
Thermography 

H TPE 5 iPP 3 

Dual head 

FDM 

Hotend and bed 
temperature 

Printing speed 
Cooling 

condtions 
 

I TPE 5 iPPGF 2 
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Microscopy techniques 

In order to investigate the impregnation of the TPE into the glass fibre bundles at the microscopic 

level, sections were sliced from the TPE GF laminates using a stainless-steel blade and embedded 

in an epoxy resin (PELCO® Eponate 12™). Then thin sections were made using a cryo-

ultramicrotome equipped with a diamond knife (Leica EM UC6/Diatome Cryo 45 ° diamond knife). 

The resulting surfaces were observed by reflected light optical microscopy (OM, Olympus BH-12). 

The cut was not perfectly flat for the melt-impregnated samples due to the abrasive glass fibres in 

a flexible matrix causing defocused images in optical microscopy. But in general, this method 

showed superior image quality than all other sample preparation techniques. 

Electron microscopy will be a vital tool to characterize the impregnation quality of the composites 

owing to the following reasons in particular; 

• Due to the soft polymeric matrix and abrasive glass fibre in the composite, conventional 

sample preparation such as polishing, for optical microscopy techniques, may modify the 

morphology. So, freeze fracture prior to scanning electron microscopy will enable to inspect 

the composite with minimum morphology modification.  

• Fractography after tensile rupture using SEM (SE mode) can be used as an effective way to 

analyze the adhesion of the matrix to the fibre.  

• Samples with mild polishing can be used for EDX analysis to have a compositional mapping 

that can also confirm the impregnation quality.  

• SEM with its high magnification can be used to see the interface of the fibre and the matrix.  

The impregnated composite and fusion bonded samples prepared by different processing methods 

were characterized using a SEM (FEI XLF30-FEG) equipped with Everhart-Thornley secondary-

electron (SE) detector and EDAX Si(Li) EDX detector with ultra-thin window for light element 

analysis at CIME, EPFL.  

 

Bilayer specimens produced by compression molding using Batch A materials were cut and 

embedded in an epoxy resin and polished to expose the TPE and iPP GF interface. The specimens 

were observed by optical microscope and the different surfaces and interfaces are observed with 5x, 

10x, 20x and 50x lenses. For the SEM studies the samples were coated either with carbon or iridium 

in order to avoid the accumulation of charges. The acceleration voltage used was 2 kV and the 

magnification was 800x. 

 

For Batch B, C and D injection molded tensile specimens, optical microscopy observation was 

performed on before and after tensile test samples. The interface was cut 1mm wide and further cut 

in several pieces of dimensions 1mm x 1mm with the bilayer interface. The samples were then 
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embedded in an epoxy resin (24h at 60°C) and first polished with sand papers of 

500/1000/2400/4000 in order to observe transversely with the OM. Note that due to the relatively 

soft behavior of iPP and TPE, the polishing did not seem to be an efficient way for microscope 

observation and the interface was found to be damaged and the features were not easily 

distinguishable. To overcome this problem, very thin slices of the iPP-TPE interface were made 

using a stainless-steel razor blade. Since the surface was no longer flat due to the TPE compression, 

the multi-focus option in the OM software was used. Observations were made using 10x and 50x 

lenses. Also, selected sections from the interface region of the specimens were cut using the cryo-

ultramicrotome using the same procedure as the TPE GF laminates. The iPP-TPE interfaces were 

then etched for 2 minutes in a freshly prepared solution of H2SO4, KMNO4 and H3PO4 with a weight 

ratio of 64.3:3:32.7, and then rinsed and sonicated with distilled water and hydrogen peroxide [66]. 

Also, the surfaces of TPE and iPP after the tensile test were observed by optical microcopy to note 

the type of failure and material residues left on the fracture interface. For the SEM studies, the 

specimens were coated with carbon in order to avoid charge accumulation and a maximum 

acceleration voltage of 2 kV was used throughout. For transmission electron microscopy (TEM, 

Tecnai Spirit BioTWIN), thin sections (around 50 nm) were prepared from the TPE-iPP interfaces 

at -60 °C using the cryo-ultramicrotome/diamond knife. The sections were picked up on 200 mesh 

copper grids, stained in RuO4 vapor for 24 hours and observed in bright field with an accelerating 

voltage of 80 kV.  

 

For Batch F injection molded samples, the preparation of the samples was done after peeling off 

the iPP GF tape layer from the SEBS in order to observe the peeled surface and the cut interfaces 

were polished for optical microscopy observation. For the SEM, the prepregs were coated with 

carbon to avoid charge accumulation effect and the acceleration voltage used was 3kV. More than 

usual carbon coating will be required prior to analysis to minimize the charging effects due to the 

polymeric material and glass fibres.  

 

Computerized Tomography 

A computerized tomography of thin sections of 2 mm of melt impregnated and compression molded 

TPE GF laminates were done using a Micro Computer Tomography (μCT) instrument and custom 

software at the Electronics/Metrology/Reliability Lab at EMPA, Dusseldorf.  

 

Peel Test 

The fusion-bonded specimens made by compression molding for Batch A were cut to a width of 

25mm with a circular saw in order to obtain a smooth and regular edge. They were then manually 
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peeled to leave a 60mm segment unpeeled. To perform the 180° peel test, a hydraulic universal 

tensile machine (Series LFM-125 kN by Walter and Bai) and an extensometer were used. The 

polypropylene was fixed on a metal plate using a double-sided adhesive, in order to avoid bending 

during peeling, small metal pieces were also placed to permit good alignment of the specimen. At 

the beginning of the test, the grips of the tensile machine were spaced by 180mm. The TPE 

extremity already peeled was fixed in the first grip, and the extremity where the prepreg and the 

TPE were still bonded was fixed in the second grip. A schematic of the specimen’s geometry and 

test in action is shown in Figure 3.14. The peel test was then done by imposing a constant 

displacement speed of 0.5 mm/min on the crosshead. Since TPE is an elastomer, the imposed 

displacement speed of the crosshead didn’t correspond to the local delamination speed. It was thus 

important to make the peel tests in exactly the same conditions, especially concerning the space 

between loading grips and the length of the pre-peeled TPE. In order to calculate the peel strength, 

the force measured during peel test is divided by the width of the sample (25mm). The average peel 

strength from 5 specimens is calculated by taking the mean value of force corresponding to 30-90% 

of the crosshead displacement. This range of displacement is chosen in order to avoid edge effects 

and trying to not take into account the preliminary elastic deformation of the TPE. 

  
 Figure 3.14 180° peel test geometry and test in action 

T Peel Test  

A T-Peel test which consists of simply pulling on the prepreg of 5 mm width and TPE at an angle 

of 90 ° with a strain rate of 2 mm/s was used for the Batch F injection molded specimens as shown 

in Figure 3.15. The T Peel Test was found more convenient to perform for the overmolded 

specimens without excessive bending of the composite prepreg and provide a qualitative assessment 

of the peel strengths. 
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 Figure 3.15 90° peel test geometry and test in action 

The force and the normalized displacement are recorded and a representative strength-strain curve 

is shown in Figure 3.16. It can be seen that the force becomes constant after a certain deformation; 

thereby the peel force was taken to be the average of the values on this “plateau”. The range of these 

values was the same for all the samples and the average over a distance of 5cm on the sample was 

made. The average peel force of five specimens was calculated for each of the processing 

parameters investigated. 

 
 Figure 3.16 Representative peel force-displacement curve for a peel test  

Tensile Test 

The bond strengths of the overmolded butt joints specimens were measured using a Walter+Bai 

LFM Universal Testing Machine, with a 1 kN load cell as shown in Figure 3.17. The gauge length 

for the tensile butt joints was 75 mm and a strain rate of 2 mm/s was maintained until failure of 

either the interface or the bulk TPE (failure was never observed in the iPP).  
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 Figure 3.17 UTS machine Walter+Bai LFM 125kN with 1kN load cell 

The effective bond strength was then calculated from the force at failure divided by the cross-section 

area of the butt joint. The overall tensile strength provided an objective measure of the bond strength 

for a given grade of TPE, in spite of the often-high overall failure strains, was justified by the very 

similar stress-strain curves obtained for a wide variety of bonding conditions. These were 

characterized by a monotonic increase in stress with strain up to the failure strain, as shown in 

Figure 3.18 for instance in Batch C materials.    

 
Figure 3.18 Force-Displacement curves for iPP-TPE butt joint specimens prepared at different Tm 

and Ph = 300 bar. 
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DENT EWF analysis 

The bond strengths of the DENT specimens were measured using a Walter+Bai LFM Universal 

Testing Machine, with a 1 kN load cell. The concept of an essential work of interfacial fracture 

(EWIF), derived from the essential work of fracture (EWF) [67], was applied to the DENT 

specimens in order to provide an alternative energy-based measure of the bond strength, following 

Candal et al. [37], who applied this approach to similar materials systems to those under 

consideration here. The specific work of interfacial fracture (wIF) is the sum of the essential work 

of interfacial fracture (w12) and non-essential work of interfacial fracture, according to 

                                          (3.1) 

where  and  are the shape factors for the plastic zones of the two materials,  and  are 

the corresponding plastic energies and L is the ligament width. The DENT specimens were tested 

with a gauge length of 20 mm as shown in Figure 3.19 and a strain rate of 0.17 mm/sec until failure 

of either the interface or the bulk TPE.  

 
 Figure 3.19 EWIF sample of iPP on TPE and test in action 

The basic requirements for the application of equation 3.1 are as follows: full ligament yielding 

prior to crack initiation, self-similar load-displacement curves and predominantly plane stress 

conditions, as determined from the ligament size criteria [68]: 

                 (3.2) 

(3.3) 
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where t is the specimen thickness, B is the specimen width, rp is the radius of the plastic zone on 

the TPE side of the interface in the present case,  y is the corresponding yield stress and E is the 

Young’s Modulus of the TPE. The self-similarity of the load-displacement curves was verified, as 

will be shown later, but while the criterion for full section yielding of the TPE was generally 

satisfied (the iPP did not show any obvious signs of yielding), the size criteria for ligaments of 5 

and 7 mm in width were not. Nevertheless the analysis was assumed to be useful for comparative 

purposes, e.g. as a means of studying the influence of the processing parameters in the presence of 

a relatively well-defined starter crack [67]. Moreover, use of DENT specimens as opposed to un-

notched butt joint specimens eliminated any eventual effect of injection flow and rapid cooling at 

the mold surface, i.e. at the edges of the interfaces in the case of the butt joint specimens. wIF was 

calculated by dividing the area under the load-displacement curves by the ligament area, Lt.  

was then determined from the intercept of the linear regression line for wIF obtained at different L. 

The next chapter shall discuss the results for the TPE based composite preform development and 

material integration via isothermal fusion bonding. 
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Chapter 4 3D conformable preforms 

with high contrast in material properties  
 

This chapter discusses preform materials developed that are conformable to complex 3D structures 

and can be integrated with other thermoplastic-based materials for specific functions such as 

stiffness or hardness modulation in the final part. Prosthetic and orthotic applications in particular 

require such load bearing preforms that can conform to the anatomical interface and if required be 

reconfigured later due to any physiological changes such as volume differences or growth. An 

overview of the past, current and upcoming thermoplastic-based composite and multimaterial 

preforms shall be briefly reviewed. The research work on the process development of a TPE 

composite preform with a high contrast in material properties is presented. This section shall discuss 

the results in assessing the impregnation quality of the TPE glass fibre composites produced by melt 

impregnation and by compression molding techniques. First steps towards material integration of 

neat TPEs with reinforced TP composites are also investigated in this chapter through an isothermal 

fusion bonding technique. This bonding technique is performed by compression molding of iPPGF 

composite tapes with the studied TPE. This will enable the study of the effect of temperature, 

pressure and time conditions during the fusion process.  The results will be applied later for 

fabricating 3D structures using a hybrid process described in chapter 7.  

4.1 Thermoplastic-based preforms  
There is a strong increase in the use of thermoplastic-based composites notably in the transportation 

sector which is the largest market for these materials. The drive towards fuel-efficient vehicles is 

pushing innovations in composite light weighting solutions and the increase in the commercial 

availability of these versatile materials. The cycle time, desired mechanical properties and shape 

complexity generally dictate the choice among the different materials. Chapter 2 discussed already 

various processing techniques which can be applied to different pre-and post-impregnated forms. 

This section shall briefly review the different intermediate forms for thermoplastic-based 

composites which has been quite well studied ([18],[69],[70]). Due to the relatively high melt 

viscosities of thermoplastics different kind of intermediate forms were introduced to reduce the 

impregnation distance to ensure good fibre wetting. Some intermediate forms were optimized for 

hybrid and integrated processing techniques like preform stamping or tape placement followed by 

injection molding. The forms depicted in Figure 4.1; (a) preimpregnated tows, c) GMT type, h) 
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pultruded profiles and more recent types k) certain organosheets and l) spread thin ply prepreg tapes 

are all fully impregnated forms and subsequent processing steps need to only melt the polymer 

matrix and apply moderate consolidation pressures to bond the layers [71]. Their high stiffness with 

thermoplastic matrices makes these forms less drapable to complex shapes. The use of TPEs as 

matrix material for intermediate forms like tapes and tows shall be explored in this chapter to 

overcome this issue. There has been a lot of interest in spread thin ply tapes having superior 

mechanical properties owing to better impregnation, better fibre distribution, lower void content 

and lower crimp [72]. Long fibre reinforced thermoplastic (LFRT) and short fibre reinforced 

thermoplastic composite (SFRT) pellets are also fully impregnated forms but offer more degrees of 

freedom for complex shapes [73]. Though they require higher consolidation pressures to produce a 

void free part using injection or compression molding techniques. LFRT typically have fibre lengths 

typically between 6-25mm as compared to SFRTs which are usually below 1 mm. LFRT are 

steadily increasing in demand promising higher impact strength and toughness currently replacing 

several semi-structural metal parts in the automotive industry [74]. The powder based preforms 

Figure 4.1 d, e and thermoplastic hybrid preforms like commingled yarns Figure 4.1 e, f, g are only 

partially impregnated forms and do require complete heating and melting of the resin for the matrix 

to form around the fibres. They offer superior drapebility compared to the other preforms and the 

impregnation and consolidation characteristics have been extensively studied and modelled 

[17][75] . These hybrid yarns are further used in complex textile operations to form hybrid preform 

textile fabrics. Non-crimp fabrics (NCF) which are usually composed of partially impregnated 

fibres have increased mechanical properties due to absence of fibre bending usually present in 

woven fabrics are of interest in damage resist aircraft structures [76]. Other hybrid constructions 

using 3D knitting techniques have been explored for advanced lightweight panel structures [77] 

[78]. Generally, the stiffness of the composites increases with increase in the fibre length and for 

high loading structures it is essential to preserve the length of the fibre during the processing step. 

There are some novel methods using 3D braiding techniques to create preforms which have superior 

impregnation qualities ([79],[80][70]) and these kind of complex 3D reinforcements can be 

produced to any customized shapes using robots. More recent novel multifunctional preforms and 

nanocomposites for instance capable of sensing any damage in the composite or changes in the 

loading are the recent developments in this field of preforming [81][16][83].  
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Figure 4.1 Intermediate product forms for thermoplastic-based composites a) pre-impregnated 

tow; b) film stacking; c) GMT type; d) powder-impregnated fibre bundle; e) sheath-coated 

powder-impregnated fibre bundle; f) non-comingled yarn; g) commingled yarn; h) pultruded 

profiles; i) stretch broken commingled yarn; j) LFRT/SFRT pellets; k) NCF/Hybrid multiaxial 

organosheets l) spread thin ply prepreg tapes m) knitted/braided 3D tow n) multifunctional tow  

(modified from [17]) 

4.2 TPE composite development 
Novel TPE based composites with superior impregnation quality, conformability and durability are 

developed and discussed in this section. All the results in this section are applied to the TPE 1 

material, which is also referred to as simply TPE in this section and the reinforcements used are 

glass fibre rovings, mat, twill and plain woven fabrics. 

4.2.1 Material Characterization 

Thermal Characterization 

To begin with a DSC analysis was performed on the TPE samples to find the melting temperature 

and other relevant thermal transitions. Prior to the actual measurement one complete thermal cycle 

was done to erase any thermal history caused due to aging or storage conditions. Once the polymer 

was cooled down, a second cycle was performed for the characterization. In order to avoid 

aggregation due to electrostatic forces, the pellets were supplied with PE dust applied over the TPE 

(SEBS) pellets. Therefore, different scans were performed: as delivered with PE, cleaned with 

ethanol, core of pellet and as compressed molded. Cycles started from 25°C to 200 °C at a 10 °C/min 
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rate with an isotherm of 2 min at each end. With an exception that the compression molded sample 

was heated upto 250 °C. Figure 4.2 shows the heating and cooling cycles of the different forms of 

the TPE tested. 

  
Figure 4.2 DSC scan of TPE 1 at 10 °C/min, (a) heating and (b) cooling cycle. 

From the DSC scans, no notable difference in the different kinds of samples prepared were 

observed. A Tg at 80 °C is slightly visible from the heating scans in Figure 4.2a which corresponds 

to polystyrene domains present in the TPE. It is known from the supplier that this TPE belongs to 

the ESR (enhanced rubber segment) family and has 20% by weight of styrene with an order to 

disorder transition temperature at around 200 °C.  The processing temperature range recommended 

by the supplier was 180 to 280 °C. It is not clear what causes the melting transition at 120 °C which 

could be related to melting of polyethylene group of the block copolymer or certain flow additives.  

Rheological Characterization 

TPE 1 is a very low viscosity TPE owing to the high vinyl content and the capillary rheology 

measurements are shown in Figure 4.3. It exhibits shear thinning behavior which can aid the melt 

impregnation process through extrusion at higher shear rates. 
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Figure 4.3 Capillary rheology data in comparison with other polymers 

 
Figure 4.4 Rheological analysis of TPE 1. Temperature ramp 5 °C/min with oscillating plates at 

2% strain, 1 Hz. (a) Heating and (b) cooling cycle. 

The rheology data reveals the melting transitions at 120 °C similar to the DSC results and at 200 

°C where the viscosity of the material reduces by several orders. This transition at 200 °C is 

attributed to the order to disorder transition of the SEBS in TPE 1. The rheology measurements 

suggest that the impregnation of the TPE is best suited at temperatures about 200 °C where the 

viscosity of the TPE would be low enough to infiltrate the glass fibre bundles. 

4.2.2 Melt Impregnation Characterization 

This section shall discuss the results in assessing the impregnation quality of the TPE 1 glass fibre 

composites produced by melt impregnation and compression molding techniques. The following 

different characterization techniques were used to determine the impregnation quality of the 

fabricated composites: 

Data supplied by Kraton Polymers LLC
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• Optical microscopy 
• Electron microscopy
• Micro-computerized tomography 
• Weight fraction determination 

Optical Microscopy 

Presented in Figure 4.5 are the optical micrographs of TPE 1 with the glass rovings compression 

molded under the low-pressure conditions of 0.3 MPa. The presence of defects in the micrograph 

were attributed to the difficulties in polishing elastomeric matrices. 

 
Figure 4.5 Optical micrograph under reflected light showing the cross section of the UD glass 

fibre TPE 1 composites prepared by closed compression molding 

Optical microscopy images were taken of the polished sections of the melt impregnated TPE 

composites, as seen in Figure 4.6. From the micrograph, it can be seen that the TPE matrix has 

penetrated into the glass bundles indicating good impregnation.  A notable aspect is that the glass 

fibres are not very homogenously distributed through the matrix especially in the outer edges. This 

is further verified by electron microscopy and x-ray tomography techniques discussed later. 

 
Figure 4.6 Optical micrograph under reflected light showing the cross section of the UD glass 

fibre TPE 1 composites prepared by melt impregnation technique 
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Additional impregnation experiments were performed on other reinforcement types like glass mats, 

plain woven and twill woven glass fabrics to understand the impregnation characteristics into these 

structures as shown in Figure 4.7, 4.8 and 4.9. 

 
Figure 4.7 Optical micrographs under reflected light showing the cross section of TPE 1 matrix 

reinforced by glass mat  

 
Figure 4.8 Optical micrographs under reflected light showing the cross section of TPE 1 matrix 

reinforced by plain woven glass fabric  
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Figure 4.9 Optical micrographs under reflected light showing the cross section of TPE 1 matrix 

reinforced by twill woven glass fabric 

The overall impregnation quality into these different reinforcements seems to be good especially in 

the twill woven glass fabric system. There are some minor voids and defects present, which could 

be due to the polishing of the TPE matrix or any possible impregnation defects in the complex 

reinforcement structures. In order to observe more closely the fibre and matrix interface electron 

microscopy was performed on the TPE composites discussed in the following section. 

Electron Microscopy Characterization 

Scanning electron microscopy (SEM) was used to further determine the impregnation quality of the 

melt impregnated and compression-molded specimens.   

1) SEM (Secondary electron mode) 

The following observed samples were prepared by freezing the sample in liquid nitrogen and then 

slicing it with a steel razor. The sliced surfaces were then carbon coating to prevent any charging 

effects. Figure 4.10 and 4.11 shows the SEM micrographs of the impregnated TPE composites 

prepared by compression molding. The micrographs show the compaction of the fibre rovings 

towards the center caused by the film stacking approach in this method. Nevertheless, they show 

very good fibre wetting and excellent impregnation of the TPE into the fibre bundles.   
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Figure 4.10 SEM micrographs of glass fibre reinforced TPE 1 composite surfaces prepared by 

compression moulding 

    

 Figure 4.11 SEM micrographs of cryomicrotomed TPE 1 composite surfaces made by 

compression molding 

The impregnation of the TPE into the glass fibres prepared by the melt impregnation process is 

shown in Figure 4.12 and 4.13 
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 Figure 4.12 SEM micrographs of TPE 1 composites prepared by melt impregnation technique 

    

Figure 4.13 SEM micrographs of the cryomicrotomed TPE 1 composite made by melt 

impregnation 

All the images show good wetting behavior of the matrix into the glass fibre bundles in both 

techniques. The melt impregnated composites shown in Figure 4.12 has certain areas of fibre 

grouping which is attributing to poor fibre spreading as explained earlier. Figure 4.13 shows not 

only excellent wetting of the glass fibres, but also the composite is fully impregnated by the matrix, 

which is an important indication for good composite performance. Tensile rupture of the TPE 

composite tape as shown in Figure 4.14 confirms the presence of the TPE matrix in between the 

fibres but not on the fibres, which suggests good fibre wetting but rather poor adhesion to the fibres. 

Further tests such as single fibre fragmentation tests will be required to quantify the fibre matrix 

adhesion. It is to be noted that there are currently newer glass fibre rovings commercially available 

with tailored coatings or compatibilizers for thermoplastics which can potentially improve the 

adhesion of the fibres to the TPE also.   
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Figure 4.14 SEM image showing tensile ruptured TPE composite  

2. SEM (Electron Diffraction X-ray Analysis) 

EDAX SEM measurements were done on the TPE composites prepared by compression molding 

and melt impregnation to have an insight into the fibre matrix distribution in more detail. Figure 

4.15 and 4.16 shows this distribution of the TPE composites prepared by compression molding and 

melt impregnation method respectively. The surface roughness due to the polishing step and the 

brittle nature of the glass fibres made the precise measurement challenging. Nevertheless, similar 

observations of good matrix impregnation as mentioned before are noted using this method. The 

carbon map corresponded to the matrix and the rest of the elements are the fibre as expected for this 

composite material. 

 

Figure 4.15 SEM (EDX) analysis of compression molded sample showing the composite 

compositional mapping.  
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Figure 4.16 SEM (EDX) analysis of melt impregnated sample showing the composite 

compositional mapping.  

These results presented show that electron microscopy can be effectively used to characterize this 

type of elastomeric composites and can be used to assess the impregnation quality of the composite. 

The fibre distribution assessed through EDX for the TPE glass fibre reinforced composites prepared 

by melt impregnation seems to be less uniform compared to the compression molded samples. This 

is due to the poor fibre spread prior to impregnation but the impregnation quality in terms of fibre 

wetting seems to be similar to compression molded samples. 

Micro computerized tomography 

A more advanced method of using micro computerized tomography is presented next to provide an 

better insight in the 3D arrangement of the fibres in the matrix in both the compression molded and 

melt impregnated samples.

 
 Figure 4.17 Transverse sections of the compression molded sample of glass fibre TPE 1 
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 Figure 4.18 Transverse sections of the melt impregnated sample glass fibre TPE 1 

It can be clearly observed from transverse section of Figure 4.18 and the 3D image in Figure 4.21 

that the melt impregnated sample shows a dispersive arrangement of the fibres in the transverse 

direction caused due to the poor fibre spreading prior to impregnation.  More study and optimization 

is required on the design of the consolidation zone in the melt impregnation die and fibre spreading 

to achieve a homogenous distribution of the fibres. But it is interesting to note the absence of any 

major voids in both the samples. 

 

  
 Figure 4.19 Longitudinal sections of the compression molded (left) and melt impregnated (right) 

 TPE 1 composites   

 
 Figure 4.20 3D section view of the compression molded TPE 1 composite 
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 Figure 4.21 3D section view of the melt impregnated TPE 1 composite 

Volume Fraction determination 

The weight fraction of the fibres in the composite was determined to be approximately 70 % by 

TGA and 75 % by burn off methods. Figure 4.22 shows the TGA heating cycles performed on the 

TPE composite specimens under nitrogen atmosphere.  

 

 Figure 4.22 TGA for melt impregnated TPE 1 composite samples 

The study on the impregnation of TPE 1 with glass fibres using these different characterization 

techniques shows results indicating good fibre wetting behavior by the polymer and impregnation 

of the polymer into the fibre bundles in both compression and melt impregnation methods. The 

characterizations methods like SEM EDX and micro-computerized tomography show the uneven 

fibre distribution in the melt impregnated samples due to poor spread fibre spreading prior to 

impregnation. This can be improved using dedicated fibre spreading apparatus along with a fibre 

tensioning and haul off unit. The next section shall combine the TPE material with iPP GF 

composites to understand how these materials can be integrated together when building 3D 

structures with different material and mechanical properties. 
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4.3 Material integration through isothermal fusion bonding  
Different processing techniques such as compression molding, vacuum bagged autoclaving, bladder 

inflation molding etc. can be used effectively to integrate materials with dissimilar material 

properties but overlapping processing windows. The following study shall investigate isothermal 

fusion bonding of batch A (TPE 1 with iPPGF 1) using a compression molding technique.  Figure 

4.23 shows the rheological analysis of an isotactic PP (iPP 1) which is thought to have similar 

properties as the matrix material using in iPPGF 1. A sharp melting transition is noted for iPP at 

160 °C as observed in Figure 4.23 a. 

 
 Figure 4.23 Rheological analysis of iPP 1. Temperature ramp 5 °C/min with oscillating plates at 

2% strain, 1 Hz. (a) Heating and (b) cooling cycle. 

Thermo-mechanical characterization 

Thermo-mechanical properties of the TPE 1 and iPP 1 were investigated by DMA until the 

temperature at which the mechanical resistance of the material falls. First of all, a strain sweep test 

was made between 0 and 1% at 1 Hz, in order to determine the linear stress-strain region of the 

material. Successively, a temperature ramp at 2 °C/min and 5 Hz was performed to understand the 

mechanical behavior of monolayers. The strain should be selected within the linear region of the 

polymers. 
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 Figure 4.24 DMA analysis of (a) TPE 1 and (b) iPP 1 in the linear region.  

It was observed that the complex modulus starts to drop for TPE 1 at 80°C corresponding to the 

softening of the material. For the polypropylene, the softening begins at around 100 °C. Also, the 

differences in the complex moduli of the two materials are of several orders and can be observed 

well in Figure 4.24. The DMA analysis shows that a minimum of 80°C is required on either side of 

the polymers to achieve good intimate contact through softening of the polymer layers. 

4.3.1 Effect of temperature, pressure and time on peel strength of iPPGF-TPE interfaces 

The isothermal fusion bonding of iPPGF 1and TPE 1 was done using a compression-molding 

machine with a specially designed mold described in the chapter 3 at different temperature, pressure 

and time cycles. Relatively low fusion bonding pressures (less than 2 bar) were used as it can be 

applicable to low pressure forming processes. After the molding process, the samples were 

demolded and cut for the peel test and microscopy evaluation. The results of the peel tests correlated 

with the microscopy characterization are presented here. The fusion bonding parameters time, 

temperature and pressure were optimized so as to reduce defects like voids. Typical peel curves 

obtained showing bad and good adhesion are shown in Figure 4.25. 
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 Figure 4.25 Typical curves of 180° peel tests for a low adhesion (left) and a good adhesion. 

Fusion bonding at a temperature T=160° and 220°C, a pressure p=2 bar resp. and during a time 

t=30 min for both of them.  

The peel strength measured started at 0.25±0.11 N/mm and went up to 2.27±0.36 N/mm. Some peel 

strengths present very high standard deviation, mainly because of the presence of bubbles in the 

sample interface. Comparisons between average peel strength obtained by varying pressure, time, 

and temperature are presented in this section. Pressure was varied at the beginning, as its influence 

was critical for good quality samples without bubbles. Few tests were made by varying the pressure 

as shown in Figure 4.26 and apart from the effect on reduction of bubbles at the interface, it is 

observed to have a minimum effect on peel strength under the conditions investigated. 

  
 Figure 4.26 Influence of pressure on peel strength. T=210°C, t=10 min, TPE 1 thickness=1mm 

Increasing the fusion bonding time increases the peel strength between TPE 1 and iPPGF 1 as shown 

in Figure 4.27. The thickness of the TPE layer, t is also varied in Figure 4.27 and also increase the 

peel strength which is related to the increase in the stiffness of the TPE layer. Since diffusion is a 
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relatively slow process, time is required to achieve good interdiffusion, which increases the bond 

strength of the interfaces. 

 
 Figure 4.27 Influence of time on peel strength.  

Figure 4.28 shows the influence of processing temperature on peel strength. Increasing temperature 

makes the peel strength increase, as expected due to the increase in interdiffusion and intimate 

contact TPE on the iPPGF surface. The effect is even more important for the samples at higher 

pressure (2 bar) and higher processing time (30 min). This can be because the lowest temperature 

(160°C) is too low to ensure complete wetting and bonding of the interface and is below the 

recommended processing temperature for these materials. 

 
 Figure 4.28 Influence of temperature on peel strength  
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4.3.2 Microscopy evaluation of iPPGF-TPE interfaces 

The sample preparation was a rather delicate process mainly because of the difficulty to polish the 

elastomeric samples. Polishing was minimized as the elastomer had the tendency to induce artefacts 

due to the embedding of the polishing grit particles. More over this technique permitted only to see 

the edge, the crack front and the interface between the two polymers, but not the direct surface after 

peeling. On the other hand, SEM was difficult to perform because of the charge accumulation 

despite the conductive carbon layer, but was able to show directly the peeled surfaces. Effect of 

increasing time shows the more interdiffused interphase for the 2h samples which is shown in Figure 

4.29. As mentioned before the peel strength increases with increase in time due to a better adhesion 

as verified by these micrographs. Figure 4.30 presents the difference at the interface between a 

sample produced at T=160 °C and another at T=220 °C. The sample made at low temperature had 

a smoother surface compared to the sample made at higher temperature. The viscosity was higher 

at T=160 °C which prevents diffusion and interlocking at the interface. This was also noted visually 

on the peeled surface of the sample processed at 160 °C was really smooth, as the prepreg was prior 

to fusion bonding. In comparison, a sample made at higher temperatures always showed very 

irregular surfaces with partially denuded glass fibres.  

  

 
 Figure 4.29 Effect of time at the crack tip. T=220 °C, p=2 bar, t= 30 min (left) and 2h (right) with 

a TPE thickness of 2 mm. In each micrograph TPE is the top layer and iPP-GF is the bottom 

layer. 
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 Figure 4.30 Effect of temperature at the interface. T=160°C (left) and 220°C (right), p=2 bar, t= 

30 min with a TPE thickness of 1mm and with preliminary TPE fusion. 

SEM references for intact iPPGF prepreg, as received from the producer, are presented in Figure 

4.31 a) which shows a very smooth surface with no glass fibres directly seen at the surface due to 

the polymer coating and in Figure 4.31 b) the fibres are visible as this is a cut section of the prepreg. 

 
 Figure 4.31 SEM images from intact iPPGF prepreg: a) surface of the prepreg and b) edge of it  

 

 Figure 4.32 SEM images of a) bad adhesion obtained showing the iPPGF surface and b) the TPE 

surface both after peeling. Samples were processed at T=210°C, p=0.4 bar, t=10 min, TPE 

thickness=1mm  
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 Figure 4.33 SEM images showing a) the zone of the crack with bended TPE (left up) and prepreg 

(left down) and b) the TPE surface both after peeling. Samples were processed at T=220°C, p=2 

bar, t=120 min, TPE thickness=1mm and made with pre-fusion of TPE. 

A better adhesion (1.39 N/mm) was revealed via SEM with a characteristic ripped peeled surface 

(Figure 4.33 b). Major grooves certainly corresponding to glass fibres can be observed. This means 

that TPE and prepreg interlocked around the fibres and thus created an important increase in surface 

area of contact for fusion bonding. The topography is clearly different from the low adhesion ones 

(Figure 4.33) corresponding to their different peel strengths.  

Thus, from both the peel tests and the microscopy characterization it can be seen that the influence 

of temperature and time are vital whereas the pressure is only important to have good intimate 

contact of the interfaces. Isothermal fusion bonding results suggest the possibility to bond iPPGF 

composite laminates with TPE at low-pressure conditions such as 2 bars can provide good bonded 

interfaces. These results can be applied for processes such as vacuum bagged oven curing, 

compression molding, vacuum thermoforming etc. where the skeletal reinforced preforms can be 

combined with the neat TPEs. It is also to be noted that to have good bonded interfaces, the time at 

the fusion bonding temperature plays a key role. In order to reduce this time but still have good 

bonding, non-isothermal fusion bonding was investigated as presented in the next chapter. 

4.4 Conclusions 
The results of the impregnation quality of TPE 1 into the continuous glass rovings to form TPE 

composite preforms are extremely encouraging. The impregnation quality of the preforms are more 

than sufficient for the next steps of material integration such as overmolding, tape winding, or 

hybrid processing routes. The preforming process requires relatively low consolidation pressures 

(< 0.5 bar) due to the excellent melt flow behaviour of TPE 1. The impregnation quality produced 

by the melt impregnation extrusion process was comparable to the film stacking compression 
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molding technique. There were some minor fibre disarrangements and resin rich areas in the 

extrusion process due to experimental limitations which can be further improved with a fibre 

spreading unit and a more stream lined forming die. Due to the low Young’s modulus of the TPE 

matrix, the preforms can conform over 3D structures much better than most thermoplastic based 

composite preforms. This key feature will be exploited in manufacturing prosthetic socket 

demonstrators that can have comfort and load bearing zones in the 3D structure.  The next step of 

material integration of the thermoplastic iPPGF composite tapes with TPE 1 through isothermal 

fusion bonding yielded a basic understanding on the processing parameters that were determinant 

for superior bond strengths. The fusion bonding time and temperature were found to be the 

dominating factors that increased the bond strengths of the interfaces, verified from the peel tests 

and microscopic characterization of the interfaces. The bonding pressure was important to remove 

any void defects between the bonding surfaces and seemed to play a less important role beyond that 

for increasing the bond strengths. Due to the inherent long heating and cooling cycles required for 

isothermal fusion bonding to achieve optimal bonding strength, this process may be suitable for 

small volume complex shaped 3D structures. One disadvantage of isothermal bonding is that the 

composite preforms may deconsolidate during low-pressure bonding processes as they are heated 

above the melting transition of the polymer matrix. To avoid this issue and also have shorter cycle 

times, non-isothermal fusion bonding processes shall be explored in the next chapter.  
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Chapter 5 Fusion bonding 

thermoplastics-based materials via 

overmolding 
 

In this chapter non-isothermal fusion bonding of neat and reinforced iPP with TPEs through an 

overmolding process are presented. As mentioned in Chapter 1 this process in general is very well 

suited for moderate to high volume applications. It can produce complex 3D structures with mold 

constructions conforming to scalable sizes and shapes. The material integrations studied in this 

chapter are aimed at utilizing thermoplastic composite preforms as load bearing inserts which can 

be overmolded with TPEs that form the outer shape of the structure, provide damping and can 

sustain outdoor environmental conditions. The basic steps towards such integration involve 

understanding of the bonding mechanisms and process conditions on 2D bilayer structures under 

precise controlled conditions. Many of the previous studies on overmolding indicate the melt and 

interface temperatures to play a dominant role in bond strength development, but the effect of 

pressure during the interface formation remains unclear, particularly at very low levels. Moreover, 

past overmolding studies have generally only considered the effect of bonding pressure, Ph, on 

interfaces formed in the injection phase, during which the maximum pressure may differ 

significantly from the final Ph. This chapter uncovers the understanding of the fusion bonding 

mechanisms of the studied material systems under different interface temperatures, surface 

roughness and Ph of the adherents. The bond strengths of the interfaces are mechanically tested and 

investigations on the interface morphology are presented in detail. The understanding of the 

bonding mechanisms is also applicable towards other non-isothermal processes such as FDM based 

3D printing presented in Chapter 6 which exploits a different spectrum of the processing window.  

5.1 Effect of temperature, surface roughness and pressure on bond 

strength of TPE-iPP interfaces 
 

The results using Batch B consisting of iPP 1 and TPE 2 are first presented. Increasing the injection 

pressure, Pi at a mold temperature of Tm = 40 °C, a constant hold pressure of 200 bar and a hold 

time of 5 s resulted in a clear increase in the bond strength as shown in Figure 5.1. On the other 

hand, there was no apparent influence of injection pressure under these conditions when the mold 
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temperature was increased to 80 °C. It is assumed that the interface temperature, Tint, was close to 

the average of the mold temperature, Tm, and the injection temperature, Ti [84] i.e. 140 and 160 °C 

for Ti = 240 °C and Tm of 40 and 80 °C respectively. The increase in mold temperature especially 

at lower injection pressure increased the bond strength and the corresponding fracture surfaces 

indicated mixed adhesive failure at the interface and cohesive failure of the TPE adjacent to the 

interface (Figure 5.2b). The cohesive strength of TPE 2 injected and tested under the same 

conditions was at least 3 MPa (the TPE specimens did not break at the maximum deformation 

obtainable with the present set-up). This is presumably close to upper limit to the effective bond 

strength that could be achieved for the Batch B materials and was hence consistent with the 

maximum observed bond strengths of 3 to 3.6 MPa. Ph in Batch B experiments acted as the effective 

bonding pressure and the surface roughness, Ra of the iPP insert was 0.3 μm.  The limitations of 

control in bonding pressure using injection pressure led to an improved method using the hold 

pressure directly as the bonding pressure as discussed in chapter 3 and was applied for Batch C and 

D materials discussed next.  

   
 Figure 5.1 Average bond strength as a function of the bonding pressure for the Batch B materials 

with Ra = 0.3 μm at Tm = 40 and 80 °C, Ph = 200 bar and a hold time of 5 s. (open symbols, 

adhesive failure; hatched symbols, mixed cohesive and adhesive failure) 



111 

 
 Figure 5.2 Fracture surfaces (TPE side of the interface) for the Batch B materials: (a) Tm = 40 °C, 

Pi = 530 bar, bond strength = 2 MPa; (b) Tm = 80 °C, Pi = 370 bar, bond strength = 3.6 MPa. 

The results of Batch C materials are discussed in detail in this section. The effect on the bond 

strength of increasing Ph from 100 to 600 bar at a relatively high effective injection pressure of 650 

bar, but no contact between the molten TPE and the iPP insert prior to the hold phase is shown in 

Figure 5.3 and 5.4 for different Tm and Ra. For the highest Tm of 110 °C, which corresponded to an 

estimated interface temperature, Tint ≈ (Ti + Tm)/2 = 165 °C, many of the specimens showed 

relatively low bond strengths at the lowest Ph. However, at higher Ph, the bond strengths obtained 

for Tm = 110 °C increased towards the cohesive strength of the TPE (about 4.3 MPa for this 

specimen geometry). It follows that the highest bond strengths were associated with mixed adhesive 

failure and cohesive failure of the TPE, which may have contributed to the large experimental 

scatter observed under these conditions. On the other hand, for Tm = 40 °C (Tint ≈ 130 °C), the bond 

strengths remained comparatively low at about 2 MPa over the entire range of Ph investigated and 

adhesive failure was observed throughout, albeit preceded by substantial deformation of the TPE. 

Finally, Tm = 80 °C (Tint ≈ 150 °C) resulted in intermediate values of the bond strength and failure 

was predominantly adhesive. The effect of surface roughness can be observed when comparing 

Figure 5.3 and 5.4, which shows that increasing the surface roughness increases the bond strength 

only at higher Tint.  
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 Figure 5.3 Average bond strength for Batch C materials as a function of bonding pressure for Tm 

of 40 and 110 °C, and Ra, of 0.3, (open symbols, adhesive failure; hatched symbols, mixed 

cohesive and adhesive failure) 

 Figure 5.4 Butt joint bond strength in 3 mm thick iPP-TPE (Batch C) specimens tested at 2 mm/s 

as a function of Ph for different Tm and Ra, is 2 µm (open symbols, adhesive failure; hatched 

symbols, mixed cohesive and adhesive failure; filled symbols, predominantly cohesive failure). 
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 Figure 5.5 Butt joint bond strength in 1 mm thick iPP-TPE (Batch C) specimens tested at 0.17 

mm/s as a function of Ph for different Tm and Ra, is 2 µm (open symbols, adhesive failure; hatched 

symbols, mixed cohesive and adhesive failure; filled symbols, predominantly cohesive failure). 

 

Figure 5.5 shows the bond strength of the 1 mm thick TPE-iPP butt joint specimens. The highest 

bond strengths were again obtained for Tm = 110 °C, but in this case high bond strengths and 

predominantly cohesive failure of the TPE were observed over the entire range of Ph investigated, 

and indeed there was a slight increase in bond strength at the lowest Ph. Moreover, the absolute 

values of the bond strengths obtained with Tm = 110 °C were generally lower for the 1 mm thick 

specimens than for 3 mm thick specimens, and pure cohesive failure rather than mixed 

adhesive/cohesive failure was observed throughout. This may be attributed to both the reduced 

thickness and to the reduced strain rate of 0.17 mm/sec used to test these specimens, and the 

consequent reduction in the cohesive strength of the TPE. At Tm = 40 °C, the observed bond 

strengths were similar for the two thicknesses, and adhesive failure was again dominant in the 1 

mm thick specimens, although mixed adhesive failure and cohesive failure of the TPE was also 

observed, as indicated in Figure 5.5. The bond strengths obtained from 3 mm thick iPP-iPP butt 

joint specimens at different Tm and Ph are shown in Figure 5.6 for comparison. For Tm = 40 °C, 

increasing Ph led to a slight decrease in the bond strength, while for Tm = 80 and 110 °C the highest 

bond strengths of around 10 and 12 MPa respectively were achieved with Ph = 600 bar. The bond 

strengths nevertheless remained very much lower than the nominal tensile strength of the iPP of 34 

MPa.  
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 Figure 5.6 Mean butt joint bond strength in 3 mm thick Batch E (iPP2-iPP2) specimens tested at 

2 mm/s as a function of Ph for different Tm and Ra, is 2 µm (5 specimens tested for each set of 

conditions). 

Figure 5.7 shows representative load-displacement curves from the DENT specimens for different 

L and Tm. The self-similarity of the curves for all the conditions investigated was considered to 

provide at least a partial justification for the use of the EWIF concept for these specimens. In each 

case, the force reached a maximum and then decreased progressively as the starter crack propagated 

through the interface or the bulk material associated with the ligament. The energy of failure (area 

under the curve) increased with increasing L and also with increasing Tm.  

 

 
 Figure 5.7 Force-elongation curves for iPP-TPE DENT (Batch C) specimens with different 

ligament lengths, L, for Ph = 100 bar, Ra, is 2 µm and: (a) Tm = 40 °C; (b) Tm = 110 °C. 
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 Figure 5.8 Video frames of the failure of the iPP-TPE (Batch C) interfaces with L = 3 mm, Ra, is 

2 µm and : (a) Tm = 40 °C; (b) 110 °C. 

Figure 5.8 shows the ligament failure modes at Tm of 40 and 110 °C. At Tm = 40 °C, failure was 

predominantly adhesive at the lowest pressures (Figure 5.8a), but TPE residues were increasingly 

visible on the iPP side of the fracture surfaces as Ph increased, as indicated in Figure 5.9, which 

gives the corresponding fracture energies. For Tm = 110 °C, on the other hand, the cracks generally 

propagated through the bulk TPE (Figure 5.8b), and the fracture energy (Figure 5.10) was therefore 

assumed in this case to be a measure of the cohesive behavior of the TPE rather than that of the 

interface. The effective essential work of interfacial fracture (w12) of TPE-iPP is summarized in 

Figure 5.11 for the different specimens and injection conditions; only data corresponding to 

adhesive failure were used to calculate w12 at Tm = 40 °C whereas the values of w12 given for Tm = 

110 °C were calculated from data for cohesive failure of the TPE (no attempt was made to calculate 

w12 for 600 Bar and Tm = 110 °C owing to the multiplicity of failure modes). These results confirmed 

the trends observed for the butt joint tests, in that increasing Ph at low Tm resulted in a modest 

increase in the EWIF, while increasing Tm significantly increased the bond strength between the 

two materials, resulting in cohesive failure of the TPE rather than adhesive failure of the interface. 
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 Figure 5.9 Work of fracture (wIF) for the iPP-TPE (Batch C) interfaces with Tm = 40 °C at 

different L, Ra : 2 µm and Ph of: (a) 100 bar; (b) 200 bar; (c) 300 bar; (d) 600 bar (open symbols, 

adhesive failure; hatched symbols, mixed cohesive and adhesive failure). 
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 Figure 5.10 Work of fracture (wIF) for the iPP-TPE (Batch C) interfaces with Tm = 110 °C at 

different L, Ra: 2 µm and Ph of: (a) 100 bar; (b) 200 bar; (c) 300 bar; (d) 600 bar (open symbols, 

adhesive failure; hatched symbols, mixed cohesive and adhesive failure; filled symbols, 

predominantly cohesive failure). 
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Figure 5.11 Effective essential work of interfacial fracture (w12) of the iPP-TPE (Batch C) 

interfaces at different Ph and Tm = 40 °C, along with results obtained using the same procedure for 

Tm = 110 °C, where cohesive failure in the TPE was the dominant failure mode and Ra: 2 µm. 

5.2 Morphology of TPE and TPE-iPP interfaces  
 

TEM images of the morphology of the as-molded TPE 3 are shown in Figure 5.12 which were very 

similar to TPE 2 (Figure 5.13). The apparently continuous “matrix” phase in Figure 5.13a and 5.14a, 

which appears light in the micrographs, consisted predominantly of iPP. The SEBS took the form 

of roughly equiaxed but overlapping domains with diameters of up to about 2 μm, in which the 

individual styrene and olefinic blocks are clearly visible in Figure 5.12 as a result of preferential 

staining by the RuO4  [85]. Figure 5.13 and 5.14 shows TEM images of the local structure of a TPE-

iPP interface. The SEBS domains did not show significant migration into the iPP matrix under any 

of the molding conditions investigated (Figure 5.13a and 5.14a), but excellent wetting of the iPP by 

the TPE was observed throughout, the TPE completely filling in the asperities caused by the 

polishing process (Figure 5.13b and 5.14b).  
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 Figure 5.12 TEM micrographs of RuO4 stained thin sections of the TPE 3 showing (a) an 

overview and (b) a detail from one of the SEBS-rich domains.

 
 Figure 5.13 TEM micrographs of RuO4 stained thin sections of the Batch B interface showing (a) 

an overview and (b) a magnified image of showing SEBS and iPP domains. 
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Figure 5.14 TEM micrographs of of RuO4 stained thin sections from a Batch C: TPE-iPP interface 

from a butt joint specimen prepared with Tm = 40 °C and Ph = 100 bar: (a) detail of the interfacial 

morphology; (b) overview of the interface showing wetting by the TPE of asperities in the iPP 

caused by polishing. 

For systematic observations of the interfacial morphology, it was more convenient to use SEM and 

OM. These provided both an overview of the interfaces and an indication of the microstructure on 

the iPP side of the interface when combined with the etching procedure described in the 

experimental section. Figure 5.15 shows OM images of 3mm butt joint specimens with different 

surface roughness, Tm and Ph applied. The coarse nature the surface (Ra: 2 µm) is clearly visible in 

Figure 5.15 a in comparison to the smoother (Ra: 0.3 µm) surface shown in Figure 5.15 c. At higher 

mold temperatures, the roughness seems to smoothen out but voids are observed at lower bonding 

pressures (Figure 5.15 b) 
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 Figure 5.15 OM micrographs of Batch C interfaces prepared under different conditions: (a) Tm = 

40 °C, Ph = 100 bar; Ra: 2 µm (b) Tm = 110 °C, Ph = 100 bar, Ra: 2 µm; (c) Tm = 40 °C, Ph = 600 

bar, Ra: 0.3 µm; (d) Tm = 110 °C, Ph = 600 bar, Ra: 0.3 µm. 

 
 Figure 5.16 SEM micrographs of Batch C interfaces prepared under different conditions: (a) Tm = 

40 °C, Ph = 100 bar, Ra: 2 µm; (b) Tm = 110 °C, Ph = 100 bar, Ra: 2 µm. The arrows indicate the 

position of the iPP-TPE interface. 
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 Figure 5.17 SEM micrographs of Batch C interfaces prepared under different conditions: (a) Tm = 

40 °C, Ph = 600 bar, Ra: 2  µm; (b) Tm = 110 °C, Ph = 600 bar, Ra: 2  µm. The arrows indicate the 

position of the iPP-TPE interface. 

The SEM images in Figures 5.16 and 5.17 show interfaces from 3 mm thick butt joints prepared at 

different Tm and Ph. There was clear evidence of melting and recrystallization on the iPP side of the 

interface for Tm = 110 °C in the form of a distinct transcrystalline zone with a uniform thickness of 

about 20 μm across the whole of the specimen width. There was also a significant step-like decrease 

in grey level in the SEM images at the boundary of the equiaxed spherulitic regions and the 

transcrystalline zone. This was attributed to diffusion of plasticizer from the iPP-rich domains of 

the TPE into the regions of the iPP insert that were molten during bonding and then recrystallized 

during cooling to form the transcrystalline zone.  

 

 
 Figure 5.18 Optical micrographs of Batch C interfaces prepared under different conditions: (a) Tm 

= 110 °C, Ph = 600 bar; (b) Tm = 40 °C, Ph = 600 bar. 
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A similar step-like decrease in grey level was also visible at the interfaces obtained with Tm = 40 

°C. In this case, the original spherulitic structure of the as-molded iPP inserts was visible up to 

within a few μm of the interface. The coarse structure of the interfaces was also visible in reflected 

light OM images of the etched sections (Figure 5.15 and 5.18), which confirmed both extensive 

melting and recrystallization of the iPP for Tm = 110 °C, and the absence of any transcrystallinity 

on the iPP side of the interface for Tm = 40 °C. Significantly, no transcrystallinity was observed at 

the surface of the solid insert in iPP-iPP butt joint specimens for this range of Tm, suggesting little 

or no large-scale melting, consistent with the results in Figure 5.6, i.e. the fact that the observed 

bond strengths were far less than the cohesive strength of the iPP.  

 
 

Figure 5.19 Schematic of the TPE-iPP interface morphology obtained at: (a) Tm = 110 °C; (b) Tm

= 110 °C. 

A further feature of the transcrystalline zones observed in the TPE-iPP specimens for Tm = 110 °C 

was that transcrystallinity originated from both the boundary between the un-melted spherulites and 

the melt zone of the iPP insert, and from the TPE-iPP interface, the two solidification fronts meeting 

approximately mid-way between the TPE-iPP interface and the limit of the un-melted spherulites, 

as shown schematically in Figure 5.19. As seen in Figure 5.16 b and as illustrated in Figure 5.19 a, 

at the lowest Ph, the junction between these two transcrystalline growth fronts was marked by a 

high concentration of voids, in some case extending several μm parallel to the interface, and similar 

sized voids were also present at the TPE-iPP interface. This strongly suggested that in this case the 

lowest Ph was insufficient to compensate shrinkage-induced void formation during solidification of 

the TPE and the molten regions of the iPP insert. This presumably accounted for the large scatter 

and relatively low joint strengths observed in the thicker specimens at low Ph and high Tm. However, 
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the extent of voiding was greatly reduced at higher Ph (Figure 5.15d and 5.17b) and for low Tm little 

voiding was observed at any of the Ph investigated (Figures 5.16a and 5.17a). 
 

5.3 Effect of temperature and pressure on bond strength of TPE-

iPPGF interfaces 
 

Batch F materials consisting of TPE 4 and iPPGF interfaces were tested using a T-Peel test method 

as described in chapter 3. Figure 5.20 shows a photo of the interface been tested under 2 different 

temperature conditions leading to different fracture behavior. 

 
 Figure 5.20 a) Adhesive failure at Tm: 40°C and b) cohesive failure at Tm: 80 °C peeling during a 

T-peel test 

Figure 5.21 shows the average peel force varying with different Tm and Ph conditions. At a Tm of 40 

°C the peel strengths are low and the fracture surfaces are adhesive failures. The increase in mold 

temperature to 80 °C increases the peel strength of the interfaces and the failure becomes a mixture 

of adhesive and cohesive leading to rather large experimental scatter. This testing method can be 

used to qualitatively test the interfaces and understand the effect of the processing parameters. 

Figure 5.22 shows the TPE peeled surfaces for the different temperature conditions and failure 

modes. 
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 Figure 5.21 Average peel force of the TPE-iPPGF interface for different Tm and Ph (open 

symbols, adhesive failure; hatched symbols, mixed cohesive and adhesive failure) 

 

Figure 5.22 TPE fracture surfaces for different Tm a) 40° C, adhesive failure surface b) 80 °C, 

mixed adhesive and cohesive failure surface 

 

5.4 Discussions 

It is generally accepted that increasing the interface temperature, Tint, during non-isothermal fusion 

bonding of compatible thermoplastics increases bond quality and bond strength. However, in the 

specific case of TPE bonded to rigid iPP and iPPGF substrates, the effective maximum bond 

strength is limited by the mechanical properties of the TPE, given that the cohesive strength of TPE 

is not only significantly less than the cohesive strength of iPP but also comparable with that of the 



 

 

126 

strongest iPP-iPP bonds obtained under the conditions investigated in the present work. For the 

lowest Tm (40 °C), the estimated Tint, was as low as 130 °C, i.e. well below the nominal melting 

point of iPP of around 169 °C (cf Table 5.1). It is therefore inferred that bonds strengths approaching 

the cohesive strength of the TPE may be achieved in this type of overmolded joint without extensive 

melting of the initially solid iPP insert, provided the TPE melt temperature and pressure are high 

enough to achieve and maintain intimate contact, which is known to lead to significant bond strength 

even for iPP-iPP [3]. Indeed, when Tm is relatively high, the resulting extensive melting of the iPP 

insert may be counterproductive in thick specimens if Ph is too low, owing to uncompensated 

shrinkage during solidification, which resulted in voiding at and around the interface in the present 

case. Nevertheless, increasing Tm and, by inference, increasing the interface temperature generally 

resulted in significant increases in the strength of the TPE-iPP bonds, accompanied by a transition 

from predominately adhesive failure with limited TPE residues on the iPP side of the fracture 

surfaces, to predominantly cohesive failure of the TPE. These trends were confirmed by EWIF 

analysis of the notched TPE-iPP fracture specimens, which indicated the influence of extrinsic 

factors, e.g. residual stresses or orientation in the surface layers adjacent to the mold walls, not to 

be determinant.  

 Table 5.1 Melting temperature and total crystallization enthalpy 

Material Melting temperature* [°C] Total crystallization 

enthalpy** [J/g] 

iPP1 168 73 

iPP 2 169 105 

TPE 2 152 13 

TPE 3 157 18 

TPE 4 160 37 

*determined by differential scanning calorimetry (DSC, TA Q200) at a heating rate of 10 °C/min, 

**determined by DSC at a cooling rate of 10 °C/min. 

 

Previous investigations of non-isothermal bonding of iPP plaques using a hot press with well-

defined Tint showed the bond strength of the resulting iPP-iPP interfaces to increase gradually with 

Tint in the range 165 to 180 °C from a minimum value, associated with intimate contact but limited 

interdiffusion, up to the cohesive strength of the iPP, implying extensive interdiffusion at the highest 

Tint [32] [30]. In the present case, the effective melting range of the surface of the iPP insert is 

thought to have shifted to lower temperatures owing to migration of plasticizer from the TPE melt; 

the presence of plasticizer resulted in a decrease in the melting point of the iPP-rich phase in the 

TPE of around 10 °C, and there was some suggestion from SEM that the depth of the melt zone at 
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the surface of the insert coincided with the depth of penetration of the plasticizer, although this 

remains to be confirmed spectroscopically. Local melting may also have been promoted by the 

presence of asperities at the surface of the iPP insert introduced during the polishing step [33]. The 

increase in surface roughness does cause an increase in bond strengths at higher Tint as the molten 

TPE can penetrate the rougher surfaces much better and has a higher surface contact for bonding 

and mechanical interlocking to occur. With the exception of the effects linked to uncompensated 

shrinkage discussed at the beginning of this section, the influence of Ph on both the TPE-iPP and 

the iPP-iPP bonds was weak compared with that of Tm. The effect of interfacial pressures in the 

range 100 to 400 bars on non-isothermal iPP-iPP bonds prepared in a hot press has also been 

reported to be relatively minor in regimes dominated by intimate contact, i.e. where there is limited 

melting of the initially solid iPP [32]. Although pressure is not expected to have a major direct 

influence on interdiffusion, it has been shown to influence the strength of non-isothermal iPP-iPP 

bonds where more extensive melting takes place, owing to a systematic increase in the melting point 

with pressure [32]. However, there was no clear evidence for any such effect in the present case, 

both the bond strength and the depth of the melt zone showing little change with Ph at the highest 

Tm.   

 
 Figure 5.23 (a) Bond strength in 3 mm thick iPP 2-TPE 4 butt joint specimens as a function of 

different Ph and Tm, and a strain rate of 2 mm/s; (b) force-displacement curves for 3 mm thick iPP 

2-TPE 3 and iPP 2-TPE 4 butt joint specimens for Tm. 

In order to confirm the influence of the mechanical response of the TPE on the maximum effective 

bond strength, a grade of TPE (TPE 4 in Table 5.1) with a higher iPP content and a higher tensile 

strength (9 MPa) was fusion bonded with iPP 2 to form butt joint specimens under similar conditions 

to those used for TPE 3. The resulting bond strengths, shown in Figure 5.24a, showed similar trends 

to those obtained with TPE 3, but were significantly higher, even for the lower Tm. As seen from 



 

 

128 

Figure 5.24b, the different stress-strain behavior of the two grades of TPE made quantitative 

comparison difficult, the stored elastic energy being very different at any given strain. However, 

adhesive failure of the TPE 3-iPP 2 interface was the dominant failure mode for all the conditions 

shown in Figure 5.24a, suggesting there to be some margin for further increasing the effective bond 

strength in this case.       

5.5 Conclusions 
The strength of TPE-iPP and TPE-iPPGF interfaces prepared by non-isothermal fusion bonding 

through an overmolding process may be optimized, i.e. approach the limiting strength 

corresponding to the cohesive tensile strength of the TPE, over a wide range of effective bonding 

pressures, if the mold temperatures, and hence the interfacial temperatures are sufficiently high. 

The presence of a continuous plasticized iPP phase in the TPE clearly plays an important role in the 

various stages of bonding at the TPE-iPP interfaces, namely establishment of intimate contact and 

interdiffusion. Moreover, the presence of plasticizer in the TPE, which may be inferred from the 

relatively low melting point of this latter, is argued to promote local melting at the surface of the 

iPP insert at interface temperatures significantly lower than those necessary to form strong bonds 

in un-plasticized iPP for comparable bonding times. On the other hand, the lack of extensive melting 

at the interface at the lowest mold temperatures implied establishment of intimate contact to be the 

dominant bonding mechanism in both the TPE-iPP and TPE-iPPGF cases. While the bonds were 

significantly weaker at low mold temperatures and failure of the butt joint specimens was 

characterized by adhesive failure at the interface, tensile strengths of at least 50 % of the tensile 

strength of the TPE were achieved in this configuration. Hence, although high interface 

temperatures may lead to improved bond strengths, it is still possible to obtain adequate 

performance when the TPE adheres to a relatively cold iPP substrate. Moreover, it is suggested that 

wetting and hence intimate contact do not require high bonding pressures, but that pressure is 

important to compensate shrinkage in thick specimens injected at high mold temperatures. The bond 

strengths of these interfaces may be further increased by varying the surface textures of the iPP 

surface or increasing the iPP content of the TPE with tradeoffs in TPE hardness and lower 

elongation at break values. These results can be directly implemented for overmolding TPEs in 

complex shaped molds with iPP or iPPGF 3D prefrom inserts in industrial high volume production 

parts. The fatigue durability of these interfaces need to be evaluated in long term and under the 

environmental conditions in which the prosthetic feet are used. The tailored conditions presented in 

this chapter will ensure excellent bonding of the interfaces. The important observations in this 

chapter are extended to fusion bonding of similar materials systems by FDM 3D printing under 

highly non-isothermal conditions and at very low pressures described in the next chapter.  
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Chapter 6 3D printing of thermoplastic-

based multimaterials interfaces 
 

This chapter is dedicated to FDM based 3D printing techniques applied to the different 

thermoplastic-based materials i.e. iPP (neat), iPP (talc filled), iPP-GF (short fibres) and TPE. The 

combination of soft SEBS based TPEs with hard iPP based TPs in complex geometries by FDM 

potentially has advantages in the fabrication of prosthetic socket interfaces. It would allow patient 

specific customization of structures containing soft pressure relieving zones and hard load bearing 

areas, and hence enhance comfort of the device. The state of the art in FDM technology is rapidly 

evolving due to the tremendous interest for rapid prototyping and cost-effective complex part 

production. Considerable effort was made to use the latest accessible experimental setups and 

techniques to integrate the different materials. Polypropylene, until recently was not commercially 

available as 3D printable filaments and is still considered a difficult material to 3D print due to its 

semicrystalline nature, causing differential shrinkage and warpage during printing and poor bed 

adhesion. Nevertheless, 3D printing of neat and reinforced iPP was successfully carried out by 

carefully optimizing the narrow processing windows of these materials. Another notable challenge 

was printing of the soft and flexible TPE materials which tend to cause filament buckling issues in 

the driving mechanism. A direct drive geared extruder with a full filament support mechanism was 

custom installed into the printer and TPEs with suitable hardness and improved flow properties 

were chosen to address these challenges. Dual head printing techniques were explored to have quick 

switchover between the TPE and TP during the printing process and also prevent excessive cooling 

down of the previous layers. Bilayer interfaces of iPP-TPE, iPPTalc-TPE and iPPGF-TPE were 3D 

printed and the microstructures of the interfaces are presented in this chapter. Tensile tests were 

done on the interfaces to evaluate the bond strengths between the printed layers of each individual 

material and also between the different materials. Infrared thermography was used to assess the 

substrate temperatures during the 3D printing process and assist in defining suitable processing 

windows for the material systems.  

  

6.1 Thermoplastic based multimaterials for FDM 
FDM offers the possibility to manufacture complex shaped 3D structures and can combine different 

compatible thermoplastics in a very cost-effective manner. The development of more recent multi-
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head printers allows 3D printing with more than one material or colors of the same materials for a 

single part. An extensive material selection for the iPP-TPE based materials was already presented 

in Chapter 3. Figure 6.1 shows the mechanical performance envelope of PP in comparison to the 

most common 3D printing filament i.e. PLA. It can be observed that PP has higher impact, thermal 

and elongation properties making it a very good in fatigue. Figure 6.2 lists the different properties 

and highlights the key advantages of PP in comparison to other common commercially available 

3D printing thermoplastic filaments. The superior impact properties, thermal and elongation 

properties of PP ensure durable 3D printed objects. Carneiro et al. [29] have recently published 

work on FDM of PP and PPGF describing the effect of printing orientations, infill percentage 

(percentage of solid material filled in the printed object) and layer height in comparison with 

samples made by compression molding. The tensile strength of 3D printed structures of both PP 

and PPGF was 20-30 % inferior to compression molded parts. It was reported that the use of fibre 

reinforcements and increase in infill percentage enhanced the mechanical properties of the printed 

structures.    

 
 Figure 6.1 Mechanical performance of PP compared to PLA [86] 

Figure 6.2 shows a table of Polyolefin filaments, which are blends of PP and PE, compared with 

other 3D printing filaments. The key properties of water and moisture resistance, mechanical and 

thermal properties along with recyclability make them an attractive material for 3D printed 

structures in outdoor applications. 

 
 Figure 6.2 Properties of polyolefins in general compared to other commonly used 3D printing 

material [87] 
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The thermoplastic used for 3D printing were limited to iPP 2 (neat), iPP 3 (iPPtalc filled) and iPPGF 

1 (iPPGF filled) with their properties listed in Table 3.2 and 3.3 in Chapter 3. FDM of TPEs until 

very recently were limited to commercial formulations of TPU based materials. The inherent design 

of gear driven filament based FDM extruders prevents the use of soft TPEs and is usually limited 

to above shore 80 A hardness. In the current work, TPEs based on SEBS melt blended with PP with 

shore hardness 85 A are used as described in Table 3.1 of Chapter 3. It is possible to print softer 

TPEs using more recently available pellet based extruder 3D printers but this method is out of the 

scope of the current work.  

6.2 Effect of bonding temperature on neat iPP-TPE interfaces 

This section will present the preliminary results of printing Batch G (iPP2 with TPE 4) using a 

single nozzle hot-end direct drive filament extruder FDM printer. The lab extruded filaments of 

approximately 1.75 mm diameter TPE and PP were used for this experiment as described in Chapter 

3. It was difficult to print the neat PP filament due to the high shrinkage effect as shown in Figure 

6.3 which caused warping issues on the part. Also, the TPE 4 filament was not ideal for 3D printing 

as there were issues of the filament getting tangled in the drive gear due to the soft nature of the 

filament and pressure buildup in the nozzle. But nevertheless, iPP-TPE interfaces were printed with 

satisfactory quality as presented in this section. 

 

  
 Figure 6.3 Surfaces of printed iPP showing spherulitic features and the voids formed after 

crystallization  

Several printing trials were conducted to optimize the printing conditions of iPP to print a flat layer 

for the TPE to be deposited on with good interface contact. Figure 6.4 shows an optical micrograph 

of the printed iPP/TPE interface. The voids due to shrinkage are also visible on the iPP side of the 

interface in Figure 6.4 a.   
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Figure 6.4 (a) Overview of a TPE-iPP interface prepared by FDM and (b) part of a section 

through the interface showing intimate contact between the TPE and the iPP. 

The bed temperature, Tb and hot-end TPE temperature, Th were increased and the bond strength of 

the iPP/TPE printed interfaces tested are presented in Figure 6.5. At low bed temperatures, the bond 

strengths compared favorably with those obtained by overmolding at low hold pressures as 

discussed in the previous chapter, bearing in mind the higher strength of the TPE used for the FDM 

experiments. However, the bond strengths decreased significantly when the bed temperature was 

raised to 90°C. As seen from Figure 6.6d, this could be attributed directly to the poor contact 

between the iPP substrate and the TPE, which was due in turn to excessive non-uniform shrinkage 

of the iPP away from the plane of the interface, the center of the iPP bed remaining molten for much 

longer times than those associated with the deposition of successive layers. This effect could be 

observed directly during fusion deposition of the iPP, which became opaque on solidification, 

forming a spherulitic texture (cf. Figure 6.3) that defined the scale of the local roughness of surface 

of the iPP. There was some loss of contact between the TPE and the iPP for a bed temperature of 

30 °C, (Figure 6.6a), but contact was generally good at intermediate bed temperatures, particularly 

when the TPE melt temperature was increased (Figure 6.6c); this resulted in extensive melting of 

the iPP surface, an increase in bond strength by about 10 %, and mixed adhesive failure and 

cohesive failure of the TPE in spite of the relatively high tensile strength of this latter (4.3 MPa as 

shown in Figure 6.5).    
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 Figure 6.5 Average bond strengths for interfaces prepared by FDM with different Tb and Th (open 

symbols, adhesive failure; hatched symbols, mixed cohesive and adhesive failure; filled symbols, 

predominantly cohesive failure).  

 Figure 6.6  TPE-iPP interfaces prepared by FDM with: (a) Tb = 30 °C, Th = 240 °C; (b) Tb: 60 °C, 

Th = 240 °C; (c) Tb = 60 °C, Th = 250 °C; (d) Tb = 90 °C, Th = 240 °C. 
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Due to the challenges associated in printing the semicrystalline neat iPP as shown in Figure 6.7 and 

the inconveniences of material change in using a single hot-end, the following improvements were 

done in the next section; low shrinkage filled iPP materials (Batch H, I) were investigated and a 

dual hot-end nozzle head was used.     

 
Figure 6.7 Non-uniform shrinkage shown by two neat iPP objects 3D printed next to each other   

6.3 Effect of fillers on the iPP-TPE interface 

The materials such as talc and glass fibre filled iPP were found to have much better printing 

characteristics especially with regard to shrinkage related issues as shown in Figure 6.8 in 

comparison to the neat iPP printing as shown in Figure 6.7.  

 
 Figure 6.8 Different interfaces of 3D structures prepared by FDM  

Figure 6.9 shows the bond strength of the different interfaces printed at different Th and Tb along 

with the strength of the individual materials. The temperature of iPP just prior to the TPE printing 

was measured using the infrared camera and was recorded to be around 60 °C due to the poor heat 

transfer of the polymer from the heated bed to the top most surface. Also, the interface temperature 

increased gradually as each deposited hot layer was printed on top of each other until the cooling 
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of the layers took over this effect. The bond strengths of the iPPTalc-TPE interfaces are lower than 

the iPPGF-TPE interface as reported in Figure 6.9. Also, evident from the butt joint tests is that the 

iPPTalc-TPE interfaces always failed adhesively and the iPPGF-TPE interfaces showed only 

cohesive failure of the TPE which is around 6 MPa (Figure 6.9). Also, the effect of Th on the bond 

strength of iPPTalc-TPE interfaces seems to be minimum, which could be due to the presence of 

non-binding talc on the interface irrespective of the temperature changes. Figure 6.9 shows the 

strength of the interfaces of the individual 3D printed material and their influence with different Th 

and Tb. It can be observed that the iPPTalc interfaces have inferior layer-layer bond strengths 

compared to the iPPGF interfaces. The bed temperature does not seem to affect the layer strengths 

also as shown in Figure 6.10. 

 
 Figure 6.9  Bond strengths for iPPTalc-TPE and iPPGF-TPE interfaces prepared by FDM with 

different TPE melt temperatures and Tb (open symbols, adhesive failure; filled symbols, 

predominantly cohesive failure).  
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Figure 6.10 Bond strengths for individual material interfaces prepared by FDM with different hot-

end and bed temperatures  

Through observing the printed layer temperatures using the infrared camera, it can be seen that the 

actual printing temperatures of the substrate and deposited layers can be quite different from Tb and 

Th due to poor heat conduction from the heated bed to the topmost printed layer and the rapid 

cooling of the polymer at the exit of the hot-end as mentioned earlier. Figure 6.11 shows the 

temperature recorded immediately after the first TPE layer deposited to be only 83 °C from a Th of 

245 °C due to the rapid cooling of the thin polymer layer. The differences in bond strengths due to 

increase in Tb are not very evident as the infrared thermal measurements show that the substrate 

temperature have only a difference of 10 °C with the different bed temperatures as shown in the 

example of printed iPPTalc in Figure 6.12 and 6.13 (which is also applicable to iPPGF printing). 

This means that there is no major difference in the interface temperatures of the printed layers under 

these different experimental conditions leading to similar bond strengths. The maximum interface 

temperatures for the bond strengths reported in Figure 6.9 is 162 °C for Th: 260 °C and measure 

substrate temperature 65 °C for Tb: 110 °C. This may be enough to cause a local melting of the iPP 

surface and develop the necessary intimate contact of the two materials to form a good bond.  
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 Figure 6.11 A screen shot of the temperature distribution during deposition of the first TPE layer 

on iPPTalc at Th: 245 °C and Tb: 110 °C (left hand side). The red box labelled “Cursor 1” 

corresponds to 3x3 pixels in the original image and is placed over the TPE layer. The graph on the 

right hand side shows a vertical temperature profile corresponding to this box. 

 

 Figure 6.12 A screen shot of the temperature distribution during deposition of iPPTalc printed 

layer temperature when first layer of TPE is deposited at Tb: 40 °C (left hand side). The red box 

labelled “Cursor” corresponds to 3x3 pixels in the original image and is placed over the iPPtalc 

layer. The graph on the right hand side shows a vertical temperature profile corresponding to this 

box. 
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 Figure 6.13 A screen shot of the temperature distribution during deposition of iPPTalc printed 

layer temperature when first layer of TPE is deposited at Tb: 110 °C (left hand side). The red box 

labelled “Cursor 1” corresponds to 3x3 pixels in the original image and is placed over the iPPtalc 

layer. The graph on the right hand side shows a vertical temperature profile corresponding to this 

box. 

The presence of talc can hinder the bonding under the low-pressure conditions of 3D printing which 

could result in lower bond strengths and only adhesive failure (cf. Figure 6.14) whereas the glass 

fibres in the iPPGF material can interlock into the TPE surface creating stronger interfaces. Also, 

the extensive elongation of the TPE layers are observed for the bonded iPPGF-TPE interfaces in 

Figure 6.15. 

 

Figure 6.14 Video frame images of iPPTalc-TPE interfaces showing adhesive failure at the 

interface
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 Figure 6.15 Video frame images of the iPPGF-TPE interface during the butt joint test finally 

showing cohesive failure of the TPE 

Sectional views of the iPPTalc-TPEs are shown in Figure 6.16 which have a rather smooth interface 

in comparison to the iPPGF layer. The roughness of the iPPGF-TPE interface and sectional view 

showing the glass fibres close to the interface is observed in Figure 6.17. The roughness induced 

by the glass fibres can increase the bond strength of the interface leading to the maximum effective 

bond strengths for these material systems. 

  
 Figure 6.16 iPPTalc-TPE interfaces printed at Tb: 60°C, Th TPE: 250 °C  
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 Figure 6.17 iPPGF-TPE interfaces printed at Tb: 60°C, Th TPE: 250 °C  

6.4 Effect of print speed and cooling conditions 

Further tests were performed in an attempt to improve the bond strength of the iPPTalc-TPE 

interfaces by changing the print speed, bed temperatures and varying the cooling fan conditions 

present on the printing head but the conditions did not allow any bond strength improvements 

compared to the previous experiments and resulted in only adhesive failure at the interface between 

these materials. This concludes that the presence of talc interferes the bonding at the interface and 

it is suggested that printing in a heated enclosure may improve further the bond strengths by 

increasing the interfacial temperatures well above the melting point of iPP.  

 

 Figure 6.18 Average bond strength of iPPTalc-TPE interfaces with different cooling fan speed, 

Th, Tb and printing speeds  

The best bonding conditions were achieved using iPPGF based materials which are more suitable 

for 3D printing with lower dimensional instabilities and superior mechanical properties. Tests were 
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also performed in increasing the print speed to the maximum of the printer capability of 100 mm/s. 

The bond strengths of the iPPGF-TPE at different cooling conditions (by varying the cooling fan 

speed) and print speeds are shown in Figure 6.19. The different conditions do not seem to affect the 

bond strength of the interfaces drastically and failure mode is always observed to be cohesive in 

nature. This suggests that the intimate contact of the rough iPPGF bonded with the molten TPE 

dominates the bonding mechanism leading to excellent bonding between the materials.

 
 Figure 6.19 Average bond strength of iPPGF-TPE interfaces with different cooling fan speeds, Th 

: 260 °C, Tb and printing speeds 

6.5 Conclusions 
FDM 3D printing of the thermoplastic-based multimaterials shows promising results that can be 

applied in the production of unique 3D structures with tailored properties. Similar trends as 

observed in the previous chapter were noted here for the FDM process. An increase in the interface 

temperature, which can be adjusted through the nozzle or bed temperature, had a notable effect on 

the bond strength of the iPP-TPE and iPPGF-TPE interfaces. It is generally accepted that increasing 

the interface temperature during non-isothermal fusion bonding increases bond quality and bond 

strength. For example, in the specific case of raising the bed temperature in FDM promotes intimate 

contact and melting of the iPP at the interface. However, as in the case of overmolding, too high a 

bed temperature led to severe dimensional instabilities in the iPP and poor contact with the TPE 

under the conditions investigated.  The increase in nozzle temperature for the TPE printing had a 

more positive effect on the bond strength. The filled iPP materials overcame the difficulties of the 

dimension instability with lower shrinkage effects and was found more suitable for 3D printing. It 

was interesting to observe the adhesive failure of the iPP 3(talc filled)-TPE interfaces under all the 

tested conditions.  This can be attributed to the presence of the non-binding talc fillers at the 

interface. Whereas, iPPGF 2(short fibre)-TPE always failed cohesively in the TPE layers owing to 
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the additional mechanical interlocking of the fibres at the interface. This material combination is 

particularly well suited to fusion bonding, given that the plasticized iPP matrix of the TPE favors 

the various stages of formation of strong bonds, i.e. wetting, co-crystallization, Interdiffusion. 

Furthermore, the fibres enhance the strength of the interface through a fibre bridging mechanism. 

The results of the FDM printing can be applied to more complex 3D structures and can be combined 

with other processing techniques that will be presented in the next chapter to increase the load 

bearing capacity, fabrication speed and surface finish of the part. 
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Chapter 7 Hybrid processing of complex 

3D structures: Case study of prosthetic 

limbs  
 

The results from previous chapters will be applied in this section to propose a processing 

methodology demonstrating the multimaterial integration into complex 3D structures. With the 

rapid progress in 3D printing technologies during the recent years, there has been a major interest 

in applying 3D printing for prosthetic and orthotic applications. Some researchers and P&O experts 

have recently 3D printed prosthetic sockets, cosmetic covers, braces and even prosthetic feet. Some 

of the key limitations noticed were the load bearing capability of the structures, durability, outdoor 

resistance, fabrication time and cost effectiveness. 3D printing technologies such as selective laser 

sintering (SLS) and stereolithography (SLA) do offer superior surface finishes but are limited in the 

material choice, strength and cost-effectiveness. FDM 3D printing promises very cost effective 

parts due to the lower equipment and raw material costs. A hybrid processing route is proposed to 

overcome the above-mentioned limitations. The load bearing capacity of the 3D printed structures 

can be increased by reinforcing them using thermoplastic-based composite preforms that can 

conform to the 3D printed shape and be integrated by fusion bonding. The composite preforms can 

be placed on the 3D printed part either manually or by an automated process. The stiffness of the 

integrated area can be varied according to the preform architecture and material type laid up. The 

material choices based on PP and TPE are used in automotive structures and are known to have 

excellent outdoor resistance, durability and cost-effectiveness which are key requirements for the 

prosthetic application also. The processing techniques used to manufacture 3D structures and the 

prosthetic demonstrators are presented in the next section.   

7.1 Hybrid processing  
The hybrid processing referred to in this section comprises of the integration of different materials 

processing technologies and digital fabrication tools specifically for complex shapes. Figure 7.1 

shows the different pathways in processing thermoplastic-based composites and polymers which 

primarily depend on the ability to flow/deform the preform and its drapability. The final choice for 

a particular application will depend on certain factors like the cost, equipment capability, loading 
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requirements, level of part complexity and product usage. The integration of the loading bearing 

preforms into the final part can take place through either isothermal or non-isothermal fusion 

bonding with the inner and outer 3D structures. It will be necessary to also consider design and 

manufacturing of the molds or jigs for the fabrication of the preforms and the final part. Additive 

and subtractive manufacturing techniques especially for metals and polymers are currently on the 

rise in manufacturing complex 3D molds. 

Figure 7.1 Processing routes for thermoplastic-based materials[17] 

Figure 7.2 shows the different parts of the prosthetic limb demonstrator and several suitably 

identified processing techniques using thermoplastic-based materials that can be applied to each of 

the parts. The processing techniques vary for each part depending on the volume and customization 

requirements. Each part and its hybrid process will be discussed in more detail in this section. 

Digital fabrication tools are selected to replace the cubersome manual tasks and automated 

processing techniques are chosen for high volume standard shaped parts. Also, the choice takes into 

account the general competence of the prosthetist and orthotist in existing processing techniques 

such as thermoforming or casting techniques. 
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 Figure 7.2 Prosthetic limb parts and identified suitable processes 

7.2 Socket/liner (customized part) 
This complex shaped part is unique for each patient providing a load bearing interface which needs 

to be comfortable. The hybrid process proposed can be used to manufacture the liner and socket 

interface which involves the following 3 steps as depicted in Figure 7.3.  

Inner skin 

First the residual limb of the patient will need to be scanned and the 3D surface generated can be 

modified to create a socket/liner 3D model using software like meshmixer or CANFIT. This 3D 

model is prepared according to the prosthetist’s socket design and contains specific zones for load 

bearing, pressure reliefs, tissue compression etc. Socket designs can employ features of variable 

stiffness using different materials with different hardness in specific zones of the socket. This kind 

of design can be fabricated using a dual head FDM 3D printer which can print hard and soft 

thermoplastic-based materials as demonstrated in Chapter 6. Also, mixing of the two materials is 

possible with more recent mixing nozzles and material feeding mechanisms. An example of inner 

skins 3D printed using different materials with the printing conditions optimized in Chapter 6 are 

shown in Figure 7.4. 
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 Figure 7.3 Socket/liner fabrication hybrid processes 

  
 Figure 7.4 Step 1: Inner skin examples a) TPE and PPGF FDM bonded b) iPPFlex and c) iPPTalc 

printed with d) iPP-TPE mixed interfaces printed using a direct dual FDM printer 

Skeleton reinforcement 

In this step, the loading bearing skeleton (3D preforms) needs to be integrated to the inner skin. The 

inner skin can also act as the mold or jig for placing the composite reinforcement. The forming of 

the skeleton and integration onto the inner skin can be done in two ways: 

The forming of the skeleton can be made manually by knitting, crocheting or simple tow assembly 

using thermoplastic or TPE composite commingled yarns or thin impregnated tows. Then the 3D 

forms can be consolidated by heating them on a mold under vacuum or pressure. Next the 

consolidated preform can be preheated and placed on the inner skin and finally the outer skin can 

be thermoformed on the surface, bonding the inner skin and skeleton non-isothermally as depicted 

in Figure 7.5. Figure 7.6 shows an example of a crocheted 3D preform consolidated in an oven. 
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 Figure 7.5 Skeletal preform integration process 

  
 Figure 7.6 Examples of 3D preforms made of crocheted thermoplastic composite commingled 

yarns

The composite reinforcement can be non-isothermally fusion bonded onto the inner shell directly 

using an automated process like tape/tow placement or even filament-winding. The inner skin will 

act as the substrate for bonding the skeleton and also mold to give the 3D shape. The toolpath of 

the placement head will need to be conformal to the inner skin surface and consolidation pressure 

will need to be applied during the placement process followed by cooling.  
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Outer skin 

The outer skin can be made of a sheet of TPE of the desired color and softness which is then 

thermoformed onto the skeleton reinforcement and inner skin, bonding it non-isothermally. 

7.3 Pylon and fairing (semi-customized part) 
The pylon is a hollow cylindrical shaped tube which needs to have very good compression and 

flexural properties. It can also be produced by a similar 3 step process as discussed before or also 

by single process like the bladder inflation molding technique using hybrid textile preforms like 

braids or knits. Figure 7.7 highlights the different processes for this particular part. 

 
 Figure 7.7 Pylon/fairing fabrication hybrid processes 

Figure 7.8, 7.9 and 7.10 show some examples of fabricated tubular composite structures through 

the 3-step hybrid process. 

  
 Figure 7.8 Step 1: Hollow tubes printed by FDM for different materials with different stiffness 
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 Figure 7.9 Step 2: Tape winding of a) stiff iPP/GF and iPP/CF tubular structure b) flexible and 

conformable TPE/GF iPP/CF done manually and vacuum formed 

 
Figure 7.10 Step 3: Outer thermoplastic part fusion bonded to the skeleton by thermoforming and 

3D printing 

7.3 Prosthetic foot (standard shapes and sizes) 
The prosthetic foot comprises of a load bearing composite keel and a foot cover cosmesis which 

can be integrated together by different processes as listed in Figure 7.11. Overmolding TPE over 

the composite preform insert placed in a mold using the optimized bonding conditions developed 

in chapter 5 can be a very robust way of joining the different interfaces and is currently investigated 

in an ongoing project with ICRC, Geneva and CR Equipment, Coppet. 
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 Figure 7.11 Prosthetic feet hybrid processes 

 
Figure 7.12 Initial concept designs for the foot shell prototyped by FDM 

A prototype of transtibial prosthesis is currently under preparation as a proof of concept of the 

processing technology and approach used to integrate different materials into a complex 3D 

structure. The prototype will showcase the combination of thermoplastic elastomers, thermoplastics 

and their composites into an integrated 3D structure. The TPE’s compliant nature will provide 

comfort and damping whereas the thermoplastics will allow the form a stable 3D structure. Finally, 

the load bearing will be addressed by the composite skeleton reinforcement. Figure 7.13 shows the 

main features of the prototype.  
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 Figure 7.13 Transtibial prosthetic prototype features 

7.4 Conclusions 
The proposed hybrid processing techniques has the potential to address both custom complex 3D 

shaped low volume parts to high volume parts through the different material integration conditions 

studied and optimized during this research. Further implementation of the prosthetic demonstrators 

towards a working prototype are in progress with inputs from patients and prosthetists. Also, novel 

design constructions of conformal preforms are being investigated to provide superior comfort 

along with the required mechanical performance. The cost analysis of the whole process is being 

reviewed but initial estimations show favorable circumstances for implementation in rehabilitation 

centers especially in developing countries where there is high demand in durable robust 

rehabilitation devices.   
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Chapter 8 Conclusions and Outlook 

8.1 Conclusions 
The main objectives of this thesis were to harness the versatility of thermoplastic–based materials, 

through novel combinations of both materials and processes for the cost-effective small scale 

manufacture of complex 3D structures with unique performance characteristics. The advantages of 

high toughness, specific strength, fast cycle times and reprocessability associated with 

thermoplastic-based composites are well known, but the unique properties of TPE composites, such 

as conformability in complex structures and mechanical behaviour are not yet completely exploited 

in industrial applications. Chapter 4 was dedicated to the development of novel TPE based 

composite preforms with excellent impregnation characteristics under relatively low consolidation 

pressures, by both melt impregnation and film stacking compression molding processes. The unique 

features of this kind of preform can be used in applications such as prosthetics and orthotics, where 

the comfort and load bearing properties of the composites are key requirements.  The combination 

of stiff thermoplastics such as PPGF with soft TPEs are also useful in this kind of application, 

providing damping, for example. The basic method of materials integration by isothermal fusion 

bonding was first investigated for these materials. The effect of time and temperature were found 

to be important for obtaining good bond strengths between the two materials. Bonding pressure on 

the other hand played a role in preventing any voids at the interface and increasing the intimate 

contact of the surfaces. Isothermal fusion bonding has the advantage of being a relatively simple 

process but requires long cycle times, making it suitable for low volume complex parts. 

 

Non-isothermal fusion bonding of TPE-iPP and TPE-iPPGF parts through an overmolding process 

was then investigated in Chapter 5. This process, which is very well suited to high volume parts, 

combines the compliant TPE with inserts of iPP or iPPGF placed in closed molds. The effective 

bond strengths of the materials were successfully improved by increasing the interface temperatures 

during the bonding process. Careful observation of the microstructures of the interfaces showed the 

importance of the continuous plasticized iPP phase present in the TPE compounds, which 

contributes to bonding of the interfaces, especially at high interface temperatures. The plasticizers 

present in TPE compounds are also inferred to promote local melting of the iPP surfaces at lower 

interface temperatures than neat iPP surfaces. It is suggested that intimate contact is the dominant 

mechanism for achieving reasonable bond strength at lower interface temperatures, which are 

associated with adhesive failure. At higher interface temperatures, the higher effective bond 

strengths of the interfaces reflect cohesive failure in the TPE interface. Pressure is an important 
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parameter for compensating shrinkage, especially at higher interface temperatures. Surface 

roughness and further increases in the quantity of iPP in the TPE compounds can increase bond 

strengths further, but also increase the hardness of the TPE. The overmolding process and materials 

selected have potential advantages in prosthetic limb applications which require excellent bonding 

and load transfer between the load bearing keel and soft cosmesis parts in a prosthetic foot.  

The general insights observed in Chapter 5 were applied to FDM 3D printing, which was discussed 

in Chapter 6. FDM printing of iPP is challenging owing to shrinkage and warping due to 

crystallization during the printing process. Nevertheless, a narrow processing window could be 

defined for printing iPP bonded with TPE by FDM. An increase in bed temperature was not always 

favorable for developing strong bonds, due to diverse dimensional instabilities related to the semi-

crystalline nature of iPP. Using filled iPP materials such as iPPTalc and iPPGF led to a significant 

improvement in the printing quality of the interfaces. The iPPTalc interfaces gave very smooth 

prints but had marginal bonding properties with TPE, which is thought to be affected by the 

presence of the non-binding talc at the interface. iPPGF gave not only stronger printed parts but 

also higher bond strengths due to the rougher surfaces and mechanical interlocking of the glass 

fibres at the surface. Figure 8.1 summarises the processing window of the different materials 

showing the relationship between the bonding conditions and phenomena. The conditions to achieve 

cohesive failure under the diverse pressure and interface temperatures can be obtained through this 

processing window and extended towards other processes. The results of the FDM bonding studies 

are encouraging for the fabrication of more complex forms, as proposed in Chapter 7 and ongoing 

work on applying the optimized process conditions for the fabrication of prototypes are promising. 

 
Figure 8.1 Processing window summary 
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Hybrid processing techniques are proposed to manufacture prosthetic limbs for children with key 

requirements such as scalability, reformability, comfort, design, weight and performance. Different 

processes are described for each part of the limb, differing in the customization level and volume 

requirements. The application of the processing parameters of the studied thermoplastic based 

materials are applied both non-isothermally and isothermally to integrate the different features of 

each part examples by fusion bonding in hybrid processes. This kind of novel multimaterials 

integration using materials with different mechanical properties can be exploited in other areas of 

application, such as sports goods, wearables, protective gear etc. 

 

8.2 Outlook  
3D processing of thermoplastic-based multimaterials has large scope for new developments, 

especially in pushing the envelope of novel design assemblies and tailored properties in 3D 

structures. Currently there is rapid progress in the development of additive and hybrid 

manufacturing technologies, which is opening up previously inaccessible areas of materials families 

and new design possibilities. The success of an application will depend not only on the selection 

materials and their properties but also on the design and assembly of the structure, taking into 

account the interfaces between these different materials. Demand for thermoplastic-based 

composites is growing and it is important that materials developments allow exploitation of the full 

capability of the novel processing platforms that are becoming available. Digital fabrication can 

provide access to high performance structures very cost-effectively if material integration is 

carefully tailored during the process. The inclusion of advanced simulation and process monitoring 

techniques to fusion bonding, coupled with the experimental research work carried out here, may 

be used to create predictive models for inclusion in the printing software used to control the 

processing parameters in situ during the digital fabrication process. Furthermore, the established 

processing window developed for these materials could be a criteria tool for the simulation of hybrid 

processes to predict the local bonding quality in the part. The next generation of composite 

structures will be smart, with embedded functionalities that will need to be included during the 

assembly process. This will open up new areas for innovation in materials and processing 

technology.  
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