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Summary 

Currently, the automotive sector is exploring the feasibility of replacing metals with 

composite materials for structural and non-structural applications. This is mainly 

driven by the demand for lighter and increasingly complex components, which will 

be extremely difficult to fabricate with the traditional metal forming approaches. 

This prompted the need for exploring textile reinforced composite materials, where 

they stand out about their ability to allow complex designs with high specific 

strength and stiffness. Which further helps to reduce mass and increase fuel 

efficiency. However, a disadvantage right now is the use of composites is limited 

by an inability to accurately analyse and predict these composite structures for its 

mechanical performance. This thesis presents methodology employing finite 

element techniques for predictive modelling of textile reinforced composite 

materials by considering the process simulations. The Building Block approach is 

introduced and implemented as a guideline, to efficiently substantiate the durability 

and performance of the component design sequentially. 

FEA simulation of a composite component was done using two composite 

failure criterions for comparison, Crasurv (modified Tsai-Wu) and Hashin; after 

completing a detailed material characterisation and card fitting for creating FE 

material. The results of the structural simulations are compared against 

experimental results, which is kept as a benchmark for future comparisons and 

review.  

 The next step was to conduct process simulations to analyse the composite 

forming process to investigate the locally varying microstructure to account for the 

anisotropic behaviour in the composite part during its production that can alter the 

structural integrity of the component. An additive split between isotropic, elasto-

plastic matrix and anisotropic hyper-elastic fibers material card is used in LS-Dyna 

explicit solver for conducting process simulations. A detailed material 

characterisation was done on the textile reinforced fabric and the composite 

laminate at forming temperature to study its tensile, shear, frictional and bending 

properties. The process simulation helps to obtain reliable structural simulation 

models by mapping.  



 

ii | P a g e  

 

This thesis aims to establish an accurate predictive model on a rational basis, 

by creating an innovative methodology for the structural analysis of thermoplastic 

composite components integrating process simulation. The final scope of the 

research is to simplify the product development phase for general lightweight 

automotive parts made with thermoplastic composite materials.  
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Chapter 1  

Thesis Outline  

   The research attempts to create an accurate FE model for a thermoplastic 

composite component for structural analysis integrating process simulation results. 

The process flow of the research done is displayed in Fig.1, detailing the four main 

phases of the research. 

The current chapter, Chapter 1 outlines the entire research done detailing the 

work done in each chapter. Chapter 2 gives a detailed introduction on the present 

state of the thermoplastic composites specifically in the automotive sector, the 

prospects of thermoplastic composite forming and how the current research fits in.  

Chapter 3 reviews the literature and the core concepts, and then it serves as the 

foundation of this research. The existing ‘state of the art’, primarily for 

characterising the composite laminate/fabric at the process temperature is reviewed.  

Chapter 4 focusses on the characterisation methods explicitly adopted tensile, 

compression and shear for creating the material FE cards for the composite part. 

The appropriate composite failure criterions such as Crasurv and Hashin are 

explained, and its feasibility is demonstrated in this section. The chapter also 

includes a notable section on the card fitting describing how the experimental 

values are transformed into FE material card with the appropriate failure criterion. 

Finally, the structural simulations of the chosen composite component are done by 

comparing the different failure criterions, and the associated material card 

developed.  
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Figure 1 Outline for the PhD research 

 

Chapter 5 introduces process simulation by detailing the necessary 

characterisation tests required by adding state of the art test and modelling 

methodologies to determine the material properties specific to this research 

efficiently. Emphasis was kept on creating an accurate FE material card for the 

material at its forming state. Two separate shear tests are done, the trellis frame and 

bias extension test, to self-validate the results. Frictional and bending tests are done 

to determine the frictional coefficients and the bending modulus to increase the 

accuracy of process simulations further. An accurate process simulation allows to 
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capture the forming operation of the composite laminate. “Mapping” is introduced 

and explained in detail where the process simulation data is transferred to the 

structural FE model. The chapter concludes by re-doing the FE structural simulation 

and is compared with the old result obtained in Chapter 4. 

 

 
 

 
Figure 2 Procomp overmolded component considered for the research [1] 

 

Fig 2 shows the overmolded Component (Procomp) considered for the study 

[2] as shown on the process flow diagram shown at the end of ‘phase I’ in Fig 1. 

The hybrid moulding process employed for this research constitutes a continuous 

glass fiber reinforcement, consolidated with a polymer layer as a substrate. The 

laminate reinforcement was focussed for the process simulations done in Chapter 

5.  

Chapter 6 illustrates the summary of the whole research, highlighting the 

methodologies implemented and the significant results obtained. The section 

reiterates the entire research explaining the significance of the research done and 

some conclusive remarks for future developments.  

Lastly, Chapter 7 validates the entire process with another composite 

component discussing the sophistication and the capability of the methodology 

adopted.  
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Chapter 2  

Introduction 

As per the online statistics company Statista Inc., the automotive composite 

material market globally is anticipated to peak 15 Billion USD in 2018 and 30 

Billion USD by 2026 (Fig 3 [3]). Although it looks expensive, it only represents 

less than 2% of the entire lightweight automotive production in 2018. The primary 

reason why manufacturers are reluctant to use composite materials even after its 

unique advantages is because of its complicated design phase compared to the 

quicker and cost effective design process for aluminium or steel parts. [4]. 

 

 
Figure 3 Global automotive composites material market size from 2015 to 2026 (in 

billion U.S. dollars) [3] 

 

The unique ability of composite materials is to allow intricate designs to be 

tailor-made for its design flexibility to meet high specific strength and stiffness. 

They consist of a compliant polymeric matrix material acting as a reinforcement 

with low density to give structural volume with additional reinforcing composite 

fabric embedded inside it giving the required strength and rigidity. The combination 



Introduction 
 

5 | P a g e  

 

provides exceptional stiffness and durability with a very low density making it an 

ideal candidate for a variety of applications including automotive structures like the 

leaf Spring Fig 3 and B-pillar Fig 4. The most widely used reinforcement fabric are 

carbon, glass and aramid fibres, which come in short, long and continuous fibres 

depending on the application. [5] 

Material selection is an essential criterion for early design state of a composite, 

where the engineer chooses the material based on the properties, which are most 

relevant. The commonly used combinations are PolyEther Ether Ketone (PEEK), 

PolyPhenylene Sulphide (PPS) or PolyEther Ketone Ketone (PEKK) with a glass 

or carbon reinforcement [6]. 

 

 
Figure 4 Functionally integrated CFRP leaf spring developed by the IEHV research 

group, Politecnico di Torino [7] 
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2.1. Thermoplastic composite materials 

     Thermoplastic composite material usage has been growing steadily in the 

lightweight automotive sector where a high specific strength, low density and 

corrosion resistance is crucial [8, 9-11]. Although composite materials have been 

widely considered in the automotive field [12, 13], they are still not widely 

implemented due to uncertainty and complexity involved in the prediction of 

durability in the design phase. Contrary to the aerospace industry [14] where the 

final efficiency and robustness of the component is given more priority with more 

product development cycle time. Another limiting factor is, as the design 

complexity increases, the modelling gets more complicated and requires 

sophisticated Finite Element Analysis FEA techniques and dependable standards 

[15].  

     Up until recently, the composites industry did not consider much about 

manufacturing waste and end of life parts resulting in much of composite material 

manufacture based on thermoset materials. [16] However, the limitations of 

thermoset materials such as the inability to re-melt, shorter shelf life, higher storage 

costs and longer curing times are gradually opening opportunities for thermoplastic 

composite materials. Another main reason being the new directive from the 

European Unions end of life (ELV) dictates that 85% of the total mass of an 

automobile should be recyclable [17]. This directive marks the ability of 

thermoplastic to re-melt with minimal loss of its material properties making it the 

primary candidate when recyclability is considered. One of the most recent 

innovation being virtually unchanged material properties of the thermoplastic 

composites even after recycling as in the PArCF30 thermoplastic composites as 

demonstrated in the Tokyo Motor show, 2016 (Fig 5 [18]). 

For FE analysis of composite components; on a theoretical level, various 

analytical and semi-analytic approaches are proposed [19, 20] but creating a 

prediction model on a commercial level is still uncertain. The main issue is the lack 

of a conventional standard methodology or knowledge sharing of methods for 

material characterisation, FEA (Finite element Analysis) and validation. 

To develop a functional thermoplastic component to sustain the required non-

crash load conditions such as normal loading, fatigue life cycle, durability, 

vibrations etc. in different conditions such as frontal perpendicular, angular side 

collisions require a complete characterisation of the component. This involves an 

extensive characterisation of the composite material, and the process 

characterisation, which influences the final strength of the component. The process 

in this context is the manufacturing method in which the composite laminate is 

moulded to the 3D component (e.g. thermoforming, compression moulding, resin 
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transfer moulding. etc) and the characterisation of the composite laminate at it 

forming temperature is called as process characterisation. The influence of process 

on the structural integrity of the component depends directly on its geometry, i.e. 

the effect is higher for complex geometry and vice versa.   

 

 

Figure 5 Recycled carbon fiber used in Gordon Murray Design’s CFRP intensive 

iStream Carbon chassis [18] 

 

2.2 Thermoforming of thermoplastic composite materials  

Thermoforming of composite materials can be defined as a high deformation 

rate process in which composite materials are deformed by heating above its glass 

transition temperature. The typical steps involve pre-consolidation which consists 

of stacking of uniform or variable textile reinforced plies, heating, forming and 

solidification. A hot blank is pressed between the male and female molds tool after 

preheating (Fig 6) forming the blank with the required consolidation pressure. A 

subsequent trimming process is done to discharge excess materials.  

 

 

Figure 6 The thermoforming process  
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Focusing on the thermoplastic polymers at its forming state, it consists of 

polymer chains with a high molecular weight interacting with each other via 

physical bonds namely entanglements and van der Waals forces. These physical 

bonds are overcome by addition of thermal energy. Thermoplastic composites can 

be shaped in its viscous state (drop in stiffness), at its glass transition temperature 

(Tg) or its melting temperature (Tm) depending on being amorphous or semi-

crystalline thermoplastic (Fig 7). [21] 

 

 

Figure 7 Typical thermoplastic composite process cycle [adapted from 21] 

 

To process thermoplastic composites requires working at high temperature & 

pressure with robust & complex tooling and additional energy for their processing. 

Some thermoplastics commonly used are reported in Table 1, giving an 

understanding of the glass transition, melting and processing temperatures.  
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Table 1 Process temperatures of thermoplastic composite materials [adapted from 21] 

 

 

2.3 The Building Block Approach 

 

 A building block approach has been set as a guideline and implemented for 

this research, developed by NASA for their Advanced Composite Technology 

(ACT) and High-Speed Research Program [22] to efficiently substantiate the 

durability and performance of the component design sequentially as illustrated in 

Fig 8 [23]. 

Both cost and performance objectives are met with the building block approach 

by characterising the material by testing on some less expensive specimen as a first 

step; evaluating technology risk early and progressively building a knowledge 

database at various structural complexity levels of the specimen [24]. 

The building block approach involves: 

- Level 1 characterising the material experimentally and validating by FEA; 

- Level 2 progressing on to component validation experimentally and by 

FEA;  

- Level 3 moving on to component optimisation to examine the change in the 

component behaviour during the manufacturing process;  

- Level 4 integrating the model into complicated full-scale components. 
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Figure 8 Building Block approach used for the research [Adapted from 23] 

 

Traditionally, product design involves a detailed conceptual and embodiment 

design followed by detailed prototype manufacture and testing. This trial and error 

procedure gives an acceptable output but is repetitive, expensive and time 

consuming with additional labour costs, machine time and many scrap products 

from repetitive testing. Issues such as tool modifications to overcome the forming 

problems in the testing phase will result in expensive replacements of the entire 

tooling setup. To minimise these product development costs and to save time 

exponentially a robust modelling protocol with a reliable FEA tool needs to be 

employed to predict the product development stages including its early design 

phase. These predictive capabilities in the thermoplastic composite industry are 

examined in this thesis.  

To summarise, the objectives of this thesis are  

 

1. To experimentally characterise continuous fibre and short fibre composite 

materials for FE material card generation.  

2. Structural FEA analysis on the chosen composite overmolded component 

using appropriate composite failure criterion.  

3. Comparison of experimental and FEA results. 

4. To investigate the possibility of increasing the accuracy of the FE structural 

model to better match the experimental results by integrating process 

simulations.  
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5. To characterise the material for process simulation focussing on tensile, 

intra-ply shear, tool-ply friction, ply-ply friction and bending. 

6. To assess the predictive capability of forming simulations. 

7. To explore the scope of mapping the process simulation results on the FEA 

model to create an all-inclusive predictive model.  

 

The research findings aim to create an explicit industrial protocol to be 

implemented in the product design process for a thermoplastic composite 

component in its early stage, which is currently lacking in the industry. 

 

 

2.4 State of the art and previous research. 

    The principal reason that initiated the interest in the composite materials in the 

1950s, was the demand for the lighter parts with high stiffness in the automotive 

and aerospace industry. Despite the advantages and years of research, industries 

have not fully achieved the ability/knowledge/skills to predict the behaviour of 

composite parts under loading conditions. [25] This is primarily due to the complex 

behaviour of composite structures that is dependent on various parameters which 

includes the failure modes associated with composite damage and the effects of 

manufacturing process. Composite failure can happen due to its complex geometry, 

loading conditions, the material layup, the material properties itself and the 

manufacturing process. The effects can vary from fibre failure and matrix cracking 

to delamination and buckling in extreme cases. 

2.4.1 Composite material characterisation 

     The material properties of the chosen composite material determine the 

primary failure limits. The experimental procedure for determining the material 

properties can be adopted from the accepted international standards such as the 

ASTM (American Society for Testing and Materials) and ISO (International 

Standards Organisations). These standards however are limited to the strength 

parameters of the chosen material and the failure properties are not entirely 

determined. [25]. A 3-DOF multi axial testing methodology was developed to 

identify more than one material parameters on each loading conditions. [26] 
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2.4.2 Composite Failure Criterions  

     The failure criterions for composite materials are classified under failure 

criteria associated with failure modes and not associated with failure modes. The 

ideal failure criterion can predict fibre and matrix failure under different loading 

conditions (normal and shear) and delamination initiation and growth under tension 

or compression.  

      For a basic analysis, a maximum strength/ strain criterion from the limits 

obtained from material tests could be used. For accurate failure analysis many 

researchers have come up with more detailed criterions. A quadratic interactive 

criterion has been developed by Hashin for the fibre failure considering the inplane 

shear [27] and by Hashin and Rotem for matrix failure [28]. Chang and Chang 

upgraded the quadratic failure criterion by including nonlinear shear behaviour. 

[29] Puck and Schürmann used the maximum strain criterion by including a stress 

magnification factor on the transverse normal stress. [30]. A fully interactive 

criterion was developed by Tsai and Wu in which individual plies are not 

considered and failure of the entire ply thickness is considered [31]. As the 

interactive criterion is developed from metals, it is often criticised, but is commonly 

used when the total ply thickness is smaller and when the accuracy post failure is 

not critical [32]. Pinho developed a set of failure criteria named as LaRC04, 

considering each failure modes and the nonlinear matrix shear behavior. It has a set 

of six relations which can be implemented directly for a range of load combinations. 

[33]  

      Advanced modelling can be possible by predicting initiation and 

propagation of the delamination. The traditional failure approaches can be used for 

delamination modelling, using the tensile/ shear parameters along the thickness of 

the individual plies, with quadratic criterions. All the detailed delamination 

criterions consider the strain energy release rate and compare it with the threshold 

strain in mode I, mode II and mode III [34]. The delamination criterions for 

prediction are listed in references [35 to 39].  Damage mechanics can be further 

modeled which shows the effects of damage on the material definition. [40] 

      For an accurate analysis of composite structures by FEA, it is necessary to 

understand the load conditions and the composite structure. For example, for a 

composite part with multiple plies, for predicting damage in different failure modes, 

LaRC04 could be used and for a simple part with less plies a Hashin failure criterion 

could give sufficiently accurate results.  
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2.4.3 Composite Process simulations 

   A composite thermoforming process involves woven textile fabric 

impregnated with resin heated to its melting / forming temperature, then draped to 

the required geometry and finally cooled to obtain the desired part. As the 

composite fabric is completely anisotropic and due to resin recrystallization, the 

resultant part maybe distorted and may have residual stresses in it. This makes it 

necessary to do composite process simulations to predict all aspects of the final part. 

[41]. The drapability of composite laminates mainly depends on the composite 

fabric reinforcement used. The formability of thermoplastic composite laminates 

was investigated by de Luca et al [42], experimentally and by FEA using a double 

dome geometry. A comparison study was done between woven composite fabric 

with unidirectional fabric demonstrating the occurrence of wrinkles. The 

comparison was repeated by Haanappel [43] using a similar geometry. A series of 

study was done by Haanappel to quantify the deformation behaviour of composite 

laminates and fabric [44 to 46] to prove that the deformation mechanism of a 

composite fabric is dependent on the inter-ply, intra ply, friction and bending 

rigidity of the laminate. The literature specifically related to process simulation is 

limited but the tendency of the composite laminate to have process induced defects 

during the manufacturing process makes it necessary to predict for complimenting 

the structural FE analysis. Although there are a lot of commercial tools for process 

simulations with varying levels of accuracy, the challenge lies in mapping the 

results of the process simulation to the FE structural model. 

 

2.4.4 Previous research at the IEHV research group 

     This thesis is a continuation of two PhD research thesis focused on two main 

aspects of thermoplastic composite materials, performed in the IEHV research 

group, DIMEAS (Dipartimento di Ingegneria Meccanica e Aerospaziale), 

Politecncico di Torino. The main research goal for the team is to create a knowledge 

base in all aspects of thermoplastic composite materials.  

The PhD research of Andrea Airale, IEHV research group, focused on material 

characterisation and experimental testing including aging UV cell, climate and 

corrosive on composite materials with DMTA analysis, ATR, light and electron 

microscopy. [48]. The PhD thesis of Alessandro Ferraris, IEHV research group 

focuses on the developing a lightweight thermoplastic composite automotive part 

by optimising the NVH performance, by considering the case study of a lightweight 

automotive door panel [47]. A range of design, testing and FEA has been done for 
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the development of a damped door using interlaminar composite materials. A good 

correlation has been achieved between the FEM and physical damping tests. 
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Chapter 3  

Literature review  

3.1 Thermoplastic composite part  

A state-of-the-art overmolded composite component was made for this 

research,  Fig 1.  In the fast-evolving thermoplastic composite technology, the latest 

trend in the automotive sector is the use of hybrid composites structures where the 

mechanical properties of multiple composite materials give the structural feature to 

a single component [1, 22, 49, 50]. The design flexibility combining the ease of 

tailoring high-strength and stiffness components with elevated functional 

integration including crack propagation resistance [51], better acoustic and 

damping properties, enhanced protection against collapse in a crash [52] and cost 

savings with its hybrid process [53] makes this an enabling technology [54]. The 

obvious significant benefits are the decreased cycle time and the ability to realise 

complex profiles and to contrive the reinforcements with a continuous fibre 

prepreg. This combination of the moldability of short fibre composite materials 

with the high strength of continuous fibre composites to a single component opens 

many new possibilities for thermoplastic composites. The only drawback for a 

hybrid over-moulding process is its difficulty in anticipating the combined strength 

and bond quality of the component [55]. 

The focus of recent academic and industrial researchers is to recognise 

completely the process parameters associated with composite materials during 

manufactures such as in-plane fabric deformations, fibre direction change, 

thickness variations and the tendency to develop internal stresses and strains during 

production. [56 -59].  

The desired shape of the reinforcement for the composite laminates is obtained 

by using a punch and die setup to deform the continuous fibre prepreg (e.g., 

compression moulding) or composite fabrics to its required shape [60]. The 

component under review as shown in Fig 1. It is thermoformed to the required 

geometry and the short fibre reinforced polymer compound is over-moulded with a 

single step process. The substrate being TEPEX® Dynalite 104-RG600(2)/47% 

[61] (Bond-Laminates), a continuous fiber twill 2/2 E-glass impregnated with 
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polypropylene and the over-mould is Xmod™ GD301FE [62] (Borealis), a 30% 

glass fiber polypropylene compound intended for injection moulding.  

  Further detailed study was done specifically on the substrate by characterising the 

continuous fibre twill 2/2 E-glass fabric separately as a part of the process 

characterisation. (WVR 600T supplied by Crystex composite materials) [63].  

 

3.2 Material properties of Anisotropic Composite 

materials 

To characterise an anisotropic composite material a series of tests need to be 

done to study its tensile (0° and 90°), shear and bending properties. Initially, 

material testing should be done in quasi-static strain rates in the range of 10-4 to 10-

3 s-1. The material should then be tested under dynamic loading using a Split 

Hopkinson Pressure Bar or drop tower testing machine for multi-strain rate results 

for crash simulations. However, for this research, the results from the dynamic 

loading is not included, as it does not contribute to the static load tests and the 

forming simulations considered. 

The available literature for the characterisation of composite materials is well 

established with standards as detailed in Fig 9, which provides consistent results. In 

the first part of the research, a complete material characterisation is done on two 

materials chosen.  

 

 

 

Figure 9 The characterisation tests employed for composite laminates [64, 65, 66, 23, 1, 

67] 
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3.3 Card fitting for creating material model 

The experimental results are further used for developing the FE material cards 

model by a method called card fitting [7, 23, 1]. This is done to convert the principal 

values obtained by physical characterisation tests to structural response and 

formation of damage of the material during impact in FE simulation. The response 

of composite material under load in FE analysis can be divided into two stages, the 

first being the “damage resistance” and the second being the “damage tolerance” 

[68]. Choosing the right composite failure criterion is the critical step here to 

replicate the material properties exactly.  

Currently, all the composite failure criterion falls into two categories that will 

be explained in the following. 

3.3.1. Failure criteria not associated with failure modes.  

This group uses a single mathematical expression, a polynomial and tensorial 

criteria, to represent the composite failure surface as a function of the material 

strength. All the failure criterions in this section is a derivative of Tsai Wu failure 

criteria [69], in which the damage occurs when the following condition is satisfied.  

    Fi. σi +  Fij. σi. σj +  Fijk. σi. σj. σk  ≥ 1                                   (1) 

 

Where the Fi-k are lamina strength in the principal directions  

 

Crasurv failure criterion, [70] an improved version of the Tsai-Wu, is one of 

the adopted failure criteria for this research. An orthotropic plastic hardening 

criterion, which follows a linear elastic behaviour until the yield stress value 

followed by a plastic behaviour. Plastic hardening is denoted as a function of plastic 

work with strain rate dependency. It also allows the possibility to define plastic 

work for each direction (representing the absorbed energy of the composite).  

𝐹 =  ∑ 𝐹𝑖𝑖(𝑊𝑝)𝜎𝑖𝑖 + ∑ 𝐹𝑖𝑖(𝑊𝑝)𝜎𝑖
2 +  2𝐹12(𝑊𝑝)𝜎1𝜎2,                   (2) 

 

Where: 

𝐹(𝜎) < 1, elastic state 

𝐹(𝜎) = 1, Plastic admissible state 

𝐹(𝜎) > 1, Plastically inadmissible stresses 
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𝐹𝑖(𝑊𝑝) =
−1

𝜎𝑖𝑦
𝑐 (𝑊𝑝)

+  
1

𝜎𝑖𝑦
𝑡 (𝑊𝑝)

,                                             (3) 

𝐹𝑖𝑖(𝑊𝑝) =
1

𝜎𝑖𝑦
𝑐 (𝑊𝑝)

.
1

𝜎𝑖𝑦
𝑡 (𝑊𝑝)

,                                                (4) 

𝐹12(𝑊𝑝) =  −
𝛼

2
√𝐹11(𝑊𝑝)𝐹22(𝑊𝑝),                                     (5) 

 

 

Where: 

𝜎𝑖𝑦
𝑡 =  𝜎𝑖𝑦

𝑡0
(1 + 𝑏𝑖

𝑡𝑊𝑝
𝑛𝑖𝑡

) (1 + 𝑐 ln(
̇

0̇
))                                   (6) 

 𝜎𝑖𝑦
𝑐 =  𝜎𝑖𝑦

𝑐0
(1 + 𝑏𝑖

𝑐𝑊𝑝
𝑛𝑖𝑐

) (1 + 𝑐 ln(
̇

0̇
))                                   (7) 

 

Fi, Fii, Fij are coefficients describing elastic/plastic transition envelope 

Wp is the global plastic work 

σt0,c0
iy is the initial tension and compression yield stresses in direction i 

bt,c
i,n

t,c
i are the hardening coefficient and exponent 

 

During an event of exceeding yield stress, stresses are plastic inadmissible and is 

projected on to the yield surface as in Fig 10 [71]. 

 

Figure 10 The yield surface for Crasurv formulation [72] 
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3.3.2. Failure criteria associated with failure modes. 

The failure criterions associated with failure modes directly considers the 

material strength and the non-homogeneous nature of composites leading to 

different failure modes such as fibre fracture, transverse matrix cracking, shear 

matrix cracking. The major criterions coming under this category include maximum 

strain- criterion, maximum stress criterion, Hashin criterion, Puck Etc [73]. 

Hashin Criterion [74] is considered from this group, as it can determine different 

failure modes separately, considering the material stresses as shown in Fig 11. 

 

Figure 11 Failure modes distinguished in Hashin criterion [73] (a) tensile fibre failure, 

(b) compressive fibre failure, (c) tensile matrix failure and (d) compressive matrix failure 

 

Fibre failure in tension: σ1>0: 

(
𝜎1

𝜎1𝑇
𝑢 )

2

+
𝜎12

2 +𝜎13
2

(𝜎12
𝑢 )2 = 1      or  𝜎1 = 𝜎1𝑇

𝑢          (8) 

 

 

Fibre failure in compression σ1<0: 

 

      −𝜎1 = 𝜎1𝐶
𝑢                                            (9) 

 

Matrix failure in tension (σ2+ σ3) >0: 
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(
𝜎2+𝜎3

𝜎2𝑇
𝑢 )

2

+
𝜎23

2 −𝜎2𝜎3

(𝜎23
𝑢 )2 +

𝜎12
2 +𝜎13

2

(𝜎12
𝑢 )2 = 1                     (10) 

 
Matrix failure in compression (σ2+ σ3) <0: 

 

 [(
𝜎2𝐶

𝑢

2𝜎23
𝑢 )

2

− 1]
𝜎2+𝜎3

𝜎2𝐶
𝑢 + (

𝜎2+𝜎3

2𝜎23
𝑢 )

2

+
𝜎23

2 −𝜎2𝜎3

(𝜎23
𝑢 )2 +

𝜎12
2 +𝜎13

2

(𝜎12
𝑢 )2 = 1                     (11) 

 

 The FE material models should be created with failure criterions, specially 

made for composite materials, strain rate dependent, non-linear, orthotropic, and 

have options for advanced material damage and failure. Once the material models 

are chosen, a shell or a solid finite element model is created using the selected FE 

tool.  

 

Figure 12 Sample solid FE model of short fiber composite tensile test [75] 

The FE model tries to simulate all the experiment done on the specimen with 

the same dimensions, with the direct inputs from the experimental results. 

Variations were checked for after the test, which is then adjusted to create an 

accurate material model.  Fig 12 shows the FE specimen model made for card fitting 

done by Helga et al. [75]. 
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3.3 Composite Fabrics and pre-impregnated composite 

laminates (organo sheets) 

The forming process of composite laminate involves deforming the laminate to 

the required 3D shape at the exact forming temperature and cooling it back to the 

room temperature to let it retain the deformed state. Composite parts, while 

production can lead to shape distortions which can alter the material properties, 

characterised such as spring back, distorted/altered fibre distribution, wrinkling, etc 

[60, 76, 77, 78]. This mainly depends on the geometry of the part, process 

temperature, material property and friction. To efficiently determine and optimise 

the manufacturability, a separate study on all the associated deformation 

mechanisms is done, as displayed in Table 2.  

 

Table 2 Different composite deformation modes during forming [79, 76, 78] 

 
 

The fabric is heavily bent during draping, and the intra-ply or inter-ply 

deformation is restricted and leads to out of plane buckling [79]. Buckling is due to 

in-plane compressive stresses and is measured per unit width of the sample in in-

plane compression. Wrinkling can occur post-buckling phenomenon, which is then 
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triggered from the moment a critical compression force or strain is reached. The 

shear strain and elongation strain can be classified as the microscopic deformation 

mechanisms [79], were as the deformations including fibre bending, resin 

percolation and transverse fibre flow can be identified as deformations on 

mesoscopic deformation mechanisms. Additional deformations such as the fibre 

redistribution and the laminate thickness variations can be tagged as macroscopic 

deformation mechanisms regarding ply bending, in-plane and inter-ply shear. 

Forming behavior is determined by the combination of resistance to all these 

deformation mechanisms [79, 6]. 

Ideally, for an accurate prediction inter-ply slippage (in-plane), ply bending, 

and intra-ply shear (interface) need to be found out to determine the global 

deformation of a composite laminate under forming conditions as described in 

Table 3. The resistance against these deformations determines the formidability of 

a composite material at forming states [76].  

3.4 Experimental Composite Fabric and composite 

laminate characterisation (at forming temperature) 

Although the actual thermoforming process takes place under non-uniform 

deformation rates, currently the characterisation tests are done at a constant 

temperature and speed/angular velocity. The results obtained are for isothermal 

material properties, and validation done by comparing the experimental results with 

FEM (which is detailed in chapter 4).   

As previously stated, for a macro scale model, any deformation in the entire 

composite laminate is assumed homogeneous. The dominant deformation 

mechanism of fabric deformation is in-plane shear [76, 80] and tensile properties, 

especially with composite fabric with the high stiffness of yarns on the tensile 

direction and much lesser stiffness on the shear. Bending stiffness is also considered 

and has been known to influence the occurrence of wrinkles associating with shear 

properties. [81]. Friction between the adjacent plies and between the tool and the 

laminate plies is also a critical factor contributing to the final structure of the 

composite part which needs to be addressed with specially designed testing setups. 

[79, 78, 82, 83] 
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Table 3 Basic principle values required for composite forming simulations 

 
 

 

 

3.5. Process FEA Simulation approaches  

Even with all the advantages of composite materials as mentioned before, a 

composite part is only as good as its design. To utilise all the unique properties of 

a composite material, it must be made sure that there are no wrinkles and excessive 

thinning on the part. The final fibre orientation should be aligned with respect to 

the distribution of the load. Currently thermoforming and RTM (Resin Transfer 

Molding) have been identified as the production technology suitable for mass 

production of composite materials [84]. 

 

 

Figure 13 Classification of non-linear problems [adapted from 85] 

 

Conducting process simulations for thermoforming of two-dimensional 

composite laminates into a three-dimensional product is considered a very 

complicated process mainly due to the anisotropic nature of the blank. The quality 

of any process simulation depends on the mechanical properties of a composite 

fabric that needs to be characterised as explained in the previous sections. Other 
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important factors that influence the simulation are temperature, binder pressure, 

punch velocity, punch pressure, etc.  

Thermoforming of a thermoplastic composite part is complex and can induce 

various defects on the final part. While some flaws can be tolerated like thinning 

on non-structural areas of the part, critical defects will lead to discarding or worse, 

unexpected failure during load conditions [84]. As shown in Fig 13, process 

simulation checks for geometric non-linearity and boundary non-linearity to an 

extent. Critical evaluation of the integrity of the part by checking for errors and 

deformations is the primary purpose or process simulation. With this approach, 

adjustments can be made quickly to the part on a geometric level to get an optimum 

design for the part, and the tools can be made accordingly. This effectively 

eliminates the traditional, expensive and time-consuming trial and error approach. 

[86].  

 

Figure 14 Defects in Composite Laminate Profiles during thermoforming operation 

[adapted from 87, 88, 89] 

 

Fig 14 shows the common defects in composite laminate profiles originating 

during the thermoforming operation. All the defects need to be addressed in the 

process simulation, and the deciding factor is the ability to efficiently map these 

results to a standard mesh for further load or crash simulations. 
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3.6 Mapping 

After forming composite components, the accumulated plastic strain may 

increase or decrease the yield for further loading depends on the load direction. 

Also, for a regular load and crash simulations, a constant thickness along the surface 

of the part is assumed which is not usually the case as thickness variations or 

thinning may occur during the forming operation.  The most critical criteria that 

affect the simulation is evidently the reorientation of the fibre in the composite part 

post-forming. All the mentioned critical aspects are missing from usual crash/ load 

simulations leading to reasonably inaccurate results.  

Mapping is done to transfer simulation data between the results from the 

process simulation results having different discretisation, element types, material 

models etc. to the crash model. This efficiently transfers the resultant stresses & 

strains developed in the model during production and more importantly the change 

in the fibre orientations during forming including any associated thickness change 

on to the actual model [71]. 

 

Figure 15 Effectiveness of using mapping on a metal component [adapted from 71] 

 

Fig 15 shows mapping done on an isotropic metal component, based on a case 

study done by Altair [71], demonstrating the apparent match between the physical 

test and the FE model with and without the process simulation results mapped on 

to it. The effect of residual stresses has an evident impact of the model as per the 

set of images, showing the importance of mapping for structural simulation 

accuracy.  

Mapping is studied in detail in chapter 4, for composite fibre reinforced 

thermoplastic components.  
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Chapter 4    

Experimental characterisation and 

structural analysis 

The primary case study for the research thesis, as shown in figure 2, is an over-

molded part constituting a continuous glass fiber reinforcement consolidated with 

a polymer layer as a substrate over-molded with short fibre reinforced polymer 

compound. The continuous fiber reinforcement used is TEPEX® Dynalite 104-

RG600(2)/47% supplied by Bond Laminates [61] and the short fiber impregnated 

polypropylene over-mold used is Xmod™ GD301FE provided by Borealis [62]. 

The two materials were chosen because the base resin for both the composite 

material is polypropylene which will result in good inter-material  bonding. 

4.1. Characterisation tests  

The mechanical characterisation of the two materials: TEPEX® Dynalite 104-

RG600(2)/47% & Xmod™ GD301FE was done separately considering them as 

orthotropic-elastic until rupture and nonlinear afterwards. A set of tensile tests (00 

and 900 Direction), shear and compression (00 and 900 Direction) tests were done 

on the specimen. An additional bending test was done on the specimen for further 

validation of tensile, compression and shear properties obtained. 

The standards used for each test are mentioned in Table 4. Five specimens were 

tested for each test, and the detailed specimen description including the dimensions 

is given in Appendix 1. 
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Table 4 Basic principle values required for composite forming simulations [64, 65, 66, 

67] 

 
 

All the experiments were done using an Instron Model 8801 machine with a 

maximum load of 100 kN. For each specimen, the force-displacement curves and 

stress-strain were calculated along with elastic modulus, maximum stress, strain at 

break and maximum load using the data obtained directly. An extensometer, 

capable of recording longitudinal deformation up to 25 mm and transverse up to 1 

mm per side, or a strain gauge attached to each specimen (HBM LY-48-3/350 Ohm) 

was attached to each specimen to sample the strain measurements. For further 

elaboration of the experimental results, a dedicated Matlab code allowed to obtain 

mean value curves and the standard deviation. It calculates the ideal stress-strain 

curves for further FEA analysis and filtering out any noise on the curve, then the 

stress-strain curves output curves are obtained accordingly for further curve fitting.   

Fig 16a to Fig 16d shows the raw data from experimental results for the 

continuous fibre laminate (TEPEX® Dynalite 104-RG600(2)/47%) showing its 

vital material properties. As the laminate is balanced, the properties are assumed 

the same for both 0° and 90°. The properties are summarized in Table 5.  
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Figure 16.a Experimental results for the continuous fibre laminate: Tensile tests 

 

 
 

    Figure 16.b Experimental results for the continuous fibre laminate: Compression tests 
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    Figure 16.c Experimental results for the continuous fibre laminate: Shear tests 

 

 

 

    Figure 16.d Experimental results for the continuous fibre laminate: bending tests 
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Table 5 Properties for continuous fibre Laminate 

 

 

 

Fig 17a to Fig 17e shows the raw data from experimental results for the 

continuous fibre laminate (Xmod™ GD301FE) showing its key material properties. 

The properties are summarized in Table 6. 

 

 

Figure 17.a Experimental results for the short fibre composite: Tensile test 0° 

 

Figure 17.b Experimental results for the short fibre composite: Tensile test 90° 
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Figure 17.c Experimental results for the short fibre composite: Shear test  

 

Figure17.d Experimental results for the short fibre composite: compression test 0° 
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Figure 17.e Experimental results for the short fibre composite: compression test 90° 

 

 

Figure 17.f Experimental results for the short fibre composite: bending test 0° 

From the material properties obtained, the next step is to make the associated 

FE material cards for it, which is detailed in the next section.  

Table 6 Properties for short fibre composite 
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4.2. Card fitting  

An extensive card fitting study has been conducted as reported in Fig 18, 19 

and 20, aiming to match its tensile, compression, shear and flexural properties, as 

closely as possible to the FE card. Card fitting is a technique used to create a precise 

FEA characterisation of the material by keeping the characteristic properties as its 

design variables, to match the FE simulation results to the experimental data. 

This step is more challenging for fibre composites, due to their anisotropic and 

their inhomogeneous nature. The aim is to match FEA stress/strain curves to the 

experimental stress/strain curves obtained for all its defining material property 

separately like its tensile, compressive, shear, etc. The accuracy of the finite 

element analysis done on the actual parts depends on how closely the curves are 

matched.  

 

 
 

Figure 18 FE specimen for the continuous fibre laminate 

 

As detailed in Section 3.3 of the literature review, two failure criterions are 

implemened in this reseach. Crasurv (failure criterion not associated with failure 

modes) and Hashin (Failure criterion associated with failure modes).  

The FE material card Law 25 integrating the Crasurv failure criterion in Radioss 

Hyperworks [71] was used for curve fitting as displayed in Fig 19. [Appendix 4] 

The red curves denote the FE results from the Crasurv criterion and the results 

appear to be satisfactory with a good fit for the curves. A problem, which is 

anticipated with the Crasurv criterion, is that it does not distinguish between the 

different failure modes leading to inconsistencies in the result. The curves show 

perfect fit for the tensile, compression and shear, with a comprehensive match for 

flexion validation.  
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An additional, separate material card was also developed, the Law 58 in Ls-

Dyna solver integrating a modified Hashin Criteria [90, 74] [Appendix 5] was 

implemented separately. As visible from the curves, the direct input of the 

experimental curves leads to a good fit for the tensile and the compressive 

properties of the card Fig 19.a & Fig 19.b, but the fit is lacking for the shear and the 

bending validation as in Fig 19.c & Fig 19.d, although further optimisation is 

required for that.  

 

 

Figure 19.a FE material card for the continuous fibre laminate, Tensile test: first result 

 

 
 

Figure 19.b FE material card for the continuous fibre laminate, Shear test: first result 
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Figure 19.c FE material card for the continuous fibre laminate, Compression test: first 

result 

 

 

Figure 12.d FE material card for the continuous fibre laminate, Bending Test: first 

result 

 

The FE material card associated with Hashin criterion is further optimised for 

a better curve fit by implementing different breaking point (Yield point from the 

experimental curves Fig 16.a to Fig 16.d ) or point of failure on the card for each of 

the principal properties as shown in Fig 20.a to Fig 20.d.  The shear strength has 

been adjusted slightly as well for a better curve fit with the experimental one.  
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Figure 20.a FE material card for the continuous fibre laminate, Tensile Test: optimised 

result 

 

Figure 20.b FE material card for the continuous fibre laminate, Shear Test: optimised 

result 
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Figure 20.c FE material card for the continuous fibre laminate, Compression Test: 

optimised result 

 

 

Figure 20.d FE material card for the continuous fibre laminate, Bending Test: optimised 

result 

The credibility of the acquired FE material cards (the Crasurv, and the 

optimised Hashin) are all tested and demonstrated in the structural simulation 

(detailed in chapter 4.4).  

The Card fitting for the short fiber composite part [62] is included in the 

[Appendix 2], as the focus of research from now on will be on continuous fiber 

laminate.  
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4.4. FEA Structural simulations and comparison with 

experimental results. 

A four-point bending test is used for the experimental validation of the FEA. 

Specifically, the ISO 14125:1998 [4] for testing the flexural properties of the chosen 

laminate reinforcement for the overmolded component (Fig 2). Bending test is quite 

simple to perform, but the state of stresses and the associated failure modes is very 

complicated. The tensile and the compressive strength of fibre reinforced 

composites can be contrasting and is fibre direction dependent as well. Therefore, 

for bending test of a composite part, it undergoes both compressive stress (at the 

top) and tensile stress (at the bottom) of the composite part.  

Once card fitting creates the matrial database, the FE model of the component 

is made with this material data using appropriate properties. Interfaces and 

constraints are designed to match the actual physical four-point bending tests to get 

a good comparability of the results. Flexural strength and stiffness are the combined 

effects of a material’s tensile, compressive and shear properties. 

The specimen is loaded in the horizontal position, which results in the 

application of compressive force on the upper side and tensile force on the lower 

side. There are two load points at equal distances from the support points for the 

four-point bending test, and the gap is kept 1/3 of the 250mm span.  

 

4.4.1. Four-point bending experimental tests 

The Laminate reinforcement part shown in Fig 8 was subjected to load with 

appropriate four-point bending fixtures using an Instron testing machine. The four-

point bending fixture was customised to minimise the shear stress deformation and 

to limit inter-laminar shear failure, which is done by making the support span 

considerably longer than the specimen thickness. The specimen will be deflected at 

a constant rate of 2 mm/min until it fractures. The machine is equipped with 

automatic hydraulic grips that allow substantial contact with the specimen and 

ensuring their grip without sliding. The force and displacement were acquired 

directly from the testing machine. 
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Figure 21 Composite component, structural four-point bending test 

Although the component was tested in various orientations, only the results 

when normally tested to the component as in Fig 21 were considered for this thesis. 

A set of five specimens were tested giving an average maximum force of 600 N at 

its breaking point with a displacement of 7.7 mm. The average force-displacement 

curve is plotted on fig 23. Because of the curved nature of the laminate part and the 

slightly angular base, it was made sure there were four points of contact when the 

test was started to avoid erratic results.  

The machine displacement is assumed to correspond the real displacement 

suffered by the sample at the contact points. Initially, there were some doubts about 

the reliability of the displacement recorded by cross head displacement for bending 

tests with no external device such as an extensometer. The crosshead displacement 

suffers some noises, including the effect of machine compliance, which may 

amplify the reading, depending on the sample compliance. This doubt was 

eliminated by doing some physical tests comparing the recorded crosshead 

displacement to the actual crosshead displacement by obtaining a sequence of 

photographs in fixed short interval proving the assumption correct. More details on 

the test done is included in Appendix 3. 

4.4.2. Four-point bending tests by FEA  

   After the extensive card fitting done, four-point bending FE tests were done to 

simulate and compare with the experimental results. The element size was kept as 

2mm, the same as during the card fitting of the material. The component was 

subjected to imposed displacement with the two cylinders to replicate the four point 

bending test with no additional boundary conditions.  

Flexural strength and stiffness are the combined effects of a material’s tensile, 

compressive and shear properties. The laminate FE specimen is subjected to pure 

flexion with two cylinders with the exact specifications of the physical four-point 

bending tests done as shown in Fig 22. 
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   As explained in the card fitting, two composite failure criterions have been 

exhaustively studied for the composite laminate substrate. The two cards are 

implemented separately, compared against each other and with the experimental 

results.  

 

 

Figure 22 Composite part, structural FE Four-point bending simulation model 

 

 
 

Figure 23 Composite part, four-point bending results comparison among experimental, 

FEA Crasurv and FEA Hashin 

 

Fig 23 shows the FE material card implemented from the initial results presented in 

Fig 19, comparing the Crasurv criterion and Hashin criterion against the 
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experimental curve. This was done to find the ideal failure criterion that can be 

implemented efficiently on to a composite part under review. From the curves, it is 

evident that both the failure criterions hold good for its elastic behaviour, but the 

curve with Crasurv criterion diverges upwards in the plastic strain zone compared 

to Hashin criterion. At this stage, it is conspicuous from the comparison that the 

Hashin failure criterion would be better suited for this application.  

 

 

Figure 24 Composite part, four-point bending results for experimental, Hashin and 

Hashin optimised 

 

The Hashin failure criteria are further optimised in Fig 24 as per the FE card 

developed in Fig 20. After the optimisation, the force-displacement curve 

converges downwards underestimating the strength of the component; making it 

the most accurate result so far. 

 

4.4.3. Results and discussion  

The results obtained with the Crasurv criterion were not very satisfactory as 

shown with the four-point bending test of the laminate component compared with 

the experimental results as shown in Fig 23.  The problem being the criterion does 

not distinguish between different modes of failure. 

This drawback for the Tsai-Wu/ Crasurv criterion has been studied by John 

Hart, [91] where demonstrates the compressive stress states of a submarine hull 

could be increased by decreasing the transverse strength on the same laminate; 

which of course is physically incorrect. Therefore, the conclusion is when multiple 

failures occur on a part at the same time as in the four-point bending, the results 
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may not be accurate in the plastic zone. The results after implementing Hashin 

criterion is much better as shown in Fig 24 showing a massive improvement from 

the Crasurv criterion. 

 To conclude, the Crasurv criterion which considers isotropic nature of the 

composite materials is not very accurate for the component considered in this thesis 

undergoing multiple failure modes at the same time. While the Hashin criteria 

which consider the non-homogeneous nature of the composites is visibly more 

accurate. The final result of Hashin criterion gives an underestimated strength of 

the component which is accepted in the Industry. However, the aim is to increase 

further the accuracy of the result, which is further studied in the following chapters. 
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Chapter 5    

Process Simulations 

By concluding chapter 4, the maximum possible accuracy of the model was 

reached by considering only the material non-linearity, as detailed in the building 

block in Fig 6. Additionally, to increase the efficiency of the model boundary and 

geometric non-linearity of the model needs to be considered. Considering the 

inclusion of residual thermal stresses, change in fibre orientation while forming, 

stiffness degradation models, and delamination failure, etc. For the composite 

laminate part under review as detailed in Fig 8, the effect of delamination and 

degradation is limited as there are only two plies, so fibre orientation change and 

residual thermal stresses are further investigated which is the results from the 

process simulations.  

Process simulation for thermoforming involves shaping the thermoplastic 

prepreg by heating it above its glass transition temperature to form it into a three-

dimensional part.  It involves heating the material first to its glass transition 

temperature for shaping, then transferred to the press where it is hot pressed [57]. 

The formed part is then cooled under the same pressure to ensure dimensional 

stability and then removed. However, for forming simulations, to reanimate or 

predict the process, a complete material characterisation needs to be done at all the 

temperatures the blank will be exposed to. The results greatly depend on the 

property of the resin concerning temperature, so a multiple temperature strain 

dependency input curve for the resin determines how close the output will be to the 

actual scenario [92, 93].  

The commercially available software for thermoforming of composites are LS-

Dyna (MAT_249 model) [90], Abaqus (Fabric Material model) [94], Radioss 

(Mat_58) [95], Aniform [96] and PAM-FORM (Mat 140) [97].  A table comparing 

the different features of all the FE codes are shown in Table 7. The comparison 

study was done partly based on a benchmark study done by researchers from 

various companies including AUDI, Volkswagen and BASF [98].   
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Table 7 Process simulation results compared with the actual part (partially adapted 

from [98]) 

 

 
 

The comparative study explores all the essential and important capabilities that 

are expected to be fulfilled by FEA. Although the FE codes are relatively similar, 

the central aspect to consider is the availability of the proficiency on how to 

implement them, also how credible and repeatable the results are. Another crucial 

deciding factor is the operability of the FE codes, which includes how user-friendly 

the FE code is, how time-consuming it can be and how easy it is to make changes 

on the simulations.  

For the current research, initially, all the simulations were run in Radioss and 

were later changed to LS-Dyna. This was because the Radioss does not have a 

specific material model yet for composite forming and is currently combining two 

material models to obtain the required results. (Law 58 fabric card and Law 59 

cohesive element card) [99]. LS-Dyna was more accessible with more robust results 

with their new material model Mat 249 for thermoplastic composite forming 

[Appendix 6]. Aniform was initially tried giving reasonably good results, as part of 

the research as well and is now kept for future trials due to the current time 

restrictions.  

The deciding factor was the ability to map the process simulations results to a 

standard mesh for further load or crash simulation. With Ls-Dyna the linkage of 

multiple commercial tools for mapping the process simulation results could be 

avoided, as the mapping code could be directly implemented as detailed in the 

Chapter 4. 
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5.1. Experimental characterisation for process simulation 

The material characterisation tests are done based on the literature review to 

complete the chosen FE material card (Law 249 in LS-Dyna).   

5.1.1. Tensile Characterisation 

Tensile tests are done only on dry composite fabric and not on the composite 

laminate (fabric + resin) because material parameters such as tensile Young's 

modulus are fibre dominant and exhibit limited change with respect to temperature. 

This is based on the study done by Melo and Radford [92].  

During tensile tests, two deformation modes can be observed when the fabric 

is tested axially as shown in Fig 25. The first deformation mode (Fig 26) appears 

when the yarns are undiluted leading to the tightening of the yarns in the pulling 

direction. The second mode initiates after the full extension of the yarns leading to 

axial stretching of the yarns. When defining the tensile curve of fabric it is necessary 

these to deformation modes which is critical for further study and FEA simulations.  

 

 

Figure 25 Tensile Fabric specimen 
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Figure 26 Typical tensile test result of a dry composite fabric as per ASTM D5035 (E-

Glass twill fabric) [100] 

 The primary challenge is the difficulty in handling the fabric specimen and the 

requirement of powerful clamping force as the tensile load is usually incredibly 

high for composite fabrics.  The fabric tensile tests are done at room temperature 

and the specimen following ASTM D5035 [100]. Exceptionally steep stiffness 

curves are usually observed for tensile curves for composite fabrics.  

 

 

Figure 27 Tensile Fabric stress vs. strain  

The associated stress-strain curves from the tensile tests are as shown in Fig 27. 

From the experimental curves, the card fitting is done to obtain the FE curves. The 
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card fitting displayed in Fig 28 shows an accurate fit for both force displacement 

and stress-strain confirming an excellent tensile match.  

  

 

Figure 28 Tensile Fabric card fitting Force-Displacement & Stress-Strain. 

 5.1.2. Shear characterisation  

Intra-ply shear is considered the primary deformation mechanism during the 

thermoforming of composites. It occurs when the fibre orientation changes when 

the yarns are rotated at their crossovers. This change in fibre orientation is denoted 

by shear angle, which starts at zero and increases or decreases when the angle 

between the warp and the weft yarn changes. A typical shear compliance curve for 

a composite fabric is as shown in Fig 29, which is divided into four regions. 

During low shear angles denoted in the pure shear zone, the force required is 

meager is almost parallel to the x-axis which is mainly due to the friction between 

warp and weft yarns undergoing rigid body rotation. [101, 102]. The shear angle 

keeps on increasing till the yarns cannot rotate freely leading to compression of the 

yarns in contact which leads to a rapid increase in the shear stiffness. [101]. This 

point is denoted as shear locking angle, and the shear locking zone is the transition 

area of the shear zone of the fabric. The wrinkling post shear locking zone region 

shown in Fig 29 is where the shear angle is reached for the entire shear area leading 

to out of plane deformations such as stretching and wrinkling. All the load applied 

post shear locking is a combination of predominantly tensile, then yarn compression 

at the shear locking edges and some shear as well.  
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Figure 29 Typical shear curve for dry composite fabric 

 

A benchmark study had been done to characterise the in-plane shear behaviour 

of composite fabrics [60]. Although there was slight variability in the results, based 

on the extensive tests conducted, some critical best practice methods and 

recommendations can be observed, such as the importance of the preparation of 

specimen in the right way, avoiding preload on the specimen, etc. Based on this 

study two methods are used to determine the shear behaviour, so that the results can 

validate each other. The methods are Bias-extension test and Trellis frame test, 

which is detailed in the following subsections.  

 

Bias Extension tests (Fabric) 

For Bias extension tests rectangular specimens of 200 x 100 mm2 (with 

additional gauge area of ~ 50 x 100 for clamping) were tested as shown in the Fig 

30 b. The warp and the weft of the specimen are initially oriented at ±45o to the 

applied force in the tensile direction. The speed of the test was fixed at 10 mm/min. 

The grippers were custom made as well to accommodate e-glass composite fabric 

and gauge area width of at least 100 mm.  

During the testing, the measured force from the bias extension test is not pure 

shear deformation but a combination of partial shear and full shear forces. As the 

specimen is extended each fibre yarn is assumed to be inextensible, and the crossing 

acts as a possible rotation point developing three distinct regions as denoted in Fig 

30(a). During the test, around the area of pure shear deformation, the shear angle 

increases gradually until it reaches a critical angle known as shear locking angle 

leading to out-of-plane deformation possibly leading to wrinkles. For the ease of 
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normalisation, the kinematics on the specimen undergoing bias extension are 

described using three different regions a, b and c. Fig 31. [103, 104]. The shear in 

the zone ‘a’ is expected to undergo pure shear, whereas the region ‘b’ is 

approximated to have half shear and the region c does not have any shear; remaining 

un-deformed during the test. This assumption of kinematics holds valid for the test 

specimen undergoing tensile force until the specimen is deformed leading to an 

intra-fibre slip and secondary crossover slip. This error is estimated equal to ±2° 

from the calculated results with a 50° shear angle [105]. However, this kinematic 

normalisation is necessary for isolating the shear stress further analysis.  

 

 
Figure 30 a) Sample specimen shear force distribution, b) Bias extension test setup 

Although from the initial analysis, it was proved that it is difficult to perform 

the test on the chosen material specimen; multiple tests were conducted to obtain at 

least five good results. The difficulty was mainly involved in handling the specimen 

as during the bias extension test the specimen is only supported on two sides leading 

to easy intra-ply slippage. This again is due to the specific nature of the chosen glass 

fibre fabric with its slippery nature and thicker yarn size.  

The shear angle and shear force are calculated based on the relationships 

developed as a function of fabric size and displacement.  
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Figure 31 Bias Extension test setup 

 

 

 

Figure 32 Bias Extension specimen representation for kinematic analysis 
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From the kinematic analysis of the bias extension sample shown in the Fig 32, 

the shear angle θ can be deduced as a function of the displacement 𝛿, and the 

specimen size [106] through the equation: 

 

𝜃 = 90 − 2 cos−1 (
(𝐻−𝑊)+𝛿

√2(𝐻−𝑊)
)                                             (12) 

 

Where, H is the tensile length of the specimen and W is the width. For 

normalising the shear force for bias extension, the energy required to deform the 

three deformation zones are considered for the specimen. The relationship is 

derived based on the assumption of pure shear kinematics on the fabric specimen.  

 

𝐹𝑛 =
(𝜆−1)𝑓𝐴

𝐿𝑒𝑓𝑓(2𝜆−3+2𝑋)
                                               (13) 

 

𝜆 =
𝐻

𝑊
                                                        (14) 

 

𝑋 =
(cos 𝜃)2[1+3(sin

𝜃

2
)

2
]

(cos
𝜃

2
)

2
[1+3(sin 𝜃)2]

                                            (15) 

 

Based on the normalisation steps done with the equations, the average result 

obtained showing the shear stress, and shear angle are presented in Fig 33. 

Additionally, the experimental results obtained are fitted on the FE material card 

fitted with MAT_249 Ls-Dyna material card as shown in Fig 34. The curves fit is 

not accurate post 35 mm displacement of the specimen. This may be because as the 

shear force is calculated analytically by the energy method, the result may not be 

accurate post the shear locking of the fabric. Although this is a point of concern, 

this is ignored for now to try a different shear test to compare the shear results [107]. 
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Figure 33 Bias Extension: Normalised shear force vs. Shear Angle 

 

 

Figure 34 Bias Extension: Card fitting FEA vs. Experimental results 

The loss of accuacy for experimental curves is due to the intra-ply slippage, which 

makes the results unreliable post shear 35 mm.  

Trellis Frame tests (Fabric) 

A trellis frame shear test has been additionally done for validation, and the setup is 

shown in Fig 35. The specimen is cut to have at least 100 mm2 pure shear zone in 

the centre. Initially, the test is done only on the composite fabric to obtain its shear 

characteristics. 
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Figure 35 Trellis Frame setup 

 

Extra precautions were taken while cutting the specimen to confirm and validate 

the number of yarns and its orientation. Additionally, two yarns were removed to 

isolate the shear zone in the trellis specimen as shown in Fig 36. To make sure the 

specimen undergoes uniform shear a sensitivity study was done to minimise the 

applied compressive and tensile force on the specimen, just enough to keep the 

element in place [108]. A high precision screw gauge was employed to do it as 

shown in Fig 37. Tow buckling due to the edge effects at the point of contact 

between the fixture and specimen is also minimised by doing the sensitivity study.  

 

 

 

Figure 36 Trellis Frame fabric specimen setup 
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Figure 37 Trellis Frame specimen setup for good results 

  

Yarn rotation is the predominant deformation for fabric when conforming to 

final geometry. This rotation is denoted as the shear angle which is initially set at 

zero when the fibers (the warp and the weft yarns) are perpendicular. The shear 

angle from the trellis frame is obtained trigonometrically using the relation [109]: 

 

 

𝜃 =
𝜋

2
− 2 cos−1 (

1

√2
+

𝑑

2𝐿𝑓𝑟𝑎𝑚𝑒
)                                (16) 

 

 

Where: Lframe is the frame length and d is the displacement of the frame.  

 

The shear force, Fs, can be calculated from the measured pulling force F and 

the global shear angle [109]: 

 

 

𝐹𝑠 =
𝐹

2 cos 𝜃
=

𝐹′′−𝐹′

2 cos 𝜃
                                         (17) 

 

To avoid considering the inertia and weight of the trellis frame, the ‘net’ 

shear force F is obtained by deducting an offset value F’ from the machine-recorded 

value F’’ during the test. The offset value F’ is obtained by testing just the trellis 

without a specimen, which records the weight and the inertia of the fixture including 

the inertia of the fixture.  
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Based on the normalisation steps, the result obtained showing the shear stress, 

and shear angle is presented in Fig 38.  

 

 
 

Figure 38 Trellis Frame Fabric Experiment: Normalised shear force vs. Shear angle 

Additionally, the experimental results obtained is fitted on the FE material card 

fitted with MAT_249 Ls-Dyna material card as shown in Fig 39. The model was 

made as shown in the Fig 40 to simulate the trellis frame for curve fitting. 

 

 

Figure 49 Trellis Frame fabric: card fitting curves FEA vs. Experimental 
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.   

Figure 40 Trellis Frame FE specimen setup 

 

Trellis Frame tests (Laminate) 

After the trellis tests on the fabric, the trellis test on the entire laminate was 

done inside a thermal chamber, to simulate the properties of the laminate at its 

forming temperature (Fig 41). The only difference being the trellis laminate is the 

combination of shear properties of the fabric and the properties of the matrix, while 

the trellis fabric influenced only by the shear properties of the fabric. The properties 

of the matrix were obtained by comparing both the results of the ongoing FE 

analysis.  
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Figure 41 Trellis Frame laminate specimen setup 

 

The specimen was cut with the same dimension of the trellis frame fabric to 

enable a shear zone of 100 mm2. The force was made to make sure the specimen is 

oriented at ±45° to the force direction. Similar to the trellis frame: fabric, a 

sensitivity study was done to obtain the minimum compressive force required to 

achieve the ideal shear characteristic curve. The experimental result obtained from 

the trellis frame laminate is shown in Fig 42. 
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Figure 42 Trellis Frame Laminate Experiment: Shear Force vs. Shear angle 
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Figure 43 Trellis Frame Laminate: Initial matrix behaviour card fitting 

 

The result with the closest match attained is shown in fig 43 to represent the 

matrix behaviour in the laminate during forming. The initial behaviour of the curve 

is intentionally kept underestimated to compensate for the initial inertia of the trellis 

fixture.  

Shear results 

After fitting the shear curves in the bias extension and the trellis fixture, the 

result can be validated by comparing the results after normalising the shear force 

obtained. The idea being, since both the tests were done to obtain the shear 

characteristics of the curve, matching results will self-validate the shear data [107]. 

 
 

Figure 44 Bias Extension and Trellis frame test results comparison 
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Fig 44 shows the normalised results from the trellis frame ‘fabric’ and the bias 

extension compared giving identical results. The shear stress was calculated from 

the calculated shear force, shear angle and the specimen dimensions as shown. The 

shear curve is further modified to normalised shear stress vs. shear angle in both 

positive and negative axis as a direct input representing shear characteristics for the 

material card Mat_249 in Ls-Dyna for accurate results Fig 45.   

 

 

Figure 45 Shear Curve input for FE material card 

. 

Trellis frame test is recommended for further trials as the intra ply slippage 

dominant during the bias extension test can result in unreliable results and a lot 

more tests required to obtained usable data. Trellis frame test is relatively simple if 

a proper procedure is implemented giving repeatable results.  

  

5.1.3. Friction characterisation of woven fabric and laminate 

Another significant deformation due to the traction of continuous fibre 

reinforced composite is inter-ply slippage and tool ply slippage [78, 110]. 
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Figure 46 Schematic cross-section of a 2x2 Twill ply on a tool surface (adapted from 

[78]) 

Fig 46 shows a cross-section of the composite laminate in contact with the tool 

surface where a hydrodynamic lubrication is expected on the interface between 

adjacent plies and between the tool and the ply. 

Fig 47 shows the representation of tool-ply friction and ply-ply friction setups.  

 

Figure 57 Friction testing experiment setup representation (adapted from [79]) 

 

 The required output is the nominal force required to pull the specimen gripped 

with a fixed force measuring the frictional coefficient. Although there is an absence 

of a test standard to build a setup, a benchmark study had been conducted by 

different research groups to develop a testing rig to evaluate the friction tests under 
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nominally equal conditions on the same test material [78]. The testing setup used 

for the thesis was designed and fabricated, after reviewing the benchmark research.  

The required design characteristics of an ideal friction testing rig for optimum 

results includes avoiding a larger friction area to prevent the influence of the edge 

effects, uniform pressure and homogeneous temperature distribution. Another 

critical design requirement is the importance of a very robust test setup 

configuration with strict constraints on the test specimen. This is done to make sure 

the sliding interface have consistent contact with the frictional interface and should 

not detach or rotate. An important constraint here is that the polymer matrix may 

be influenced by the degradation at high temperature in an oxygen-rich 

environment, so effort should be taken to minimise the operation time [111]. 

 

 
 

Figure 68 Friction testing experiment setup 

 

Fig 48 shows the friction-testing rig setup developed for this thesis research.  

The gripping force (normal load) required to hold the specimen is supplied using 

the four high-temperature cylindrical collar screws along the four corners of the 

‘Internal Block’ that goes all the way through the entire thickness of the specimen. 

The gripping force is recorded using a high-temperature piezo-electric sensor 

sandwiched between ‘External Block’ and ‘Internal Block’. A tensile force is 

applied to the specimen using an Instron testing machine, enabling it to slide out of 

the friction testing setup. The specimen is made by two composite laminate sheets 

(Fig 49) that is cut and stuck on to the metal plate with high-temperature adhesive.  
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Figure 49 Friction testing specimen setup 

 

The test is conducted inside a thermal chamber kept at 180oC representing the 

forming (process) temperature of polypropylene composite, and it starts to degrade 

above that temperature. The sliding velocity is kept at 100 mm/mm, with a constant 

contact surface area of 5000 mm2. Two thermocouples are placed very close to the 

specimen to make sure a uniform temperature was achieved throughout the 

specimen. An extremely sensitive torque wrench of the range of 1 Nm to 5 Nm was 

employed to achieve the required normal gripping force of 300 N for both the tests. 

 

The maximum frictional force F when the plies are sliding with respect to 

another ply or tool or when in limiting equilibrium is the product of its frictional 

coefficient and the normal reaction force: 

 

𝑭 = 𝝁𝑹                                                               (18)                            

 

Where:  is the frictional coefficient and R is the normal reaction force. 

 

Tool - Ply test setup and coefficient. 

For the tool-ply setup, the specimen is in direct contact with the metal part of 

the fixture, representing the tool. The assembly is placed inside the thermal chamber 

to achieve the required temperature of 180o C. Once the necessary temperature was 
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reached, the test is initiated, and a tensile force is induced on the specimen to induce 

friction between the laminate and the metal surface.  

The curve displayed on Fig 50 shows the frictional coefficients plotted against 

the displacement for the tool-ply friction test showing the initial static coefficient 

and the later steady-state coefficient representing dynamic frictional coefficients.  

 

 

Figure 50 Frictional coefficients vs. displacement for tool-ply 

 

The results obtained, and the estimated frictional coefficients are as reported in 

Table 8 summarising the entire tool-ply process.   

Table 8 Tool-ply test setup and coefficients 

 

Ply- Ply test setup and coefficients. 

For the ply-ply setup, the laminate part of the specimen is in contact with 

laminate fixed on to the ‘Internal Block’ as described in Fig 51 and in Fig 52, to 

enable the interface between two plies. After loading the specimen, the entire 

assembly is placed inside the thermal chamber to achieve the required temperature 

of 180o C. The test is initiated then, and a tensile force is induced on the specimen 

to induce friction between the laminate sheets.  

The curve displayed on Fig 53 shows the frictional coefficients plotted against 

the displacement for the ply-ply friction test showing the initial static coefficient.  
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Figure 51 Ply-Ply specimen 

 

 

Figure 51 Ply-Ply specimen setup 
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Figure 53 Frictional coefficients vs. displacement for ply-ply 

 

The results obtained, and the estimated frictional coefficients are as described 

in Table 9 summarising the entire tool-ply process.   

Table 9 Ply-ply test setup and coefficients 

 

 

Friction tests conclusion 

Tool-ply and ply-ply friction test had been done to obtain the static and dynamic 

coefficients for composite forming simulations supplementing the Mat_249 

material card in Lsdyna. The hydrodynamic lubricated friction can be represented 

accurately using the Stribeck curves, but there is no current provision to make it 

usable in the FE tool adopted [112]. 

5.1.4. Bending test 

The bending behaviour is another essential deformation mechanism that 

influences the thermoplastic part during the thermoforming. Traditionally for 

composite laminate characterisation, the bending characteristics of a thermoplastic 

composite laminate have been neglected owing the bending characteristics to the 

intra-ply shear and inter-ply friction. Any literature on the general study on bending 

characteristics of a composite laminate at melting temperature is limited, up until 
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recently by P. Boisse and the bending fixture developed by Sachs [83, 113]. This 

research examines the possibility of designing and fabricating a bending setup for 

composite laminate in thermoforming conditions that can be operated with relative 

ease to obtain accurate measurements. The conventional three point or four point 

bending tests are impractical due to the very low bending stiffness and the molten 

state of the specimen making it impossible to handle.  

The primary requirement here is that the specimen should not be tightly fixed 

in the fixture and the supports should only act as a guide to allow sliding and to 

avoid forced bending of the specimen as shown in the Fig 54. The specimen should 

be rested between the fixtures enabling free movement along the circular path to 

avoid tensional or compressional strains. The image shows the specimen sliding 

when the fixture is rotated, avoiding any imposed torque on the specimen keeping 

the bending nature of the specimen similar to the traditional three-point or four-

point bending tests. Some other vital requirements are well controlled and sensitive 

deformation rate, the uniform temperature along the specimen, provision for 

accurate measurement and short test period to avoid thermal degradation. An 

important constraint here is the oxidising effect of the polymer matrix on prolonged 

exposure to high temperature, because of this effort should be made to limit the test 

time to a minimum [111]. 

Based on the study done, a bending test rig was developed as a part of the 

current research. The setup can be easily mounted inside a commercial rheometer, 

exploiting its capabilities, equipped with an electric coil heater to heat the specimen 

up to its process temperature. The fixture is divided into two main parts, one 

stationary holder and one movable holder as described in Fig 55. The rectangular 

specimen is measured 35 x 25 mm2 is bent by rotating the portable holder with 

precise control.  Heat resistant polyimide tapes are stuck on to the edge of the 

specimen to avoid the molten resin sticking to the holders at its process temperature 

as detailed in Fig 56.  
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Figure 54 Schematic representation of the bending set-up 

 

Once the specimen is loaded the temperature, the rheometer is closed, and the 

temperature is raised to 180oC to heat the specimen. The thermocouple placed close 

to the specimen confirms the temperature of the specimen and the test is initiated.  

The applied torque is plotted against the rotation angle for the entire duration of the 

test, which serves as the output.  

Based on the tests, the FE model of the bending setup was developed for 

validating the bending nature of the laminate. Although for the FE material card 

there is no provision for a direct input of the bending modulus of the material, the 

ideal bending nature was fixed by varying the integration points along the thickness 

of the laminate. ‘Integration point position variation method’, where a 

*Integration_shell card was used to control better and optimise the position of the 

integration points to get the best design behaviour of the laminate.  
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Figure 55 Schematic representation of the bending set-up showing the initial and the 

final position 

 

 

Figure 56 Bending curves with and without the polyimide tape around the specimen 

 

 



Process Simulations 

 

70 | P a g e  

 

 

Figure 57 Bending FEA 

 

Figure 58 Bending FEA with the adopted integration point position distribution 

 

       Based on the bending tests done along with the corresponding FE tests (Fig 

57), the number of integration points are currently kept at six as per the interval 

shown in Fig 58. A general study is currently done to utilize the thickness point 

variation method for optimum spacing of the integration points as shown in Fig. 58. 

The integration point concentration at the centre could increase the accuracy, 

although further testing and evaluations are necessary for accurately validating the 

bending characterisation. 

       

5.2. Forming simulation setup and results 

The process simulations are done to provide a basic understanding, to capture 

relevant parameters like shear locking leading to wrinkling, fibre direction change, 

etc  [114, 115, 116]. The process simulations were done in Ls-Dyna by using a 

single action draw with an imposed displacement keeping the die and punch as rigid 

bodies. The blank incorporates two plies modelled with the Mat_249 material card, 
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with a Type16 fully integrated composite shell elements defined as anisotropic 

layered individual shells.  

Additional steps to improve the simulation accuracy include: 

• The shear input includes both the positive and negative shear angles plotted 

against the shear force for simulation accuracy.  

• Static and dynamic frictional coefficients are given separately for the tool-

ply interface and the ply-ply interface.  

• Six equally spaced integration points are given for certain bending 

behaviour, based on the bending tests were done employing the ‘integration 

point variation method’.  

The punch moves vertically downwards with an imposed displacement deforming 

the blank keeping the die fixed (Fig 59 and Fig 60). A binder was used to locate the 

blank in position and to avoid abnormal behaviour of the blank leading to a failed 

simulation. Contact is defined between all the interfaces using 

*Forming_oneway_surface_to_surface card and an additional contact card to avoid 

self-intersection while forming is given by using a *Automatic_single_surface card. 

Although global damping was given initially, it was later avoided as it was making 

the simulation unstable.   

 

 
 

Figure 59 Schematic representation of the bending set-up 
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Figure 60 Different stages of forming simulation  
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5.2.1. Results Discussion  

          Based on the Forming FE simulations done, the results which directly 

influences the strength of the component are discussed here, such as the fibre path/ 

directions, wrinkles, thickness variations, Etc.  

 

 

Figure 61 Local fibre rotation comparison 

Fibre path/directions: The analysis of the mechanical performance of a 

composite part is done by assuming the fibre path as constant and uniform. Fig 61 

shows that the course of the fibre changes during the process, further validated. An 

apparent local shift in the fabric direction change can be realised close to 35°. 

 

Wrinkles due to excess in-plane shear: one main reason for developing 

wrinkles on fabric reinforced composite parts are due to excess shear leading to 

shear locking or excess pressure distribution on a plane. The FEA process 

simulation was validated in the component by locating the wrinkle pattern 

developed on the part as in Fig 62 on areas of the excess shear in the FEA [117]. 
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Figure 62 Local wrinkles compared with the FE results 

 

 

Shell thickness variations: The layer thickness of a composite part may vary 

due to unequal distribution of pressure by the tool leading to consolidation 

problems. Identifying this parameter would allow optimising the die mould further 

to facilitate even pressure throughout the blank during the forming operation. 

Fig 63 demonstrates comparable compatibility in the change of the thickness 

of the laminate. Although it was difficult to determine the thickness variation 

physically on the laminate precisely, a cross-section of the laminate shows an 

evident non-uniform thickness pattern. The contour plot shows the percentage 

thinning demonstrating how much the ply thickness vary compared to its actual 

output. A general quantitative comparison is currently done to confirm the presence 

of in-plane thickness variations and local thickness variations with detailed 

qualitative study is an ongoing study, although not part of this thesis.  
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Figure 63 Thickness variation trend compared with the actual component 

 

Residual stresses 

 

Residual stresses occur in a continuous fibre reinforced thermoplastic 

composite part during its forming/ processing and successive cooling to the room 

temperature. They are intrinsically present in all thermoplastic composite parts, and 

it influences its structural integrity [119]. Due to this reason, it is important to 

include the residual stresses in the analytical modelling of thermoplastic 

components. The residual stresses can occur at three mechanical levels regarding 

its origin [118, 119, 120]: 

a. Micro-mechanical level/ constituent level.  

     Due to the variant coefficient of thermal expansion between the matrix and 

the composite fabric during thermoforming. 

b. Macro-mechanical level/ lamination level.  

      Due to the variant coefficient of thermal expansion between adjacent 

composite laminate sheets during thermoforming. 

c. Global level. 

      Due to the variant coefficient of thermal expansion along the entire 

thickness of the part during thermoforming.  
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Although the three levels are separately stated, the residual stresses developed 

on a global scale is considered here for analysis. Fig 64 shows the global residual 

stress that is developed along the surface thickness of the part.  

 

 

Figure 64 Global principal residual stresses developed on the part 

 

All the manufacturing process parameter results shown here will influence the 

structural integrity of thermoplastic composite parts, and it is critical all these values 

are included in the FEM model for accuracy. 
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5.3. Mapping 

The results generated from the process simulations need to be mapped into the 

component model to investigate its effect on the structural analysis. The possibility 

to import residual stresses, thickness variations and the fibre orientation post-

process has been studied for further structural analysis.  

Mapping was attempted by working closely with LsDyna, Germany by testing 

a new mapping tool under development specifically for mapping anisotropic 

composite materials models inside LsDyna. It is currently named ENVYO and is 

not yet available for commercial usage [121]. For accurate mapping, the output 

from the process simulation can be requested as single result file by enabling the 

*Interface_springback, including the initial stress, initial strain, and the spatial 

varying fibre orientation and thickness changes for the composite part. The fibre 

orientation is written for each integration point along the thickness as six 

component orientation tensors {a11, a22, a33, a12, a13, a23}.  

Since ENVYO is in its early stage of development, there is no GUI and input 

request is developed using a notepad. Nodal pairs need to defined or initial mesh 

alignment between the result and the target mesh. Currently, the transformation 

model can be achieved with two options [122]: 

a. Iterative Closest Point (ICP) a straightforward algorithm to align two free-

form shapes given an initial guess for relative transform to create the 

alignment. 

b. Four points Congruent Sets (4PCS) a Random sample consensus-based 

method for aligning two partially overlapping set of 3D points.  
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Table 10 ENVYO input sample 
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Table 10 shows the input request sample for ENVYO, showing the different 

parameters, including the transformation options and the nodal pairs defined 

between the source and the target mesh. The CMPFLG and the POSTV denotes the 

additional variable that can be written including the shear angles, damage, tri-

axiality, fabric strains etc. if required. The thorough thickness averaging option can 

be enabled, where the user can define the fiber bundles (the number of fiber bundles, 

the orientation and the integration points) on target mesh, which will be generated 

by averaging. The option to map strain, stress and thickness need to be additionally 

specified as shown.  

 

5.3.1. Mapping Results 

Mapping was done on the composite part under review with the results 

generated from the process simulation. Fig 65 shows the source file created by the 

process simulation, the target mesh and the output mapped file generated from 

ENVYO after mapping. The residual stresses and strains will be mapped on 

individual elements by making use of additional cards called *Initial_stress_shell 

and *Initial_strain_shell. 

The mapped model will be generated as *Element_shell_composite to control 

the specific element direction suitable for the composite which corresponds to the 

material orientation as in Fig 66. 
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Figure 65 Residual stresses mapped on the part 

 

 
 

Figure 66 Fibre direction mapped on the part 
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Four-point bending FEA test on the components were repeated after mapping 

the results to check for possible influence from process simulations on the model. 

The analysis was done on the setup as in Fig. 7 with the only difference being the 

standard component model replaced with the mapped model.  

 

 

Figure 67 Four-point bending force vs. displacement curves for mapped part, non-

mapped FE and experimental 

 

Fig. 67 show the force vs. displacement curves of the Laminate component 

compared with the standard FEM model (FEA Hashin optimised) to the FEA model 

with the process parameters mapped on it (FEA process simulation results mapped). 

The comparison between both the FE curves demonstrates a definite resemblance 

in the elastic part, and the mapped curve is exceptionally accurate even on the 

plastic part showing a closer match with the experimental results obtained. This 

reflects the importance of including the process simulation data on the structural 

models. 

Also, as visually evident in Fig. 68 the specific energy absorbed for the mapped 

laminate profile which is the area under the load-displacement curve is slightly 

higher for the mapped model. Hence establishing the need for imposing process 

material properties for achieving good simulation accuracy. This difference 

evidently is due to the changes in the direction of the continuous fibre and 

formulation of yield stresses during the forming operation. 
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Figure 68 Four point bending internal energy curves for the mapped and the non-

mapped part. 
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Chapter 6   

Validation of the process 

 

 

Following the flow process described in the Phase IV of Fig 1, the entire 

methodology is validated by considering a complex component as a double dome 

stressing the importance of integrating a process simulation to get an accurate 

model. The double-dome model considered is shown in Fig 69.  

 

 

Figure 69 Double dome CAD 



Validation of the process 
 

84 | P a g e  

 

 

 

 

The forming setup developed in Ls-Dyna is shown in Fig 70, showing the 

placement of the Punch, Die and the blank sandwiched in between the binder. The 

necessary process simulation parameters are detailed in Table 11. The tools 

including the punch, die and the binder is modelled as rigid bodies, while the blank 

is TEPEX® Dynalite 104-RG600(2)/47% which is characterised in Fig 18.  

 

 

Figure 70 DoubleDome forming setup. 

 

Table 11 Process simulation parameters for the double-dome 
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6.1. Results    

The Fig 71, Fig 72 and Fig 73 show the primary effect of the forming operation, 

including the shear angle variation along the surface of the specimen, the shell 

thickness and the punch force required.  

 

6.1.1 Shear Angle 

The shear angle being the angle between the fibres oriented at the warp and the 

weft direction, illustrates the in-plane shear. The locking angle occurs at around 43o 

for the chosen material, resulting in a quick increase in the shear stiffness required 

for deformation, which may result in wrinkling. Although in Figure 72, there are no 

visible wrinkles, when the component is tested in this orientation.  

 

 

Figure 71 Shear angle developed after the forming operation 
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6.1.2. Shell Thickness 

Like Fig 64, the layer thickness of a composite part may vary due to unequal 

distribution of pressure by the tool leading to consolidation problems. Fig. 74 shows 

the thickness distribution of the part along its plane, showing a thickness increase 

of 0.5 mm at the four corners of the geometrically 1 mm thick part. The contour 

plot shows the thickness variation demonstrating how much the result can be 

different from the standard model with a uniform thickness of supposedly 1 mm.  

 

 

 

Figure 72 Shell thickness variation after the double dome forming operation 

 

6.1.3. Punch Force 

Although the punch thickness does not influence the post-processing results, it 

is essential to plot it to make sure it is in the reasonable range. It is a way to confirm 

if the process simulation done is good or not. If there are errors in the input values 

including the material parameters and the boundary conditions, the punch force plot 

will provide unrealistic results. Fig 75 shows the punch force plotted against the 

displacement.  
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Figure 73 Punch force required for the double dome 

 

6.2. Mapping  

Mapping was done on the composite part under review with the results 

generated from the process simulation. The values that are mapped are the fibre 

orientation, the thickness, residual stresses and the residual strains. 

Similar to the mapping described in Fig 64, the mapping is done in ENVYO, and 

Table 12 shows the input code written for generating the mapped output. The 

residual stresses and strains will be mapped on individual elements by making use 

of additional cards called *Initial_stress_shell and *Initial_strain_shell. The 

mapped model will be generated as *Element_shell_composite to control the 

specific element direction suitable for the composite which corresponds to the 

material orientation.  
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Table 12 Mapping Script used in ENVYO  

 

 

6.3. Three-point bending 

A three-point bending test was performed comparing the results from both the 

FEA model; mapped double dome Fig 75 and the not mapped double dome Fig 74. 

Three-point bending was selected over four-point bending, unlike the part tested 

before, because of the geometrical constraints. Fig 75 shows the global residual 

stresses mapped on to the model along the fabric re-orientation during forming.  
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Figure 74 Three-point bending: not mapped 

 

 

 
 

Figure 75 Three-point bending: mapped fibre orientation, residual stresses (in GPA) 

and thickness variations.   
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Based on the comparative three-point bending test done as detailed in Fig. 7 

and explained in subsection 5.4.1, the force-displacement curve is shown in Fig 76. 

Identical to the previous part tested, the comparison between both the FE curves 

demonstrates a resemblance in the initial elastic part, but after a certain 

displacement the curve diverges upwards slightly increasing the force required to 

bend the specimen.  

 

 

Figure 76 Mapped results of Three-point bending 

Also, as visually evident in Fig. 77 the specific energy absorbed for the mapped 

double dome profile which is the area under the load-displacement curve is slightly 

higher for the mapped model.  

 

 

Figure 77 Mapped results of Three-point bending 
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Fig.1 and Fig.8 has been used as a guideline for the entire validation detailed in 

this chapter. One of the main advantage in terms of the accuracy for adopting this 

process flow is the systematic approach for modelling a multi-material composite 

part. Another main advantage is the ability to visualise the high stress areas after 

process simulation which gives the ability to modify the geometry or locally 

increase the stiffness on the part if required.  
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Chapter 7   

Conclusions 

The material properties of composite materials are entirely different from 

typical materials used in similar applications such as metals and other polymers, 

which means conducting different characterisation tests to identify each of these 

properties.  

To reiterate the research done, the thesis aimed at creating a methodology to 

create an accurate FE model for structural composite parts. This was done primarily 

by identifying the key material properties of the composite material that require 

characterisation at its various phases, with additional steps to optimise the FE 

model. The process flow diagram presented (Fig 1) along with the building block 

diagram developed (Fig 8) has been followed closely to develop the process 

methodology. The adopted technique involves choosing the right composite failure 

criterion to create the FE material model, considering the structural requirements 

for the chosen part. An exhaustive FE model was then created then for the 

composite part. After that process simulations were done to realize the process 

parameters, which is then mapped on to the FE model.  

The mapped FE model was tested to be more accurate by doing a comparative 

structural analysis with a standard FE model with no mapping. The significant 

milestones of this research activity concerning the objectives are: 

1. Experimental procedures developed from existing standards for testing 

composite specimens; continuous fibres and short fibre. Sensitivity studies 

were done to obtain the usable data, and a Matlab code was developed to 

obtain the mean value curves and standard deviation.  

2. A study was done comparing the two common failure criteria for fibre 

reinforced polymer composites (Crasurv and Hashin). The component test 

has revealed that the Hashin failure criteria are ideal for the component 

chosen undergoing out of plane bending enduring both tensile and 

compressive stresses at the same time.  

3. A protocol was developed for realising the composite material model from 

the experimental results called curve fitting. FE simulations were done 
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isolating each of the vital material property, to plot a curve to match the 

experimental results. 

4. Principal values required to conduct process simulations were established 

leading to the detailed analysis of the formability of the composite fabric 

without resin and the laminate at its forming temperature. Test setups for 

the Trellis frame shear test, bias extension test, bending test and friction test 

were designed and developed. This was done due to the absence of 

experimental standards for specific parameters such as inter-ply shear 

characteristics, intra ply friction and bending.  

5. FE material card was developed for the composite fabric and the laminate 

at the forming temperature. This involved extracting usable data from the 

experimental results and doing card fitting to simulate the tests done. FE 

testing of shear properties of the fabric and laminate at forming temperature 

was conducted in detail, trellis frame shear tests in particular. A reliable 

method to obtain the matrix properties of the composite laminate at its 

forming temperature is presented. 

6. Based on the process simulation conducted all the deformations occurring 

during the forming operation is found, including the fibre orientation 

change, shear locking leading to wrinkling, thickness variations etc. A 

reliable methodology was developed for mapping where the process 

simulation data is transferred to the model to obtain a comprehensive all-

inclusive part model.  

      Fig 78 shows how the process simulation is integrated into the proposed 

composite modelling methodology, complementing the building block 

approach (Fig 8).  Overall, the proposed plan adopting building block approach 

shows great promise in having a standardised procedure for developing a 

prediction model for modelling composite components. The advantage of the 

proposed method is in its simplicity and systematic approach for the structural 

analysis of complex composite parts considering the right standards. Essential 

process phenomena like the fibre direction change and shear locking leading to 

wrinkling have been captured.  
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Figure 78 Flow diagram showing process simulation integrated into the composite 

modelling methodology 

    The scope of the current research was vast, and some of the steps detailed could 

be further investigated. The ongoing focus, although not part of this thesis, is to 

integrate digital image correlation in the building block to record the strain rate for 

the component and individual characterisation tests, for an augmented and accurate 

analysis [123, 117]. Another crucial objective is to thoroughly develop the FE 

material card for the short fiber injection model and develop a methodology to 

integrate the short fiber fibre direction to the part. Although the method is very 

similar to the one employed for the continuous fibre composite laminate, it was not 

included due to time restrictions.   

     Finally, the methodology proposed will benefit specifically the light weight 

automotive sector who are trying to integrate composite materials into various 

structural components. Development of an accurate FE model can limit the 

dependency on trial and error methods of testing the components till the final design 

phase.  
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Appendix 1 

Specimen dimensions and 

features 

The appendix shows the results of the mechanical characterization carried out 

by for the continuous fibre composite fibre (TEPEX® Dynalite 104-

RG600(2)/47%)) and short fibre composite (Xmod™ GD301FE ) tensile, shear, 

compression and bending tests. For each specimen the force-travel and tension-

strain curves were obtained, elastic modulus, maximum tension, breaking 

deformation and maximum load were calculated; from the elaboration of the data 

the average mechanical characteristics of the material have been obtained. 

All the experimental traction, compression and bending tests were performed 

using the Instron Model 8801 hydraulic-type testing machine and with a maximum 

load of 100 kN present in the Laboratory of the Mechanical and Aerospace 

Engineering Department of the Politecnico of Turin. The machine is equipped with 

automatic hydraulic grippers that allow you to quickly grasp the specimens and 

ensure they are gripped without causing sliding between the specimen bases and 

the test machine crossmember. 
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Table 1a Specimen categorisation for TEPEX® Dynalite 104-RG600(2)/47%) 

 

 
 

 

 

Figure 1a Specimen categorisation for TEPEX® Dynalite 104-RG600(2)/47%) 
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Table 1b Specimen categorisation for short fibre Xmod™ GD301FE 

 

 

 
 

 

 
 

Figure 1b Specimen for short fibre Xmod™ GD301FE 
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Appendix 2 

Short fibre card fitting done 

For short fibre thermoplastic overmold (Xmod™ GD301FE), a specific law for 

short fiber composite in LS-DYNA is used which is material Law 157. The material 

model combines the properties of the anisotropic elastic model and anisotropic 

plastic model with a Tsai-Hill/ Tsai-Wu failure criterion for defining brittle 

orthotropic failure. An anisotropic constitutive matrix is used for determining the 

material model. FE specimens were made as per the dimensions used in the 

experimental characterisation, with a mesh size of 2.5 mm solid element and a fully 

integrated QBAT formulation as property for both Radioss and LSDYNA.  

 

 
 

Figure 2a FE Specimen for short fibre Xmod™ GD301FE 
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Figure 2b.a Card fitting done on the short fibre Xmod™ GD301FE:Tensile 0° 

 

 

Figure 2b.b Card fitting done on the short fibre Xmod™ GD301FE:Tensile 90° 
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Figure 2b.c Card fitting done on the short fibre Xmod™ GD301FE: Shear test 

 

 

Figure 2b.d Card fitting done on the short fibre Xmod™ GD301FE: compression 0° 
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Figure 2b.e Card fitting done on the short fibre Xmod™ GD301FE: compression 90° 

 

 
 

Figure 2b.f Card fitting done on the short fibre Xmod™ GD301FE: Bending test 

 

 

As detailed in Fig 2b.a to Fig 2b.f the initial results from the card fitting gives 

a moderately good result, with a lot of scope for improvement. Although both the 

materials were initially characterised, further research on the injection overmold 

was kept on hold as the techniques for accurate predictions demanded high 
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computational power and was time-consuming. The focus was on studying the 

implications of the laminate reinforcement, and the study on the short fiber injection 

overmold has been kept as a vital issue for future research.  
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Appendix 3 

Four-point bending machine 

accuracy study 

All the FEA simulations done have been scrutinised and reviewed. Regarding 

the four-point bending tests, for all the specimen/ coupons tests done in the first 

level of the building block  and a strain gauge for sampling the results. But for the 

actual component, the physical strain gauges have been proved ineffective, as there 

was a considerable variance between the results. This is because of the geometry of 

the component used, and currently, a reliable digital image correlation methodology 

is established in our lab.   

However, to try validating the experimental results, a series of tests by taking 

HD sequential images (every 5 seconds) as illustrated in Figure 3a. For the machine 

we use for testing, the displacement recorded corresponds to the moving crosshead 

at the bottom and not the displacement of the reactive crosshead at the top. So, to 

check for errors, the displacement of the base crosshead was manually measured as 

shown in Figure 3a which will correspond to the displacement transferred to the 

component. Extreme care was taken while measuring the displacement to avoid any 

possible errors. 
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Figure 3a Sequential HD images taken for validating the displacement of the testing 

machine 

Figure 3b shows the comparison of the Force-Displacement curves between the 

values from the testing machine and by manual measurement. Although the results 

are not extremely accurate, the difference is not high enough to make it unreliable.  
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Figure 3b Force vs. Displacement comparison for Laminate Component 
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Appendix 4 

LAW_ 25 Radioss 

The law can be used to define an Orthotropic Shell, and Solid Material is 

utilising the Crasurv Formulation. This material law considers an orthotropic-

elastic till the Tsai-Wu criterion and develops into nonlinear afterwards. For solid 

elements, the material is assumed to be linearly elastic in the transverse direction. 

The Tsai-Wu criterion can be set dependent on the plastic work and strain rate in 

each of the orthotropic directions and in shear to model material hardening. Strain 

and plastic energy criterion for brittle damage and failure are available. A clear 

delamination criterion based on an out-of-plane shear angle can be used. 

 

 

 
 

Figure 4a LAW_25 parameters 
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Table 4a LAW_25 input parameters for the model 
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Appendix 5 

LAW_ 58 Ls-Dyna 

Material law_58 can be used to model composite materials with unidirectional 

layers, complete laminates, and woven fabrics. This model can be realized for 

shell and thick shell elements using the ELFORM flag; 1 and 2. 

 

 

 

 
 

Figure 5a: LAW_58 input parameters 
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Table 5a LAW 58 input parameter definition for the model 
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APPENDIX 6 

LAW_249 Ls-Dyna  

This recently developed material law is specifically designed for thermoplastic 

composite part forming. The figure 6a shows the required input parameters for the 

material law.  

 

 
 

Figure 6a LAW_249 input parameters 
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Table 6a LAW_249 input parameters 

 
 

This material model describes a reinforced thermoplastic composite material. The 

reinforcement is defined as an anisotropic hyper-elastic material with up to three 

distinguished fiber directions. The matrix is modelled with a simple thermal elasto-

plastic material formulation. For a composite, an additive composition of fiber and 

matrix stresses is used. In other words, it is the material model of blank at forming 

temperature: additive split between isotropic, elasto-plastic matrix (von-Mises yield 

criterion) and anisotropic hyper-elastic fibers. i.e. the combined stress response of 

the matrix and the composite fabric will be equal to the stress response of the whole 

laminate.  

The principle values required for completing this material card is the fibre density, 

matrix density, tensile modulus, shear modulus (as a function of shear angle) and 

the static and dynamic frictional coefficients. The tensile and the shear load curves 

are considered directly for accuracy. 
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The fiber elastic limits (undergoing tension or compression) and the shear 

behaviour are denoted based on the standard textbook mechanics of anisotropic and 

hyper-elastic materials. 

Elastic stresses within the fibers are denoted by: 

 

 

 

𝜎𝑇
𝑓

= ∑
1

𝐽
𝑓𝑖

𝑛

𝑖=1

(𝜆𝑖)(𝑚𝑖 ⊗ 𝑚𝑖) 

 

Where the function 𝑓𝑖 of the fiber stretch 𝜆𝑖, corresponds to the input tensile curve 

of the fabric. 

Shear behaviour of the reinforcement is denoted by: 

 

 

𝜎𝑆
𝑓

= ∑
1

𝐽
𝑔𝑖,𝑖+1

2

𝑖=1

(𝐾𝑖,𝑖+1)(𝑚𝑖 ⊗ 𝑚𝑖+1) 

 

Where, 𝜅𝑖,+1 denotes the shear angle in rad (or scalar shear product). The shear 

locking angle along with pre and post locking shear modulus is input.  

 


