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ABSTRACT 

In automotive industry, when developing and designing a product or component, weight is 

always an important factor to take into account in the decision making process. Therefore, it is 

essential the research and improvement of the already existing materials, technologies and processes 

related with lightweight construction as well as trying and implementing new ideas having in mind 

lighter structures.  

The present work falls in the framework of the TRoPHy 2, a project aiming to develop a roll 

forming process of multi-material structures consisting of carbon fibre reinforced thermoplastic tapes 

and steel sheets, where the two materials are bonded together by heating up the thermoplastic above 

its glass transition temperature. It is focused on the thermomechanical characterization of the multi-

material by means of a non-standardized bending test, so that such data can be used in the constitutive 

modelling for roll forming simulations. 

 The COPRA®FEA BendTester was used to perform the required tests. This machine was designed 

to be used with metallic materials. This way, new developments and modifications were performed 

such as the design and assembly of a system to heat up the specimens. The tests performed under this 

work include not only multi-material specimens, with different fibre orientations, but also metal-only 

specimens. The metal-only specimens allow to understand the real influence of the composite in the 

overall behaviour of the multi-material, during the bending process. Additionally, the Copra® FEA 

BendTester Opt software was used to identify the material properties. Two different approaches were 

used in the program: in the first, the two materials that form the multi-material were modelled 

separately, and in the second one they were considered as one material with homogenized properties. 

A multi-material failure criterion was also defined. The failure criterion defines the maximum 

compressive longitudinal strain that the multi-material can withstand without debonding between the 

steel and the composite.  

 It was concluded that the COPRA®FEA BendTester needs further developments in order to make 

it suitable to perform the required tests. The forces measured by the load cell were too low. One of 

the future works proposed is to investigate the roots of this problem so that it can be solved in order 

to obtain reliable data. Regarding the material parameters identification programs, the material 

characterization obtained from the dual-phase model identification program looks promising. The 

analysis of the maximum compressive longitudinal strain that the multi-material can withstand before 

debonding was surprising, in a negative way. The composite material fails at very low levels of strain, 

levels that are easily surpassed in roll forming. This conclusion raises questions regarding the feasibility 
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of TRoPHy2 and so further developments on the current multi-material properties or/and on the roll 

forming process of the multi-material profile are required.    
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1 INTRODUCTION 

The project and work that lead to this dissertation was developed, during a six-month internship, 

in data M Sheet Metal Solutions GmbH, Munich, Germany. In the next sections the company will be 

presented, as well as the motivation and project context, the goals of the project, the methodology 

and strategy used in the research and the structure of this dissertation.  

 

1.1 Motivation and Project Context 

Nowadays, the development of new materials and the application of different materials to 

traditional manufacturing processes is a field in which many engineers focus their research. The 

automotive sector is one of the major drivers of this research and there are two main reasons for this: 

the increasing market of electric vehicles and the required reduction of exhaust emissions. Both 

demand the development of lightweight solutions. However, the development of lightweight solutions 

by itself is not enough. One must take into account the high requirements regarding the cycle times in 

the automotive production. Thus, design and production techniques using multi-materials and 

composite materials should also be topics of studies and research (Reincke et al. 2015). 

Fibre reinforced polymer composites are being used as lightweight solutions in a wide range 

of engineering fields. They offer as main advantages the high strength-to-weight ratio, corrosion 

resistance, and potentially high durability characteristics (Cao et al. 2009). Composites arise from the 

macroscopic combination of materials of different natures to form a useful third material. Particularly, 

a composite may consist of polymers that have endless fibres imbedded in them. The polymer acts to 

protect the load-bearing fibres against all environmental influences and to transfer loads evenly over 
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the fibres, which act as the reinforcement. For this reason, the polymer – the matrix – plays a pivotal 

role in composites. Examples of composites include laminates, which consist of fibre-matrix 

combinations, or constructions that feature a combination of two very thin high strength composite 

laminates with a lightweight core material between them, the sandwich composites (Arteiro and Reis 

2011). 

 

1.2 data M Sheet Metal Solutions  

The company data M Sheet Metal Solutions is located in Oberlaindern, about 40 km south of 

Munich, in Germany. It was founded in 1987, and has always focused on the development of design 

and simulation tools for sheet metal forming. Their first steps were taken towards developing design 

software based on HP-UX ME10 and AutoCAD® which simplified the design process of tools for roll 

forming lines (COPRA® RF, Figure 1.2).  Later, the product range was expanded to providing simulation 

solutions, firstly using a finite difference method and later (from 2000) using the finite element method 

(COPRA® FEA RF, Figure 1.3). The finite element analysis was developed using the software MSC 

Marc/Mentat, which led to the establishment of an OEM partnership between data M and MSC (data 

M SMS 2012; Ferreira 2016). 

 

Figure 1.1 – Logo of data M Sheet Metal Solutions. 
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Figure 1.2 – Graphical interface in COPRA® RF, a roll forming design software developed at data M. 

 

 

Figure 1.3 – Graphical interface in COPRA® FEA RF, data M's finite element analysis software (Lindgren 2015). 

 

data M’s mission is nowadays to develop knowledge in all areas of roll forming technology, 

from process design and development, conception of roll forming lines, prototyping, to process 

control, defect analysis and troubleshooting. There is also a focus on user training and on the 
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development of new roll forming applications, such as flexible roll forming (Abee et al. 2010; Ferreira 

2016). 

1.3 Project Goals  

 The main objectives of this work include the thermomechanical characterization of a multi-

material composed by steel, carbon fibres and thermoplastic by means of a bend test.  This is a 

challenging objective for several reasons. First and foremost, the bend test is not a conventional 

mechanical test. This means that there is not a standard to follow. The machine was developed in the 

company, several years ago, with the intention of doing material characterization with particular focus 

on the roll forming process.  The idea was to obtain properties which lead to more accurate results in 

a roll forming simulation. However, the test was meant to be performed in metals at room 

temperature which means that it needs to be adapted to go along with the specifications of this specific 

work. Thus, the enhancement of the existing test became one of the main goals of the project, it not 

only made it possible to characterize the multi-material under study but also to improve one of the 

products of the company. The data and knowledge obtained from this work is meant to be used in 

future roll forming simulations to develop a profile composed by a steel sheet and a carbon fibre 

reinforced polyamide tape.  

  

1.4 Methodology and Research Strategy 

 The characterization of the multi-material by means of the COPRA® FEA BendTester can be 

divided in two parts: experimental tests with the proposed material and identification of its mechanical 

properties, by means of an inverse analysis, for subsequent roll forming simulations.  

 The COPRA® FEA BendTester was developed to perform tests with metallic specimens at room 

temperature. Thus, the machine was studied and developments were performed in order to make it 

suitable to for multi-material testing at high temperatures. Afterwards, experimental tests were done 

with specimens prepared with the multi-material under study. Since the carbon fibre reinforced 

polyamide, one of the constituents of the multi-material, is not an isotropic material, tests were 

conducted in specimens with fibres in three different orientations to understand the behaviour of the 

multi-material in different directions – 0⁰, 45⁰ and 90⁰. Metal-only specimens were also tested to 

understand the influence of the composite material in the overall properties of the multi-material.  

 Regarding the inverse analysis identification of the multi-material properties, two different 

approaches were developed: the first one was to use the already existing identification program and 

the second one was to upgrade the identification program with the multi-material in mind. To upgrade 
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the identification program, it was required not only to look into the program code but also adapt the 

base model (the base model is a 3D MSC Marc/Mentat model that simulates the bending test itself 

and it is part of the identification program). Afterwards, the identification programs were run, for each 

of the specimens, with the data obtained from the COPRA® FEA BendTester experimental tests to 

identify the multi-material properties.  

 

1.5 Dissertation Structure 

This dissertation consists of nine main chapters: 

 In 2 (THE PROJECT: TRoPHy 2), the project that led to this dissertation will be presented; the 

motivation and overview, the project partners and the role of data M in the project; 

 In 3 (LITERATURE REVIEW), an introduction to the roll forming process and its finite element 

analysis as well as a brief introduction to composite materials will be made; the last section is devoted 

to the analysis of the experimental bend test; 

 In 4 (COPRA® FEA BendTester EXPERIMENTAL SET-UP), the procedure followed to upgrade and 

set-up the COPRA® FEA BendTester for the required test will be explained in detail, as well as the 

experimental validation tests performed; 

 In 5 (EXPERIMENTAL WORK AND RESULTS), the experimental work proposed for this work will 

be described; it will start with a brief description of each of the materials that were used in the 

production of the multi-material specimens; afterwards, all the steps and details of the experimental 

test will be introduced, namely the dimensions of the specimens tested and the test conditions such 

as: velocity, free bending length and amplitude of the movement; finally, the obtained results will be 

discussed; 

 In 6 (MULTI-MATERIAL PROPERTIES IDENTIFICATION), the steps to adapt the already existing 

identification program with the multi-material in mind are discussed; then, the identified properties 

are presented; in order to identify the properties, two identification programs were used – the already 

existing program with a homogenised material model and the new program with a dual-phase material 

model; finally, a brief discussion of the obtained results is presented; 

 In 7 (MULTI-MATERIAL FAILURE CRITERION), a multi-material failure criterion that defines the 

maximum compressive longitudinal strain that the multi-material is capable of withstand during a roll 

forming process is presented; 
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 In 8 (NUMERICAL SIMULATION OF A ROLL FORMING PROCESS), two roll forming numerical 

simulations, using the two different material models presented in 6 MULTI-MATERIAL PROPERTIES 

IDENTIFICATION, will be analysed and compared; 

 In 9 (CONCLUSIONS), the main conclusions of this work will be presented; 

 In 10 (FUTURE WORK), suggestions of future work will be drawn. 
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2 THE PROJECT: TRoPHy 2 

 The work developed during the internship that led to this dissertation was conducted within the 

framework of a project named TRoPhy 2 - Thermoplastische, Rollgeformte Profile in Hybridbauweise 

(Thermoplastic Hybrid Design of Roll Formed Sections). Thus, this chapter is devoted to introducing the 

TRoPHy 2 project, its motivation, the different partners involved and the role of data M in the project.  

 

2.1 Motivation and Overview 

 The automotive industry has changed a lot over time, getting more and more competitive and 

challenging. Not only is the market of the electric vehicles increasing but also the requirements for the 

exhaust emissions of the vehicles are getting more and more restrictive. To face the new demands 

lightweight solutions need to be developed.  Thus, and concerning e-mobility and lightweight designs, 

the build-up of tailored hybrid structures manufactured within an automated production process 

offers a high potential for the automotive industry (Reincke et al. 2015).  

The roll forming industry is already capable of producing either metal or fibre reinforced 

thermoplastic structures. However, nearly nothing has been done regarding multi-materials. 

Therefore, the study of the forming of multi-materials, combining metals with composite materials, 

will not only bring new possibilities to the development of new components, capable of facing the 

current demands, but also increase the knowledge of the roll forming industry.  

 The goal of the project is the production of a roll formed component composed by two different 

materials: steel and uni-directional carbon fibre reinforced thermoplastic – see Figure 2.1. The fibres 
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occupy 48% of the total volume of the composite material and they are placed in the roll forming 

direction (perpendicular to the bending direction). The final material is bonded together not by means 

of a third material (adhesive) but by the thermoplastic itself.  Another specification of the project is 

that the forming should be done at 190 °C. These specifications raise several questions:  

 Which thermoplastic and steel should be used? 

 How good is the bonding and how will it be done? 

 How to make a proper material characterization? 

 How to predict the final shape of the component? 

 How to develop an appropriate roll forming line? 

           

Figure 2.1 – Multi-material profile to be produced; the lines in the CFRP material represent the orientation of the fibres. 

 

2.2 Project Partners 

 In order to achieve the final goal, the work of several professionals in different companies and 

universities is required. Gathering the knowledge and experience of each of the partners, each of them 

specialized in a given field and doing the best they know, will lead to better results.  

 The project partners are listed below: 

 data M Sheet Metal Solutions GmbH – a company specialized in sheet metal forming, which 

has been developing software and hardware solutions for roll forming.  

Steel 

CFRP 

𝑦 

𝑥 
𝑧 
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 Deutsches Zentrum für Luft- und Raumfahrt e.V. – Federal Republic of Germany national 

research centre in the following areas: aerospace, energy and transportation. It also works as Germany 

Space Agency. 

 EDAG Engineering + Design AG – experts in automotive engineering: development of new 

products, production plants and optimization of processes. 

 Salzgitter Mannesmann Forschung GmbH – research company of the Salzgitter Group. The 

research emphasis is on hot-rolled and cold-rolled steel products. 

 Technische Universität Braunschweig - Institut für Füge und Schweißtechnik – institute 

focused on the research and teaching of welding and joining techniques located in the technical 

university of Braunschweig. 

 Volkswagen AG – one of the world’s leading automobile manufacturers. It detains 12.3 % 

of the world passenger car market share. It is comprised of several brands such as: Volkswagen, 

Porsche, SEAT, Bentley, Bugatti and Lamborghini. 

 

2.3 Role of data M in the Project  

Due to the experience and expertise of data M in the development of the design for roll 

forming lines and in the numerical simulation of the roll forming process, the company was responsible 

for the creation of an adequate flower design, suitable for the production of the required profile 

geometry. To obtain a flower design with a high degree of confidence, numerical simulations of the 

process are mandatory.  

The forming material is a composite-steel multi-material which is out of the scope of work of 

the company up to now. Therefore, analysing its mechanical properties and behaviour, under certain 

conditions, is fundamental to understand and improve subsequent numerical simulations. This way, it 

was decided that the use of the COPRA®FEA BendTester as a way to understand the behaviour of the 

multi-material and collect some data regarding its properties would be the first step to an accurate 

characterization of the multi-material. This bending test gains even more importance because, up to 

date, no one involved in the project was capable of performing tensile tests with the steel and carbon 

fibre reinforced thermoplastic multi-material.  

The COPRA®FEA BendTester, a non-standardized bending test developed by data M Sheet 

Metal Solutions is a mechanical test which is believed to provide a more accurate and reliable 

characterization of the material for a roll forming simulation. The test is divided in two different parts 
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– experimental tests with specimens of the material to be analysed and identification of the material 

properties by comparing the experimental results with data from a finite element analysis model of 

the test.  

 Although most of the deformation is perpendicular to the roll forming direction, the roll forming 

process is complex and deformations in the material occur in many different directions. With the multi-

material being an anisotropic material due to the uni-directional carbon fibres, it is important to test 

different specimens with the composite material placed in the inner bending surface (as seen in Figure 

2.1 the composite material is placed in the inner surface of the multi-material profile to be produced) 

and with different fibre orientations. This way, it was decided that three fibre directions, relatively to 

the longitudinal direction of the specimens, should be tested – 0⁰, 45⁰ and 90⁰ (see Figure 2.2). The 

tests with the specimens with 0⁰ fibre orientation, which provided data in the roll forming direction 

(roll forming direction is represented by 𝑧 axis in Figure 2.1) where the material is subjected to 

longitudinal strains, made it possible to understand how the fibres behave while bending and what 

level of deformation are they able to withstand without failure. The tests with 90⁰ fibre orientation 

specimens have provided information regarding the properties of the material in the principal bending 

direction (principal bending direction is represented by 𝑥 axis in Figure 2.1). Finally, the 45⁰ fibre 

orientation was chosen to understand how the material behaves when subjected to deformations in a 

non-principal direction relative to the composite material.  

 

(a) 

 

(b) 

 

(c) 

Figure 2.2 – Fibre orientations: (a) 0° fibre orientation; (b) 45° fibre orientation; (c) 90° fibre orientation. 
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3 LITERATURE REVIEW 

 In this chapter, a literature review of the main topics regarding and related to this dissertation 

work are presented. First and foremost, an approach to the roll forming process was done. This 

manufacturing process is the field of work of the company where the project, which lead to this work, 

was developed, and the work developed is meant to be used in a posterior roll forming simulation. A 

particular emphasis was allocated to the roll forming materials, particularly the non-metallic materials, 

and to the finite element analysis of the roll forming process. Moreover, sections regarding composite 

materials and the theory behind the conducted experimental test are presented. 

 

3.1 Roll Forming Process 

3.1.1 Overview 

 Roll forming is a high productivity manufacturing process which consists in “forming sheet metal 

strip along straight, longitudinal, parallel bend lines with multiple pairs of contoured rolls, without 

changing the thickness of the material, at room temperature” (Halmos 2006) - see Figure 3.1. This 

continuous strip bending characteristic makes it an ideal candidate for manufacturing all kinds of 

straight profiles. It became a widespread manufacturing process after the Second World War, and 

nowadays  35% - 45% of all flat steel produced in North America is processed by roll forming (Halmos 

2006; Ferreira 2016). In Figure 3.2 one can see the variety and complexity of profiles that can be 

manufactured by roll forming. 
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Figure 3.1 – Schematic representation of the roll forming process (Abvabi 2014). 

 

 

Figure 3.2 - Products manufactured by roll forming (Welser Profile 2015). 

 

 Roll forming can be described as an extremely flexible process: around the basic premise of 

feeding sheet metal into rotating rolls which bend it in incremental steps, a number of operations can 

be selected, adapting it to the specifics of each part. Curving (or sweeping) stations can be added to 

produce curved profiles (Figure 3.3), welding can be applied in-line for tube manufacturing, punching 

or embossing stations are commonplace, making the profile coming out of the machine a completely 

finished product. Even the basic premises of the process can be changed: the forming lines do not need 

to be straight or parallel (flexible roll forming) and pre-heating or localized in-line heating can be used 

(titanium was roll formed this way in the 1960s) (Halmos 2006; Lindgren et al. 2009; Ferreira 2016). 
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Figure 3.3 - FEA simulation of a sweeping operation at the end of a roll forming line (data M SMS 2015). 

 

 Owing to the high productivity of the process, where production speeds can range from 5-150 

m/min, disruptions in production are costly and must be avoided. Thus, it is of paramount importance 

that potential part defects are detected as early as possible in the design process; simulation plays a 

crucial role in this. Decisions like the number of forming steps and the forming strategy, which used to 

be made purely based on experience and “feel”, can be verified and analysed using FEA software 

before any production trials, reducing retooling and redesign costs, and also set up time (Halmos 2006; 

Abee et al. 2010; Ferreira 2016). 

 Over the last decade, there has been an effort to enhance the precision of the simulation tools 

while also reducing calculation time. Software such as COPRA® FEA RF allows users to set up and run 

several simulations, including user customizable meshes, friction simulation between the rolls and the 

sheet metal or a pre-punched sheet – see Figure 3.4 (Ferreira 2016).  
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Figure 3.4 - Simulation of the roll forming of a pre-punched sheet in COPRA® FEA RF (Lindgren 2015). 

 

3.1.2 Computer Simulation 

 The introduction of finite element simulation to roll forming has been a crucial step in improving 

part quality and lowering costs in the industry. Every design decision, such as number of passes and 

bending strategy, can be checked before any manufacturing takes place and changed if necessary. 

Furthermore, the coupling of roll forming design software (such as COPRA® RF) with FEA software has 

led to an extreme reduction of the simulation preparation time: changes to the model are simple and 

fast to apply, and the simulation models are automatically generated, enabling roll forming design 

engineers without simulation experience to run several simulations in a short period of time (Abee et 

al. 2010; Ferreira 2016). 

 The design process is upgraded by the use of numerical simulations through the introduction of 

a new iteration in the process. Whereas traditionally the tools were produced right after the initial 

design, initiating an iterative process of trial and error, nowadays FEA software allows the setup of a 

virtual roll forming line, where the iterative process can be carried out without the prohibitive retooling 

costs (Abee et al. 2010; Ferreira 2016). 
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Figure 3.5 - Design process of a roll forming line; in blue is the traditional process of trial and error; in red, the upgraded 
process with virtual testing; dashed lines represent the connection between the cycles (Ferreira 2016). 

 

 It must be noted that the inclusion of FEA in the design process does not eliminate the need for 

roll forming experience and knowledge. Rather, it enables the experienced roll forming engineer to 

detect problems even before they appear in real life. Furthermore, FEA can be applied to existing 

processes when trying to find out the reasons for problems in the manufacturing process in terms of 

tolerances, surface quality or roll wear issues, for example. In fact it is possible, in the long run, to 

create a common base of knowledge founded on the FEA analyses the company has run that can be 

accessed and shared by all employees, thus furthering the roll forming experience and capabilities 

(Abee et al. 2010; Ferreira 2016). 

 

3.1.3 Roll Forming of Composite Materials 

  The use of composite materials has been growing and fibre reinforced thermoplastic 

composite sheet materials have become increasingly popular in recent times. Nowadays they are 

available in many different product forms, ranging from stiff board-like pre-impregnated sheets, to 

drapable commingled woven fabrics. The fibre reinforced thermoplastic composites can be supplied 

in two distinguish forms: those which require the impregnation of the fibres by the matrix during the 

manufacturing process, and those who already are pre-impregnated (pre-preg) – many manufacturers, 

such as Vetrotex, supply their material in either form depending on the choice of the costumer and 

the requirements of the application. (Bhattacharyya 1997). 

 Manifold commercial interest has been growing in the development of low cycle time 

manufacturing techniques driven by the relatively recent availability of fire reinforced thermoplastic 

sheets. One of the most important characteristics of the thermoplastic composites, which has great 
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importance for mass production, is their ability to be "reshaped" simply by the application of heat and 

relatively low forces. Other important characteristics and benefits of thermoplastic composites are the 

following: long shelf life, ease of handling and the potential for recycling. In spite of this, it is important 

to develop the manufacturing techniques to make them more conducive to mass production of 

thermoplastic composite products. Only then the benefits of the fibre reinforced thermoplastic 

composites can be fully realised. (Bhattacharyya 1997).  

 Despite the large number of processing methods now available, there is still the need for 

methods capable of producing long narrow profiles, such as top hat and channel sections, from fibre 

reinforced thermoplastic composite sheets. Semi-continuous roll forming, a manufacturing process 

commonly used in the sheet metal industry, stands out as a possibility for the production of the 

previously mentioned profiles (Bhattacharyya 1997). “Whilst the practice of roll forming is well 

established, the deformation mechanism that involves three-dimensional bending and stretching, is 

not yet fully understood. It is felt that this process, with some modifications, lends itself to be used in 

the production of narrow and wide profile FRTP composite sections and goes some way towards 

realising their full benefits” (Bhattacharyya 1997).  

 Preliminary trials of roll forming of FRTP composites have been reported by Cattanach 

(Cattanach and Cogswell 1986), but the degree of success and the detailed methodology of these trials 

remains unpublished. Mander et al. (Mander et al. 1995) have reported a systematic study on the roll 

forming of FRTP composite sections using a modified metal roll forming equipment, and have shown 

that useful structural sections can be easily produced at 10 m/min with a clear possibility of achieving 

higher line speeds. Dykes et al. (Dykes et al. 2000) have performed experimental studies on sheets of 

continuous fibre-reinforced thermoplastic material; they have studied the deformation length, or 

transitional region over which the material deforms under each roll station, for various temperatures, 

laminate configurations and roll settings. Recently Henninger and Friedrich (Henninger and Friedrich 

2004) have successfully formed into top-hat-sections, at speeds up to 10m/min, glass fibre textile 

reinforced polypropylene and polyamide 6.6 sheets.  

  

3.2 Composite Materials 

3.2.1 Overview 

Fibre reinforced composite materials consist of many fibres embedded in a matrix material. 

Fibres are the reinforcement materials and they are inherently much stiffer and stronger than the same 

material in bulk form due to their more perfect structure. Matrix materials are the binder that joins 
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the fibres so that these can take the form of structural elements capable of carry loads. Usually the 

matrix is of significantly lower density, rigidity and strength Coupling agents and fillers are added to 

ensure a good bonding between the fibres and matrix, thereby providing stiffness to the laminate 

(Arteiro and Reis 2011). 

Regarding the fibres these can be: continuous or discontinuous; unidirectional, bidirectional 

or random distributed; or woven – see Figure 3.6 (Arteiro and Reis 2011). 

 

 

Figure 3.6 - (a) Unidirectional, (b) Bidirectional, (c) Discontinuous and (d) Woven fibre-reinforced composite (Arteiro and 
Reis 2011). 

 

Unidirectional fibre-reinforced composite have high strength and modulus in the direction of 

the fibres, but exhibit low strength and modulus in the direction transverse to the fibres. These low 

properties in the transverse direction can be even lower in the case of a weak bonding between the 

fibres and matrix and failures can occur in the form of fibre pull out, fibre breakage and fibre buckling. 

Discontinuous fibre-reinforced layers present lower strength and modulus than continuous fibre-

reinforced ones. However its properties can be considered quasi-isotropic (Arteiro and Reis 2011). 

Layers of composite are stacked in order to achieve the desired thickness and toughness, these 

layers form a composite laminate. The stacking sequence and orientation of each layer defines the 

properties of the laminate. For example, if the layers are stacked so the fibres in each ply are in the 

same direction - unidirectional laminate – it provides tremendous strength in the fibre direction and 

low strength in the transverse direction, as well as in shear. On the other hand, if the layers are stacked 

with fibres oriented at 30⁰ and 45⁰ then the laminate is able to withstand higher shear loads. This 



LITERATURE REVIEW 

18 
 

freedom of lamination scheme and material properties of an individual lamina allows the engineers to 

tailor the stiffness and strength of the laminate in order to fulfil the structural requirements (Arteiro 

and Reis 2011). 

Nonetheless, composite materials have disadvantages. Due to discrepancy of properties 

between plies, interlayer shear stresses may cause delamination, especially at laminate edges. Besides 

that, material defects that may occur during manufacturing of laminates such as interlaminar voids, 

delamination, fibres misalignment, damaged fibres or thickness variations. Therefore, analysis and 

design procedures must take into account this kind of defects (Arteiro and Reis 2011). 

 

3.2.2 Polymer Matrix Materials 

The materials that together form a composite material can be classified as matrix and 

reinforcement. The matrix is an essential part of the system, which is responsible for keeping the fibres 

in right position but also reinforce and fill the empty spaces between the materials. The most widely 

used resins are of two different types: thermosetting or thermoplastic. 

 Since there are two main types of resins that can be used, it is important, primarily, to define 

what requirements the resin must bear in order to not jeopardize the structural integrity of the 

composite system. 

 Its primary function is load distribution between the fibres, it also works as adhesion and 

agglomeration material and it allows to obtain the required and desired shapes. Thus, its most 

important features involve their ability to adhere to fibres, mechanical properties, resistance to 

microcracking and toughness but also environmental compatibility, both in the manufacturing process 

and in the recycling process. (Costa 2009) 

 

3.2.2.1 Thermosetting Matrix Resins 

Thermosetting resins are the most commonly used matrix materials and generally come in 

liquid form. When mixed with a catalyst, a chemical exothermic reaction occurs transforming the liquid 

resin into a solid material that retains their shape permanently (Arteiro and Reis 2011). 

 A thermosetting resin is a polymeric resin where its stiffness is not affected by the working 

temperature. The resins reach their maximum resistance when heated, and this cannot be changed 

with the introduction of new heating. In fact, new warm-ups after the initial moulding only cause its 

destruction and burning. (Costa 2009) 
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 The mains advantages of thermosetting resins are the fact that they keep its strength and 

stiffness, even when heated, which makes them widely used in components requiring robust and 

permanent shapes. They also present ease of process, because they are initially in the liquid state. 

They are cheaper than the thermoplastic resins because they have lower pressure and temperature 

requirements. They also have a better wettability of the fibres, which results in the reduction of 

porosity and voids level and makes the machining process easier. (Costa 2009) 

 One of the disadvantages of the thermosetting resins is the difficult recycling - recycling is 

neither chemically nor economically feasible and after the shape is formed, it cannot be changed. The 

curing processes are long, which decreases the rate of production and increases the cost. (Costa 2009) 

 Unsaturated polyester resins, the most widely used thermosetting resins, are considered of 

general application and are most often combined with E-glass. Polyesters offer a combination of low 

cost, versatility in many processes and reasonably good property performance (Arteiro and Reis 2011). 

 For more demanding structural uses, such as aircraft/aerospace applications, epoxy and vinyl-

ester resins are preferred candidates. Both are normally used with carbon fibres. Vinyl-ester resins are 

also used in the production of profiles by pultrusion (Arteiro and Reis 2011). 

 Phenolic resins are mainly used when good fire performance is required, i.e., fire reaction and 

low smoke toxicity. On the other hand, polyimide and bismaleimide resins, which are more expensive, 

are preferred when optimum thermal stability at high temperature is required (Arteiro and Reis 2011). 

 One of the factors that has great impact on the choice of the most adequate resin is the 

maximum working temperature. In the table below, one can see the maximum working temperature 

for different thermosetting resins. 

 

Table 3.1 – Maximum working temperature for different thermosetting resins (Costa 2009). 

 

Thermosetting Resin Maximum Working Temperature (⁰C) 

Epoxy 80 – 215 

Phenolic 70 – 150 

Polyester 60 – 150 

Bismaleimide 230 – 320 

Vinyl Ester 60 – 150 
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3.2.2.2 Thermoplastic Matrix Resins 

The thermoplastic resins have been the focus of many studies and they have been going 

through great evolution. This is due to the fact that these resins, in comparison to the ones that are 

thermosetting, have the ability to being recyclable with high efficiency when using heat (ThomasNet). 

 The main advantages of these resins are the impact resistance and toughness but also the fact 

that when subjected to heat they may keep their chemical structure while changing their shape. Thus, 

they can be reshaped with high efficacy and ease. They do not require any curing process and have a 

reduced tendency to delaminate (ThomasNet). 

 Thermoplastics have mechanical properties suitable for many supersonic aircraft requirements 

and for most commercial aircraft requirements. They offer dimensional stability, attractive dielectric 

characteristics, high wear resistance and they are good flame-retardants and have good environmental 

resistance (thermoplastics have excellent resistance to degradation effects from water, either 

immersed or from high humidity). They also have very good dielectric properties (unlike thermoset 

resins, which are hygroscopic, moisture doesn’t cause a gradual shift in dielectric behaviour). The 

recycling of a thermoplastic composite is very simple; heating the material above the melting 

temperature allows the separation of the different constituents. (Arteiro and Reis 2011). 

 The main disadvantage of the use of this type of resin is the fact that, since their natural state is 

solid, they need to be heated and then cooled under pressure in order to, effectively impregnate the 

fibres. This makes the process more complex and expensive. They also present high viscosity and, in 

the specific case of high-performance thermoplastics, high cost (Arteiro and Reis 2011). 

 The stiffness and mechanical performance of thermoplastics highly decreases when the glass 

transitions temperature is approached. To make sure that the properties of the material remain 

constant one should make sure that the glass transition temperature of the material is well above the 

intended use temperature (Arteiro and Reis 2011). “Yet, only above glass transition temperature or 

near melting do thermoplastics become soft enough for the mechanical forming or shaping for 

manufacturing parts”  (Arteiro and Reis 2011). 

 The matrix used in the composite material that together with steel forms the multi-material 

under study is polyamide. Polyamide, commonly known as Nylon, is a thermoplastic material with low 

molecular weight, low viscosity, low price, high toughness, high chemical resistance, low friction 

coefficient, relatively high wear resistance, good thermic resistance, low glass transition temperature 

and it is also a strongly hygroscopic material (de Moura et al. 2005; Parlevliet 2010). 
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 The maximum working temperature, likewise what happens with the thermosetting resins, 

limits the utilizations of a particular matrix. The following table presents the maximum working 

temperature for the most commonly used thermoplastic resins. 

 

Table 3.2 – Maximum working temperature for different thermoplastic resins (Costa 2009). 

 

 

3.2.3 Reinforcing Fibres 

As mentioned before, a composite system is composed by fibres and resin. A fibre is 

characterized geometrically by its very high length-to-diameter ratio and its near-crystal-sized 

diameter. Fibres can be continuous or discontinuous and they can be arranged in the following 

configurations: woven, unidirectional, bidirectional or randomly distributed. 

 Fibres can be made of glass, carbon, aramid, boron, jute, sisal, hemp and flax. However, in this 

section we will focus on the carbon fibres and glass fibres because, nowadays, they are widely used 

and they were considered the most important ones for the current work.  

 

3.2.3.1 Carbon Fibres 

According to the percentage of carbon in the fibre, carbon fibres can be grouped in two 

different types: (de Moura et al. 2005) 

 The carbon fibres themselves, with a percentage of carbon between 80% and 95%; 

Thermoplastic Resin Maximum Working Temperature (⁰C) 

Polyethylene 50 – 80 

Polypropylene 50 – 75 

Acetal 70 – 95 

Polyamide 75 – 100 

Teflon 200 – 260 

Polyether-ether-ketone 120 – 250 

Polyester 70 – 120 
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 Graphite fibres, with a percentage of carbon up to 99%. 

 

 Carbon fibres offer the highest modulus and highest strength of all reinforcing fibres. They are 

anisotropic fibres, characterized by low thermal expansion and impact resistance, high brittleness and 

low strains to failure. The fibres do not suffer from stress corrosion or stress rupture failures at room 

temperature, as glass and organic polymer fibres do (Arteiro and Reis 2011). 

 At high temperatures, the strength and modulus of carbon fibres are outstanding compared to 

other materials, allowing them to be used in such high temperature applications such as rocket nozzles 

and aircraft brakes. In fact, their strength actually increases with temperature in non-oxidizing 

atmospheres (Arteiro and Reis 2011). 

 Carbon fibre composites have fatigue properties superior to all known metals and, when 

coupled with the proper resins, carbon fibre composites are one of the most corrosion resistant 

materials available. However, adjacent metals corrode due to galvanic coupling (Arteiro and Reis 

2011). 

 Carbon fibres are not wet by molten metals and are difficult to wet with resins, especially the 

higher modulus fibres. Surface treatments, which increase the number of active chemical groups and 

sometimes roughen the fibre surface, have been developed for the more mature resin matrix 

composites. Carbon fibres are commonly shipped with an epoxy size, which usually prevents fibre 

abrasion, improves handling and provides an epoxy matrix compatible interface. Special surface 

treatments and sizes have been developed for other resins, especially polyimides and thermoplastics 

(Arteiro and Reis 2011).  

 Carbon fibres can be of four types: high strength (HS); intermediate modulus (IM); high modulus 

(HM); ultra-high modulus (UHM). In the table below, one can find the properties for each of these 

carbon fibres. (Marques 2015) 
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Table 3.3 – Mechanical properties of carbon fibres (Marques 2015). 

Property HS IM HM UHM 

Density (g/cm3) 1,80 1,76 1,86 1,94 

Young’s Modulus E  (GPa) 230 290 380 588 

σtf (MPa) 4500 3100 2700 3920 

Specific Modulus 128 165 204,3 303 

Specific Strength 2500 1761 1452 2021 

εr (%) 2,0 1,1 0,7 0,7 

α (10-6/°C) -0,1 -0,5 -1,2 -0,9 

Relative cost per kg 65 – 80 120 – 150 – – 

Note: Reference cost 1 has been allocated to E glass fibre. 

 

3.2.3.2 Glass Fibres 

Glass fibres are unique materials that exhibit the familiar bulk glass properties of hardness, 

transparency, resistance to chemical attack, stability and inertness, as well as fibre properties of 

strength, flexibility, lightness of weight and processability (Arteiro and Reis 2011). 

 Density of glass fibres is most commonly reported as a bulk annealed value. The fibre density is 

actually less than the bulk annealed value. The bulk densities for glass fibres used in composites range 

approximately from 2.5 g/cm3 to 2.7 g/cm3 (Arteiro and Reis 2011). 

 Tensile strength is directly measured on the glass fibres. Moisture has a detrimental effect on 

the strength of glass. For example, when measuring the glass fibres strength at liquid nitrogen 

temperatures, where moisture influence is minimized, the result is an increase of 50 to 100% in 

strength over a measurement at room temperature in 50% relative humidity air. The strength of glass 

fibres will likewise decrease as the fibres are exposed to increasing temperature. Typically, glass fibres 

retain approximately 50% of their room-temperature strength at 538°C (1000°F) (Arteiro and Reis 

2011). 

 The Young’s modulus of unannealed silicate glass fibres ranges from about 70 GPa to 85 GPa. 

The Poisson’s ratio does not vary much with composition is silicate glasses, falling between 0.15 and 

0.26 (Arteiro and Reis 2011). 
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 Glass fibres can be of four types: A, E, S, R. Glass fibre A is a strongly alkaline fibre, these fibre 

experience significant changes when in contact with unfavourable atmospheric or chemical agents. In 

order to face the problem of fibre glass A it was created fibre glass E, with an alkaline percentage below 

14%, thus the problems presents above were eliminated. The S and R type fibres are produced from 

high-strength glass and they are applied in the aeronautics industry. In the table below, one can find 

the properties for each of these carbon fibres. (Marques 2015) 

 

Table 3.4 – Mechanical properties of glass fibres (Marques 2015). 

Property A E S R 

Density (g/cm3) 2,7 2,54 2,53 2,5 

Young’s Modulus E  (GPa) 75 70 86 86 

σtf (MPa) 1700 2200 3500 3500 

Specific Modulus 27,7 27,6 33,9 33,9 

Specific Strength 666 866 1383 1383 

εr (%) – 3 – 3,5 4,1 4,1 

α (10-6/°C) – 3 – 5 – – 

Relative cost per kg 0,75 1 4 – 6 6 – 8 

Note: Reference cost 1 has been allocated to E glass fibre. 

 

3.3 Experimental Test 

 In order to characterize materials in terms of mechanical properties and to investigate their 

behaviour under a special loading case, an experimental test is performed with previously prepared 

specimens and with well stablished parameters. 

 The data provided by this test, after being properly addressed, allow to evaluate some 

mechanical properties, namely the Young’s modulus E, the Poisson’s ratio ν and the work hardening 

parameters K, n and ε0 of the Swift-Law. 
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3.3.1 COPRA® FEA BendTester 

Various shape defects can occur in roll forming, namely camber, twist and bow – see Figure 

3.7. These defects lead to expensive losses due to product rejection (Halmos 2006). If one can predict 

any changes in the material properties through material testing, adjustments of roll settings, 

immediately before feeding the machine with a new coil of material, might be made. This way, losses 

could be reduced (Weiss et al. 2009).  

 

 (a)                               (b)                            (c)  

Figure 3.7 – Variable shape defects experienced in roll forming: (a) camber; (b) twist; (c) bow (Weiss et al. 2009). 

 

To perform an accurate finite element analysis of a roll forming process, one should know the 

detailed material parameters. Previous studies have shown that standard tensile tests, due to the 

uniaxial load of the specimens, are not able to identify the gradients of material properties throughout 

the thickness of sheet metal. This way, they fail to indicate certain material effects that have influence 

on the bending behaviour in the area of elastic plastic transition. Some of these effects are residual 

stresses in the strip such as those introduced by skin-pass rolling, strain ageing when the upper yield 

stress is not indicated accurately in the tensile test  as well as the variation of material properties 

through the thickness of the strip, or grain size and texture variations. Additionally, these variation in 

the material properties over the sheet thickness are arising e.g. during special thermal treatments or 

skin pass rolling (Henning et al. 2011; data M SMS 2016; Freitag and Sedlmaier). 

In operations where the principal mode of deformation is bending and overall strains are small, 

such as in roll forming, springback and shape defects are influenced by the bending characteristic near 

the yield zone. Furthermore, in a bending process, the outer parts of the sheet and the core of the 

material have different behaviours. This indicates that more accurate finite element analysis results of 

a roll forming process may be obtained if material properties gathered from a bending test are used 



LITERATURE REVIEW 

26 
 

instead of tensile test data. This way, COPRA® FEA BendTester, an experimental test developed with 

the roll forming process in mind, was created (Henning et al. 2011; data M SMS 2016). 

In Figure 3.8 one can see the yield stress distribution through the thickness and the stress curve 

through the thickness for both the bend test and the tensile test. In the bending test the yield stress 

distribution and the stress curve, the same way as it happens in roll forming, are not constant through 

the thickness of the sheet. 

 

(a) 

 

 

(b) 

Figure 3.8 – Yield stress distribution through the thickness and stress curve through the thickness for the (a) bend test and 
for the (b) tensile test (data M SMS 2016).  

 

The characterization of a material by means of the COPRA® FEA BendTester can be divided in 

two parts: experimental tests with the proposed material and identification of its mechanical 
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properties, by means of an inverse analysis, for subsequent roll forming simulations. In Figure 3.9 one 

can see the drawing of the COPRA® FEA BendTester – more detailed information regarding the 

experimental component of the characterization of a material by means of the COPRA® FEA 

BendTester can be found in 4.1 COPRA® FEA BendTester. For the investigation of the mechanical 

properties, the results of the experimental test are imported into an identification software which does 

the calculation of the suitable input parameters for COPRA® FEA RF – in 6.1 Copra® FEA BendTester 

Opt the fundaments of the identification program and its working method are explained in detail. This 

way, the bend test allows more accurate finite element analysis results due to adapted material data 

(data M SMS 2016). 

 

Figure 3.9 – Drawing of the COPRA® FEA BendTester (Freitag and Sedlmaier). 

 

 The main benefits of the COPRA® FEA BendTester are the following (data M SMS 2016): 

 Improved material modelling; 

 Software for easy determination of the material parameters; 

 Fully integrated in COPRA® FEA RF; 

 Best simulation results for e.g. high sophisticated materials; 

 Easy specimen preparation and test procedure. 
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4 COPRA® FEA BendTester EXPERIMENTAL SET-UP 

 The COPRA®FEA BendTester apparatus was developed to perform mechanical tests at room 

temperature with metallic specimens. Therefore, it was necessary to adapt the machine for multi-

material testing at high temperatures. In this chapter the set-up procedure will be explained. It starts 

with an introduction to the COPRA®FEA BendTester and an analysis of the suitability of the clamping 

system, then the study of heating technologies and methods to control the temperature and finally an 

experimental verification of the set-up. The experimental verification will also lead to some initial 

conclusions regarding the behaviour of the multi-material. After the validation, a procedure, that one 

should follow when preforming this type of test, was created. 

 

4.1 COPRA® FEA BendTester 

 The apparatus used to perform the bending tests was the COPRA® FEA BendTester, a machine 

developed by data M Sheet Metal Solutions.  The machine was developed with the idea of a mechanical 

test that provides a more accurate characterization of a material for a roll forming simulation. 

 The apparatus is, essentially, composed by the following components: two bending arms with a 

clamping system where the specimen is mounted, two supports for the bending arms, one moveable 

and one fixed, a load cell, a motor and a shaft – see Figure 4.1. The machine also includes a software 

where one can select the desired parameters and initiate the testing – this software can be controlled 

via computer or through a control screen mounted on the machine.  
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To perform a test, the specimen should be mounted in the clamps. Then, the load cell output 

should be set to zero in the software. The test is started, and the bending arm movable support and 

the bending arm attached to it start moving (see Figure 4.1). Since the bending arms can freely rotate, 

they both rotate, in opposite directions, and the specimen starts bending. Throughout the test, 

displacement of the movable bending arm and the load cell output are recorded. This way, the result 

obtained from COPRA® FEA BendTester is a plot of the force required to bend the specimen along the 

position of the movable clamp. 

 The testing parameters that the user is able to modify are the following: 

 Testing speed; 

 Free bending length, i.e. distance between clamps; 

 Amplitude of the movement, i.e. difference between initial position of the bending 

arm movable support and its maximum position; 

 Number of cycles, i.e. number of times the bending arm movable support reaches its 

maximum position and returns to its initial positon. 

 By modifying these testing parameters, the user of the COPRA® FEA BendTester is able to 

perform tests in many different conditions. For instance, if higher deformation of the specimen is 

desired, one should change the amplitude of the movement and/or the free bending length. 

 

Figure 4.1 – Drawing of the COPRA® FEA BendTester (Freitag and Sedlmaier). 
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4.2 Clamping system 

 As explained in the previous section, the clamping system of the COPRA®FEA BendTester was 

developed for metallic specimens and there was no proof that the clamps would be able to keep any 

other type of material in the right position. The clamping is able to free rotate around the rotation axis 

while the specimen holders do not let the specimen to move inside the clamp - see Figure 4.2.  

 In an attempt to predict the suitability of the clamps for the application under study, some 

standard mechanical tests were analysed. Since the material to be tested was a multi-material 

composed by steel and carbon fibre reinforced thermoplastic, and taking into account that the metallic 

side of the specimen will not be an issue, only the test standards for thermoplastic composite materials 

were taken into account. Tensile test standards were studied because those are the ones that use 

similar clamps as the ones found on the COPRA®FEA BendTester. 

 

 

Figure 4.2 - Drawing of the clamping system used in the COPRA® FEA BendTester. 

 

 In the standard ISO 527-4 “Determination of tensile properties of plastics: Test conditions for 

isotropic and orthotropic fibre-reinforced plastics composites”, regarding the clamping system, it is 

written that the specimen “shall be held such that slip relative to the grips is prevented as far as 

possible and this shall preferably be effected with the type of grip that maintains or increases pressure 

on the test specimen as the force applied to the test specimen increases” (ISO 527-4: 1997). In case of 

slippage the standard advises the use of tabs in the ends of the specimen – see Figure 4.3 (ISO 527-4: 

1997). 
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Figure 4.3 – Specimen with tabs according to the standard ISO 527-4 (ISO 527-4: 1997). 

  

 The standard DIN ASTM D 3039/D 3039M – 00 “Standard test method for tensile properties of 

polymer matrix composite materials” proposes exactly the same as the standard presented before: 

“the grips shall apply sufficient lateral pressure to prevent slippage between the grip face and the 

coupon” (Astm 3039/D 3039M 2000). The standard suggests the use of lightly serrated grip surfaces, 

approximately 1 serration/mm, or the use of tabs – see Figure 4.4 (Astm 3039/D 3039M 2000).  

 

 

Figure 4.4 - Specimen with tabs according to the standard ASTM D 3039/D 3039M – 00 (Astm 3039/D 3039M 2000). 

 

 From the information exposed in above-mentioned standards it is possible to conclude that 

since the clamps for metal are already manufactured and mounted in the machine, tests should be 

conducted without any changes to either the specimens or the clamps. Along these lines, an 
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experimental set-up validation will be done and in case of slippage then two solutions may be used: 

the use of clamps with serrated grip surfaces or the use of tabs in the ends of the specimens.  

 

4.3 Heating techniques  

 One of the specifications of the TRoPHy 2 project is that the forming of the material is done at 

190 ⁰C. To obtain accurate results in a numerical simulation of the roll forming process, the material 

characterization should be done at the forming temperature, i.e., the mechanical test presented in this 

work needs to be performed at 190 ⁰C. 

 However, one of the assumptions of this work is that the mechanical properties of the multi-

material under study are approximately constant in the temperature range of 57 ⁰C (glass transition 

temperature) to 220 ⁰C (melting temperature). This assumption is based on the fact that a higher 

percentage of the multi-material is steel, a material that in the range of temperatures mentioned 

before has, approximately, constant properties (Chen et al. 2006). It is also important notice that 

around 48% of the composite material is made of carbon fibres, another material that in the range of 

temperatures mentioned above does not change its properties (Feih et al. 2009). Lastly, the 

thermoplastic material, when above the glass transition temperature, has a big decrease in its 

mechanical properties which, notwithstanding the fact that it is of vital importance to do the forming 

at temperatures above the glass transition temperature, leads to the decrease of its influence in the 

overall properties of the multi-material. It was decided that despite the fact that the test should be 

performed at temperatures around 190⁰C, the heating device does not need to ensure extreme 

accuracy, reproducibility and constant temperature throughout the coupon.   

 To achieve the desired temperature many techniques and devices can be used. First and 

foremost, one should gather information regarding those different techniques and devices, select the 

ones suitable and discard the rest. Thus, papers focusing on mechanical characterization of materials 

at high temperatures were studied in order to understand which types of devices were used to heat 

up the specimens (Okman et al. 2009; Codrington et al. 2009; Mills-Brown et al. 2013; Cao et al. 2009).  

 The advantages and disadvantages of each of the selected devices are compared in the following 

table. 
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Table 4.1– Heating systems and their advantages and disadvantages (Reincke et al. 2015). 

 Advantages Disadvantages 

Oven 
The composite material is also 

heated. 

No cost – the company owns an oven. 

The material temperature will 

decrease during test. 

Difficult reproducibility. 

Infrared 

The composite material is also 

heated. 

Good reproducibility. 

Inexpensive. 

Processing speed – the load cell will 

reach higher temperatures. 

Material depending absorption. 

Difficult positioning during test (the 

specimen will bend). 

Silicone 

Rubber 

Heater 

The composite material is also 

heated. 

Good reproducibility. 

Inexpensive. 

Processing speed – the load cell will 

reach higher temperatures. 

Difficult installation. 

Material depending absorption. 

Difficult positioning during test (the 

specimen will bend). 

Induction 

Coil – only 

in the metal 

side of the 

specimen 

Good reproducibility. 

Processing speed. 

Positioning during test is easier when 

compared to the induction coil 

around the specimen.  

The composite material is not heated 

up by the induction coil. 

Difficult installation. 

Difficult temperature control. 

Difficult positioning during test (the 

specimen will bend). 

Expensive. 

Induction 

Coil – 

around 

specimen 

Good reproducibility. 

Processing speed. 

The composite material is not heated 

up by the induction coil. 

Difficult installation. 

Difficult temperature control. 

Difficult positioning during test (the 

specimen will bend). 

Expensive. 

Heat Gun 

The composite material can also be 

heated. 

The specimen is heated when it is 

already placed in the Copra® FEA 

BendTester and it can be heated 

during the test. 

Works at constant temperature. 

Low cost. 

Difficult reproducibility. 

Only one side of the specimen can be 

heated at a time. 
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Hair 

Straightener 

The composite material is also 

heated. 

The specimen is heated when it is 

already placed in the Copra® FEA 

BendTester. 

Works at constant temperature. 

Low cost. 

The material temperature will 

decrease during test. 

Reproducibility. 

Width of the device is 1 inch which 

means that the minimum free 

bending length that can be used is 

50mm. 

 

 In Figure 4.5 one can see the different heating devices mentioned in this section. 
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Figure 4.5 – Heating systems under analysis: (a) oven (Robert Bosch GmbH); (b) infrared (Mills-Brown et 
al. 2013); (c) silicone rubber heater (TEMPCO Electric Heater Corporation); (d) induction coil – only in 
the metal side of the specimen (Okman et al. 2009); (e) induction coil – around specimen (Codrington 

et al. 2009); (f) heat gun (Metabowerke GmbH); (g) hair straightener (Remington Products). 

(a) (b) 
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(e) (f) 
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 Afterwards, and to make the decision easier and based on well-established criteria the analytical 

hierarchy process was applied. To construct this analysis, criteria were selected taking into account the 

required application. However, before selecting the criteria and the influence of each criterion, it was 

vital to understand the importance of having a heating device capable of heating up the specimen with 

it already mounted in the machine or/and during the test. This way, a heat transfer numerical 

simulation was performed. 

 The heat transfer numerical simulation intends to simulate the use of an oven to heat up the 

multi-material. It was selected the oven because its use as a solution to heat up the specimens is the 

worst case scenario in terms of heat loss – it is not only impossible to heat up the specimen with it 

already mounted in the machine but the specimen also needs to be transported from the oven into 

the machine. The results of the numerical simulation will make it possible to have an idea of what will 

be the temperature of the specimen not only in the end of the test but also during the test.  

 The first step to perform this type of simulation is to study and understand what will be the 

mechanisms responsible for the heat loss. Therefore, the simulation was divided in two different 

periods. The first one refers to the transport of the specimen from the oven into the machine, during 

this period the decrease in the temperature is due to the convective heat lost from the specimen to 

the air surrounding it. The second period represents the bend test itself, where the mechanism 

responsible for the heat loss is, mainly, heat conduction from the specimen to the clamps. The software 

used was the Msc Marc /Mentat and the element type used in the simulations was the element type 

43 of the Marc Element Library. It is a three-dimensional eight node heat transfer element (MSC 

Software 2013). 

 In Figure 4.6 one can see the model of the first period. This period takes 40 seconds and only 

the parts corresponding to the specimen and the air surrounding it are represented. The initial 

temperature of the air surrounding the specimen is 23 ⁰C and the initial temperature of the specimen 

is 210 ⁰C (this value was used, because higher values would be too close to the melting temperature 

of the thermoplastic material). A convection boundary condition was assigned to the air, with an air 

velocity of 1.2 m/s in x, y and z direction, to simulate the transportation of the specimen from the oven 

into the machine, and fixed temperature, except for the elements that are in the two rows above and 

below the specimen.  
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Figure 4.6 – Model used in the numerical simulation of the heat transfer between the specimen and air (first period); both 
the air surrounding the specimen in the upper part and in the lower part of the specimen have the same geometry (the 

upper part is represented by a cut view so one can see where the specimen is placed). 

  

 In Figure 4.7 one can see the model of the second period. This period takes 140 seconds and not 

only the parts corresponding to the specimen and the air surrounding it are represented but also the 

clamps. The initial temperature of the clamps and the air surrounding the specimen is 23 ⁰C and the 

temperature of the specimen comes from previous period. A boundary condition of convective velocity 

was not assigned to the air due to the fact that the specimen is already mounted on the machine. As 

mentioned before, heat conduction between the clamps and the specimen is the main mechanism of 

heat loss in this period. To simulate the heat conduction only the contact interaction between the 

different parts is needed. Despite any concerns regarding the suitability of the clamps to hold the 

specimens in its place and in an attempt to reduce the heat conduction between the specimen and the 

clamps (most of the heat loss is through the clamps), a contact heat transfer coefficient of 0.25 was 

assigned to the contact interaction between these two parts – this value, which is the thermal 

conductivity of the Teflon™, corresponds to the use of a thin foil of Teflon™ around the clamps. 

 

Specimen 

Air 
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Figure 4.7 – Model used in the numerical simulation of the heat transfer between the specimen, air and clamps (second 
period). 

 

 Table 4.2 presents the material properties used in the finite element analysis. Instead of 

assigning composite material properties to the part representing the carbon fibre reinforced 

thermoplastic it was assigned properties of the polyamide 6.  This was done to simplify the numerical 

simulation model. The arguments supporting this simplification are the following: the simulation is 

only to have an idea of the temperature of the specimen in the end of the test and the polyamide 6 is 

the material that needs to be at high temperature during the test (PA6 is the only material that 

drastically changes its properties when at high temperatures and if it is not at the right temperature 

during the test, the composite material will not be able to bend as much as needed and failure will 

occur). 
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Table 4.2 - Material properties used in the FEA model for the air (The Engineering ToolBox), specimen’s steel (MATBASE), 
specimen’s polyamide (Professional Plastics) and clamps’ steel (Engineers Edge). 

Material 
Density 

[Kg/m3] 

Specific Heat 

[J/Kg.K] 

Thermal 

Conductivity 

[W/m.K] 

Air 1.177 1005.7 0.02624 

Steel DC 04 7850 490 46 

Polyamide 6 1460 1700 0.26 

Steel (Clamps) 7689 460 22 

 

 In Figure 4.8 and Figure 4.9 one can see the results obtained from the finite element analysis. 

The temperature is higher in the centre of the specimen where the materials are only in contact with 

the air surrounding them. Note that only the free bending zone and the transition from the free 

bending zone to the clamping zone are represented in Figure 4.8 and Figure 4.9; the blue areas, where 

the temperature reaches a minimum value, correspond to the clamping zones. Figure 4.9 is a front 

view of the specimen, the upper material is the steel and the lower material is the Polyamide 6. Due 

to the thermal properties of the thermoplastic material, its temperature decreases at a lower rate than 

the steel. 

 

 

Figure 4.8 – View of the heat transfer numerical simulation results for the free bending zone in the last increment of the 
second period of the simulation; only one-quarter of the specimen is represented due to symmetry in the specimen. 
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Figure 4.9 – Front view of the heat transfer numerical simulation results for the free bending zone in the last increment of 
the second period of the simulation; only one-quarter of the specimen is represented due to symmetry in the specimen. 

  

 Figure 4.10 represents the evolution of the free bending zone average temperature during the 

test. To obtain this temperature an average of the temperature of all the nodes in the free bending 

zone was performed. Figure 4.11 represents the transition from the clamping zone to the free bending 

zone average temperature during the test. The temperature was obtained the same way as explained 

above but only considering the nodes of the elements located in the transition zone. This transition 

zone, i.e. the zone where the specimens gets in contact with the clamps, is a region that should be 

carefully analysed because it is where the temperatures reaches its minimum value (Figure 4.8 and 

Figure 4.9). In fact, it is a very sensitive zone, in case the temperature drops below the glass transition 

temperature the most likely is to have failure in the specimens and it was vain to ensure an acceptable 

temperature in the centre of the specimen.   
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Figure 4.10 – Free bending zone average temperature vs. time; the temperature corresponds to an average of the 
temperature of all the nodes in the free bending zone. 

 

 

Figure 4.11 – Transition from clamping zone to free bending zone average temperature vs. time; the temperature 
corresponds to an average of the temperature of all the nodes in the transition from the clamping zone to the free bending 

zone. 
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 In Figure 4.10 and Figure 4.11, the slope of the curves in the beginning of the second period 

(after the 40 seconds) represents the rate of temperature decrease, during the early part of the 

mechanical test. As one can see, the average final temperature of the specimen is less than 100 ⁰C, 

being even lower in the transition from the free bending zone to the clamping zone. This means that 

the oven cannot be used for the desired application. Besides this, when the specimen comes into 

contact with clamps, the temperature of the specimens drops at an extremely high rate (2.1 ⁰C/s for 

the free bending zone and 5.7 ⁰C/s for the transition from the clamping zone to the free bending zone). 

For instance, considering as acceptable to perform the tests at a temperature between 180 ⁰C and 200 

⁰C it gives us a gap of 20 ⁰C. Therefore, the test needs to be performed either in less than 10 seconds 

or in less than 4 seconds, depending on assuming that the temperature of the transition zone also 

needs to be located in between the gap of temperatures presented before or not. Therefore, a device 

capable of heating the specimen during the test is an advisable solution, which excludes the oven 

solution, as already mentioned earlier. 

 Figure 4.12 and Figure 4.13 exhibit the temperature for different specimen locations (steel outer 

surface, interface steel-composite and composite outer surface) along the length of the specimen. The 

difference between the figures lies in the fact that the results from Figure 4.12 were obtained in the 

last increment, i.e. in the end of the test, while the results of the Figure 4.13 were collected in the 

increment corresponding to the 50th second of the simulation (the 50th second of simulation is only 10 

seconds after the specimens gets in contact with clamps and its results will show how brusque is the 

temperature drop for each of the materials).  
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Figure 4.12 – Temperature vs. specimen length in the last increment of the simulation for different specimen locations: 
steel outer surface, composite outer surface and interface steel-composite; the free bending zone is located between the 

two vertical lines. 

 

Figure 4.13 - Temperature vs. specimen length in the increment corresponding to the 50th second of the simulation for 
different specimen locations: steel outer surface, composite outer surface and interface steel-composite; the free bending 

zone is located between the two vertical lines. 

 

 The results of Figure 4.12 show that in the extremities of the free bending zone, the temperature 
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the incompatibility of the oven as a heating device. From the results of Figure 4.13, one can conclude 

that the decrease in the specimen’s temperature is very brusque – only 10 seconds after the specimens 

gets in contact with the clamps, the temperature of the transition zone is already between 100 ⁰C and 

170 ⁰C. These results emphasize the importance of having a device capable of heating the specimen 

during the test. 

 After the heat transfer numerical simulation and the analysis of its results, it is now possible to 

assign the relative importance to each criterion. The criteria that will have greater influence on the 

final results will be the positioning during test and the ease of installation (a high value was assigned 

to the ease of installation due to the complexity of the movement described by the clamps and the 

specimen during the test); other variables to take into account are the cost of the equipment and the 

temperature control and the reproducibility which are criteria that will have direct influence on the 

results; the criteria that will have less influence on the results are the processing speed and the ability, 

of the device, to also heat up the composite material – see Figure 4.14.   

 

Figure 4.14 – Relative influence of each criterion in the Analytical Hierarchy Process. 
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 In Figure 4.15 one can see the scores of each solution in each criterion. The value 1 is the best 

score possible and it means, for instance in the case of the installation, that the device does not require 

any installation at all. The value 0, on the other hand, is the worst score, assigned, for example, when 

the device is not able to heat up the specimen. The cost was inverted so that the solutions with lower 

cost have better results. 

 

Figure 4.15 – Scores of each solution in each criterion; the cost was inverted so that the solutions with lower cost have 
better results. 

 

 To collectively see which heating technique suits best the application, the above assigned 

percentages were applied to the individual scores and plotted against each other as shown in Figure 

4.16. 
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Figure 4.16 – Results of the Analytical Hierarchy Process. 

 

 The results in Figure 4.16 show that the heating device that best suits the application is the heat 

gun. The heat gun can heat the specimen with the specimen already mounted in the machine. 

Consequently, there is no need to perform a thermal finite element analysis because it can be taken 

for granted that the desired temperature will be achieved. However, the suitability of the heat gun will 

be tested, by means of a set-up experimental validation, in the next section.  

 In Figure 4.5f one can see the heat gun used. It is the model HE 23-650 CONTROL produced by 
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specimen; it is also advisable to heat up the clamps, most of the heat loss is through them and the 

lower the gap of temperatures between the clamps and the specimen, the lower the heat loss.  
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4.4 Temperature control 

 As mentioned in the previous section, the tests should be done at the temperature at which the 

roll forming will take place. However, the most important factor to take into account is that the tests 

must be done at temperatures above the glass transition temperature. This is due to the fact that the 

behaviour of the thermoplastic drastically changes when it is above that temperature. This way, the 

control of the specimen temperature needs to be performed.  

 From all the different possibilities for the temperature control it was decided to use an infrared 

thermometer. An infrared thermometer can accurately measure the temperature of both materials 

without contact with the specimen, it does not require any installation and it can be used in future 

applications.  

 In Figure 4.17 one can see the infrared thermometer that was used. It is the model MS plus 

produced by the company Optris®, it has laser sighting, USB connection, an accuracy of ±1 °C, a 

resolution of 0.1 °C and, its most important specification for the required application, it works in a rage 

of emissivity which includes both the steel and the thermoplastic material – this way it can control the 

temperature of both the steel and the composite (Optris GmbH). 

 

   

 

Figure 4.17 - Optris® Ms plus noncontact infrared thermometer (Optris GmbH). 

 

4.5 Set-up experimental validation 

 In order to understand if the COPRA®FEA BendTester is suitable to conduct the required tests, 

and also to analyse the performance of the chosen heating device and the clamps, experimental tests 
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were performed with specimens prepared with the material under study. The specimens were not 

produced within the company. However, due to the fact that the dimensions of the composite material 

were bigger than the dimensions of the metal, cutting was required to remove the excess of composite 

material so that both materials have the same dimensions.   

 These tests and the data provided by them made it possible to analyse the suitability of the 

equipment used and to understand the behaviour of the multi-material, namely the influence of the 

fibre direction and the specimen’s temperature during test.  

 The specimens are composed by one layer of steel DC04 with 0,88mm thickness and three layers 

with 0,19mm thickness each of composite material (uni-directional carbon fibre in a matrix of 

polyamide 6). The specimens have the following dimensions: 190mm in length, 25mm in width and 

1,35mm in thickness (during the manufacturing process of the multi-material specimens the composite 

layers are compressed against the steel and its thickness decreases, that is why the overall thickness 

of the multi-material specimens is different than the sum of the thickness of all its components).  

Due to the fact that the composite material used in the manufacturing of the specimens is 

composed of uni-directional fibres, the results obtained will change according to the orientation of the 

fibres. Thus, as mentioned before, specimens with three different fibres orientations were tested - 0⁰, 

45⁰ and 90⁰. The specimens were mounted in the machine in a way that the composite material is 

located in the inner bending surface because in the final profile the composite material is also meant 

to be placed in the inner surface. The temperature at which the test takes place is also an important 

criterion to take into account. According to what is planned, the forming temperature will be 190°C. 

Therefore, and considering that the composite material melts at 220°C and that the glass transition 

temperature is 47°C, tests were performed at three different temperatures: 100 ⁰C, 150 ⁰C, 190 ⁰C.  

In the following table the fibre direction and the temperature during the test are presented 

for each specimen. 
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Table 4.3 – Specimens’ fibre orientation and temperature during test. 

Specimen Fibre direction 
Temperature 

[⁰C] 

F0_T100 0⁰ 100 

F0_T150 0⁰ 150 

F0_T190 0⁰ 190 

F45_T100 45⁰ 100 

F45_T150 45⁰ 150 

F45_T190 45⁰ 190 

F90_T100 90⁰ 100 

F90_T150 90⁰ 150 

F90_T190 90⁰ 190 

 

The load was applied at an average rate of 3.8 mm/s. The free bending length, i.e. the distance 

between clamps, selected was 40 mm and the amplitude of the movement was also 40 mm. It was a 

one-cycle test which means that after reaching the maximum position of the test the clamps return to 

the initial position.  

 

4.5.1 Results 

The results hereby presented refer to the tests carried out with 9 specimens in the COPRA®FEA 

BendTester and comprise the force-position curve obtained during the test.  

The results, for each of the temperatures under study, can be seen in Figure 4.18, Figure 4.19 

and Figure 4.20. 
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Figure 4.18 – Force-position plot at 100°C for different fibre orientations. 

 

 

Figure 4.19 – Force-position plot at 150°C for different fibre orientations. 
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Figure 4.20 – Force-position plot at 190°C for different fibre orientations. 
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Figure 4.21 – Force-position plot for 0° fibre orientation at different temperatures. 

 

 

Figure 4.22 – Force-position plot for 45° fibre orientation at different temperatures. 

 

-15

-10

-5

0

5

10

15

20

0 5 10 15 20 25 30 35 40 45

Fo
rc

e 
[N

]

Position [mm]

Fibre Orientation 0⁰

Temperature 100 ºC

Temperature 150 ºC

Temperature 190 ºC

-15

-10

-5

0

5

10

15

20

0 5 10 15 20 25 30 35 40 45

Fo
rc

e 
[N

]

Position [mm]

Fibre Orientation 45⁰

Temperature 100 ºC

Temperature 150 ºC

Temperature 190 ºC



COPRA® FEA BendTester EXPERIMENTAL SET-UP 

53 
 

 

 

Figure 4.23 – Force-position plot for 90° fibre orientation at different temperatures. 
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 In Figure 4.24 one can see the final geometry of the specimens. Please note that the pictures 
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indicates that, as intended, there was plastic deformation during the test. It is also important to state 

that the accurate prediction of the final shape of the specimen is a very complex task because the steel 

and the composite material have different behaviours while cooling down -this subject should be the 
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(a) 

 

 

(b) 

Figure 4.24 – Specimens after test: (a) Specimen F45_T150; (b) Specimen F90_T150. 

 

 Figure 4.25 shows the detail of the debonding between composite material and steel – this 

defect appeared in all of the specimens with 0° fibre direction. While the specimen was bending the 

fibres were not able to withstand the levels of the deformation they were subjected to. At a given 

moment the fibres cause the composite to debond and this wave-shape failure occurs. 

 

 

                              (a)                                              (b) 

Figure 4.25 – Close-up of the debonding between composite material and steel in specimen F0_T190: (a) top 

view; (b) front view. 

 

4.5.2 Discussion of the Results 

 First and foremost, it is worth noting that, since the heating of the specimens was performed 

using a heat gun, the temperature of the specimen changes from point to point and it is not constant 

during the test. However, and since the tests were conducted at temperatures much higher than the 
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glass transition temperature, it is not crucial to keep the temperature at a constant value. Also, the 

tests were performed at different temperatures, due to the fact that it is impossible to keep a constant 

temperature using a heat gun.  

 The heat transfer numerical simulation, performed in 4.3 Heating techniques, was able to 

present some interesting results and conclusions, thus giving a deeper insight to the analysis of the 

heating process. The transition zone from the clamping to the free bending zone is a critical region 

because most of the heat is lost through the clamps. It is very important to control the temperature in 

the transition zone, otherwise the temperature may decrease below the glass transition temperature 

without being notice. This further proves the suitability of the heat gun - with the heat gun it was 

possible to orient the flow of hot air in the direction of the transition zone, avoiding the decrease of 

temperature in this region.   

 Regarding the suitability of the COPRA®FEA BendTester for this type of test, it is possible to 

conclude that the defined set-up was a success. In fact, not only are the results according to what was 

expected but also the clamps were able to keep the specimen in the right position. Therefore, further 

tests will be carried on using the same equipment and set-up.  

 The results of the tests with specimens with 0° fibre orientation indicate that there is not only a 

relation between the forces involved and the temperature, but also that at a given moment the 

composite material debonds from the metal plate resulting in a major defect in the specimen. Since 

the specimens were already tested at different temperatures and the deboning continued to happen, 

the only solution is to analyse at which deformation it occurs in order to understand what will be the 

influence of this defect when the material is subjected to a roll forming process – it is possible that 

deformations that promote the debonding are not achieved during the manufacturing process.   

 Lastly, the results of the tests with specimens with 45° and 90° fibre orientation show identical 

results. In fact, even when the temperature changes the results remain similar.  This behaviour leads 

to the conclusion that the results obtained with this type of specimens, at least in a gap of 

temperatures between 100°C and 190°C are not temperature dependent. Again, the use of a heat gun 

as a heating device to heat up the material is a completely acceptable solution. 

 

4.6 Experimental Test Procedure 

 The experience obtained from the tests performed in section Set-up experimental validation 

suggests that a methodology or procedure shall be defined, in order to define a standardized series of 

steps, so that repeatability of results shall be obtained. This procedure is an additional contribute of 
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these studies and it was used in the remaining experimental test conducted during the work that lead 

to this dissertation. It also sets out as a procedure for future tests involving heating up of the material 

and/or multi-materials.  

 The procedure is the following: 

1. Mount the specimen in the COPRA®FEA BendTester and ensure that the clamps are well 

tightened so they can keep the specimen in place; 

2. Turn on the heat gun to the desired temperature or slightly above (since the heat gun is not in 

direct contact with the specimen, the temperature at which the hot air hits the specimen is 

never equal to the one selected); 

3. Point the heat gun to the free bending zone of the specimen; to have an approximately constant 

temperature along the specimen it is very important not to point the heat gun always to the 

same place; it is also very important to point the heat gun to the clamps, especially to contact 

between the specimens and the clamps – this way, the clamps also heat up and the heat loss 

from the specimen to the clamps, due to the difference in temperatures, decreases; 

4. While heating up the specimen, the temperature should always be controlled by means of the 

infrared thermometer the emissivity input in the infrared thermometer must be changed 

according to the material that one wants to control;   

5. When the free bending zone reaches the desired temperature, the test should be initiated; 

6. While the test is going on, the heat gun should be pointing to the specimen; this way the 

temperature of the specimen is kept approximately constant along the test; during the 

execution of this step one should be extremely careful, the heat gun cannot touch any of the 

clamps - otherwise the data is not reliable; 
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5 EXPERIMENTAL WORK AND RESULTS 

 The focus of this work is the characterization of a multi-material by means of an innovative bend 

tester. With the set-up of the testing machine concluded the next step was to perform the required 

tests. The following sections are devoted to the experimental work and results. The tests done in the 

COPRA®FEA BendTester and the data obtained are presented, as well as a brief discussion of the results 

obtained.  

 

5.1 Materials 

 A multi-material was tested in this work. The multi-material was composed of steel and carbon 

fibre reinforced thermoplastic.  

 The steel used in the production of the specimens was DC04, a mild steel for cold forming. The 

sheet of steel has a thickness of 0.88 mm.  

 The carbon fibre reinforced thermoplastic was composed by 48% by volume of unidirectional 

carbon fibres in a matrix of polyamide 6. Three different fibre orientations were tested: 0⁰, 45⁰ and 

90⁰ - see Figure 2.2. Each specimen was composed of three layers of carbon fibre reinforced 

thermoplastic, each of the layers with a thickness of 0.19 mm. The material has a melting temperature 

of 220 ⁰C and a glass transition temperature of 47 ⁰C – see Annex A. 
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5.2 Flexural testing by means of the COPRA® FEA BendTester 

 As in the section 4.5 Set-up experimental validation, the specimens were not produced within 

the company. The composite material that was beyond the steel plate was cut in order to have a 

specimen with uniform dimensions. It is worth noticing that the quality of the specimens is very low 

and so far, it was not possible to obtain better quality samples. Therefore, it is expected that the lack 

of quality has a severe impact on the results.  

 Due to the fact that the composite material used in the manufacturing of the specimens is 

composed of uni-directional fibres, the results obtained will change according to the orientation of the 

fibres. Thus, specimens were tested with three different fibres orientations - 0⁰, 45⁰ and 90⁰ - see 

Figure 2.2. For each of the fibre orientations, four specimens were tested. The specimens were 

mounted in the machine in a way that the composite material is located in the inner bending surface 

because in the final profile the composite material is also meant to be placed in the inner surface. 

Three specimens made only of steel were also tested. The goal of the tests with the steel-only 

specimens is to compare the results with the results obtained with the other specimens, especially the 

ones with 90⁰ fibre orientation. The idea behind this comparison is simple: once the thermoplastic 

material is above the glass transition temperature, its mechanical properties, when compared to the 

ones from the steel, are very low. Therefore, the effect of the thermoplastic in the overall properties 

of the multi-material may be neglected (this is not valid for the specimens with 0⁰ fibre orientation 

where the carbon fibres are being tested longitudinally, highly influencing the stiffness of the multi-

material).  

 In Table 5.1 the specimens tested are presented. For each specimen there is also information 

regarding the orientation of the carbon fibres and the width and thickness of the specimen. Due to the 

lack of quality of the production, the thickness and width changes from specimen to specimen and, 

although the variation in the dimensions is not extremely high, to later obtain the mechanical 

properties the knowledge of this dimensions is required.  
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Table 5.1 - Specimens’ fibre orientation, width and thickness. 

Specimen Fibre orientation Width [mm] Thickness [mm] 

F0_S1 0⁰ 25 1.30 

F0_S2 0⁰ 25 1.32 

F0_S3 0⁰ 25 1.30 

F0_S4 0⁰ 25 1.30 

F45_S1 45⁰ 25 1.30 

F45_S2 45⁰ 25 1.30 

F45_S3 45⁰ 25 1.32 

F45_S4 45⁰ 25 1.30 

F90_S1 90⁰ 25 1.30 

F90_S2 90⁰ 25 1.33 

F90_S3 90⁰ 25 1.34 

F90_S4 90⁰ 25 1.33 

Steel_S1 No Fibre 24.8 0.89 

Steel_S2 No Fibre 25 0.88 

Steel_S3 No Fibre 24.5 0.88 

 

Load was applied at an average speed of 3.8 mm/s. The free bending length, i.e. the distance 

between clamps, selected was 40 mm and the amplitude of the movement was also 40 mm. It was a 

one-cycle test which means that after reaching the maximum position of the test the clamps return to 

the initial position.  
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5.3 Results 

The results, for each of the fibre orientation under study, can be seen in Figure 5.1, Figure 5.2 

and Figure 5.3. 

 

Figure 5.1 - Force-position plot of the COPRA®FEA BendTester for specimens with 0° fibre orientation. 
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Figure 5.2 - Force-position plot of the COPRA®FEA BendTester for specimens with 45° fibre orientation.  

 

 

 

Figure 5.3 - Force-position plot of the COPRA®FEA BendTester for specimens with 90° fibre orientation. 
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 The results for the specimens that were composed only by steel can be seen in Figure 5.4. 

 

 

Figure 5.4 - Force-position plot of the COPRA®FEA BendTester for metal-only specimens. 
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each group presenting a different behaviour. The specimens F0_S1 and F0_S2 reach forces slightly 

above 10 N while the specimens F0_S3 and F0_S4 reach around 15 N. 

 Regarding the results for the specimens with 90⁰ and 45⁰ fibre orientations, the first conclusion 

is that they behave in a very similar way. In fact, the results behave not only the same way but also in 

a very consistent way. The maximum force achieved in the tests is around 15N and the specimens with 

90⁰ fibre orientation reach slightly higher forces– this indicates that the mechanical properties of the 

composite material are better when the fibres are loaded at 90⁰ fibre orientation than when they are 

loaded at 45⁰ fibre orientation.   

 Lastly, the results for the metal-only specimens were completely unexpected, not because the 

values were too high or too low, but because there was no consistency in the results. In fact, since the 

specimens were composed only by steel, they did not show the defects visible in the multi-material 

specimens. The results obtained from the tests with these specimens were meant to be used in the 

characterization of the steel used in the production of the specimens, and especially in the comparison 

with the results obtained from the multi-material. The comparison would make it possible to 

understand the real influence of the composite material in the overall properties of the multi-material. 

However, due to the variation in the results, this comparison will not be possible or, at least, it will not 

be possible to obtain some final accurate conclusions regarding this topic. Therefore, more tests and 

specimens will be required to understand the reason behind this behaviour – maybe it is due to the 

very low thickness, 0.88 mm, of the metal-only specimens.  
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6 MULTI-MATERIAL PROPERTIES IDENTIFICATION 

 First and foremost, it is important to state that all the work related with the identification of the 

multi-material properties was influenced by the lack of information regarding the properties and 

behaviour of the material under study. 

 The bending test was developed by data M Sheet Metal Solutions with the roll forming 

manufacturing process in mind. The material characterization used in the test is the same as used in 

the roll forming industry and the specimens are subjected to the same type of efforts as in a roll 

forming process. The test can be divided in two different parts: the experimental testing with the 

material specimens and then, using the identification program also developed in the company, the 

identification of the material properties. However, the identification program was developed to be 

used with steel. This means that the program only takes into account isotropic materials. Thus, it was 

decided to take two different approaches to identify the properties of the steel and carbon fibre 

reinforced thermoplastic multi-material:  use the already existing program considering the multi-

material as a one-material with homogenised properties and create a modified version of the 

identification program, based in a dual-phase model where the two materials are considered in 

separate. 

 This chapter is devoted to the thermomechanical properties identification by means of the 

program Copra® FEA BendTester Opt. First, a short introduction to the identification program is 

presented. Afterwards, the procedure used to adapt the already existing program into a dual-phase 

model identification program is explained. Then, the elastic material properties that were used in the 

identification will be presented (the elastic properties were inputted in the program and they were left 
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unchanged throughout the identification, only the plastic properties were identified by the program). 

Finally, the results obtained are presented and discussed. 

 

6.1 Copra® FEA BendTester Opt 

 To identify the multi-material properties, the program Copra® FEA BendTester Opt, a program 

developed by data M Sheet Metal Solutions was used. The program was developed with the idea of 

identifying more accurate properties for a roll forming process. This way, when one performs roll 

forming simulations the results obtained are much more accurate.  

 The principle behind the identification program is very simple: the program compares the results 

from an experimental test with the results from a numerical simulation, where the material properties 

are being changed, until the results are approximately equal. The identification program uses the 

resulting measured position/force curve from the experimental test as an input of the optimization 

performed by an inverse analysis (Figure 6.1), where the position/force curve from the numerical 

simulation is compared to the one from the experimental test results. For the optimization of the 

material parameters a Nelder Mead-Simplex-algorithm (Nelder and Mead 1965) is used (Freitag and 

Sedlmaier). The flowchart of the inverse analysis is shown in Figure 6.1. 

 

 

Figure 6.1 - Copra® FEA BendTester Opt inverse analysis (Freitag and Sedlmaier). 

 

 The Copra® FEA BendTester Opt is capable of identifying both the elastic (Young’s modulus and 

the Poisson’s ratio) and plastic properties of the material. To characterize the plastic behaviour of the 

material the Swift law is used. The Swift law is formulated as  
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 𝜎𝑝̅̅ ̅ = 𝐾 ∙ ( 𝜀0 + 𝜀𝑝̅̅̅ )
𝑛 (6.1) 

 

where:   𝜎𝑝̅̅ ̅     =      equivalent stress 

    𝐾     =      strength coefficient 

   𝜀0     =      initial elongation corresponding to limit of elasticity 

 𝜀𝑝̅̅̅̅      =      equivalent strain 

   𝑛    =      strain hardening exponent 

 

6.2 Dual-Phase Model Identification Program 

 As explained before, two approaches were used to identify the plastic properties of the multi-

material. The first one consists in using the already existing program. The program only considers the 

existence of one material. This way, it was assumed that the multi-material behaves as a one-material 

with homogenised properties. These homogenised properties were obtained by mixing the properties 

of both phases of the multi-material (the steel and the composite). Although this approach looks very 

inaccurate, it was decided not to discard the already existing program - who knows if the results 

obtained are not good enough. 

 The second approach consisted in creating a new identification program (two-phase model 

identification program) with the multi-material in mind, which is an adapted version of the already 

existing one.  The first step to create this new program was to change the base model of the FEM 

simulation of the bend tester. Then, taking into account the changes in the MSC Marc/Mentat input 

file of the new base model, adapt the identification program itself.  

 This section is devoted to the two-phase model identification program. Both the modifications 

in the FEA base model and in the identification program itself are explained. 

 

6.2.1 FEA Dual-Phase Base Model  

 As explained in Copra® FEA BendTester Opt, one of the steps of the inverse routine of the 

identification program is the FEM simulation of the bend test. The base model of the numerical 

simulation is a three-dimensional model (in order to obtain accurate results, the base model cannot 

be simplified into a 2D model because data M, when developing the bend test, found out that 
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deformation occurs in all three directions, even for isotropic materials) representing only half of the 

test (due to symmetry in the test); the clamp is represented as a rigid load controlled body. The 

element type used in FEA model is the element type 7 of the Marc Element Library, an eight node 

hexahedral solid element used in roll forming simulations. Since the base model already existing did 

not take into account either the existence of two materials or non-isotropic materials, it was required 

to adapt the model to be used by the dual-phase model identification program.  

 The modification of the model was a very careful process for the simple reason that the fewer 

the changes to the base model the fewer the changes to the identification program. A second row of 

elements was created along the thickness of the specimen, representing the carbon fibre reinforced 

thermoplastic – see Figure 6.3. This second row and the first row were modelled as belonging to the 

same part, this way there is no need for an extra contact relation between the two rows of elements 

– this modelling represents a perfect gluing between the two materials and is only valid because failure 

in the contact surface is not taken into account and so, there is no interest in modelling the contact 

between the two materials. In fact, if, during the experimental test, failure occurs in the interface of 

the two materials, the identification program cannot be used to identify the material properties which 

make it worthless to create an accurate representation of the contact between the two materials.  

 Regarding the material properties, a major simplification to the model was done. The composite 

material, due to being above the glass transition temperature, exhibits viscoelasticity. However, due 

to the lack of information regarding the composite material under study, a viscoelastic characterization 

was not possible under this study. This way, it was decided to characterize the composite material by 

its behaviour at room temperature and without plastification. Other factors supporting this 

simplification are: the influence of the composite in the overall properties of the multi-material, as 

mentioned before, is very low and the fact that this work, once more because of the lack of information 

regarding the materials under study, sets out as a first step to a more accurate and precise 

characterization of the material.  

 Therefore, orthotropic material properties were assigned to the new elements corresponding 

to the carbon fibre reinforced thermoplastic. Since the fibres in the composite material are uni-

directional the material can be considered transversely isotropic (Roylance 2000). However, in MSC 

Marc/Mentat there is no option for transversely isotropic materials and that is why orthotropic 

material properties were assigned to the elements – transverse isotropic materials are a special case 

of orthotropic materials that have one axis of symmetry.  

 In Figure 6.2 one can see the new base model to be used by the dual-phase model identification 

program. A displacement boundary condition in the x direction is applied in the extremity of the 

specimen which is not fixed in between the specimen holders, causing the bending arm to rotate 
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around the axis of rotation and, consequently, the specimen to bend. In Figure 6.3 one can see the 

detail of the two materials, the upper row represents the steel and the lower row the carbon fibre 

reinforced thermoplastic material. 

 

 

Figure 6.2 – Base model used in the FEA simulation of the Copra® FEA BendTester Opt. 

 

 

 

Figure 6.3 – Detail of the two materials in the base model used in the FEA simulation of the Copra® FEA BendTester Opt. 
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 The first is related with the update of the material properties in the finite element analysis 

model. Concerning the carbon fibre reinforced plastic, due to its transversely isotropic 

characterization, it was decided not to update any of its properties – the identification program is 

meant to identify the Swift law parameters, a law used to describe the plastic behaviour of isotropic 

materials.  This way, the program was modified in order to update only the parameters related with 

the steel.   

 The second concerns the update of the specimen thickness in the FEA model. Due to the nature 

of both materials, the steel was considered as a constant-thickness material. Therefore, any deviations 

on the thickness of the specimens are related with the thickness of the composite material. Thus, the 

identification program was adapted in order to keep the steel at a constant value (0.88 mm) and 

change the thickness of the carbon fibre reinforced plastics accordingly to the overall thickness of the 

specimen. 

 

6.3 Elastic Material Properties as an Input for Copra® FEA 

BendTester Opt 

 In this section the elastic properties of each of the materials that together form the multi-

material under study will be presented. The elastic properties were used as an input in Copra® FEA 

BendTester Opt. It is worth to notice that only the elastic properties will be presented, the plastic 

properties are the ones to be identified by the identification programs (homogenised model 

identification program and dual-phase model identification program). In 6.3.3 Steel and Carbon Fibre 

Reinforced Polyamide Multi-Material the approaches used to characterize the multi-material and the 

properties used in each of the identification programs will be presented.  

6.3.1 Steel 

 The elastic properties used for the steel were the standard properties of steel and they are 

presented in Table 6.1. 

Table 6.1 – Elastic properties of the steel. 

Properties Steel 

Young’s modulus, E 

[MPa] 
210000 

Poisson’s ratio, ν  0.30 

 



MULTI-MATERIAL PROPERTIES IDENTIFICATION 

70 
 

6.3.2 Carbon Fibre Reinforced Polyamide 

 The properties of the carbon fibre reinforced polyamide, due to lack of information regarding 

its behaviour and mechanical properties, were obtained analytically, through the properties of the 

matrix and fibres, using the rule of mixtures. The properties of the matrix and fibres were found in 

literature. 

 As mentioned before, the carbon fibre reinforced polyamide was considered as a transversely 

isotropic material which is a particular case of an orthotropic material. Therefore, the compliance 

matrix of the carbon fibre reinforced polyamide, which fully characterizes the elastic behaviour of the 

composite, is the following (Euler 2004): 
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where:     {𝜀}     =      strain vector 

[𝑆]     =      compliance matrix 

{𝜎}     =      stress vector 

𝐸𝑖     =      Young's modulus in the i direction 

𝜈𝑖𝑗     =      Poisson's ratio 

𝐺𝑖𝑗    =      shear modulus in the ij plane    

 

 Next, the relations between properties used to obtain the missing properties of the composite 

material are presented. Please note that the 1-direction represents the longitudinal direction of the 

composite material (fibre direction) and the 2- and 3-directions represent the transverse directions of 

the material. Properties in 2- and 3-directions are the same, the 23-plane is the isotropic plane. 

 The rule of mixtures can be used to obtain properties of a composite material using a system of 

springs as an analogy. The behaviour of the composite material in the longitudinal direction is 

equivalent to the behaviour of two springs in parallel. If two springs are placed in parallel (S1 and S2), 

the applied force 𝐹𝐴 must be shared by the two springs and the displacement ∆𝑥 will be the same in 

both springs (Naumann 2008). This way, the overall spring constant is 

 
𝑘 =

𝐹𝐴
∆𝑥

=
(𝐹𝑆1 + 𝐹𝑆2)

∆𝑥
= 𝑘𝑆1 + 𝑘𝑆2 (6.4) 

 

 Substituting the overall Young’s modulus times the area of the composite for 𝑘∆𝑥 and the 

Young’s modulus times the areas of each component for 𝑘𝑆1∆𝑥 and 𝑘𝑆2∆𝑥, the overall modulus 

becomes 

 
𝐸1 =

𝐸𝑆1𝐴𝑆1
𝐴𝐶

+
𝐸𝑆2𝐴𝑆2
𝐴𝐶

= 𝐸𝑆1𝑉𝑆1 + 𝐸𝑆2𝑉𝑆2 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚(1 − 𝑉𝑓) (6.5) 

 

where 𝑉𝑆1 and 𝑉𝑆2 are the volume fractions of each of the components, 𝑉𝑓 is the fibre volume fraction 

in the composite material which is equal to 48% and 𝐸𝑓 and 𝐸𝑚 are the tensile properties of the fibres 

and matrix, respectively (Naumann 2008). 

 The behaviour of the composite material in the transverse direction is equivalent to the 

behaviour of two springs in series. Now the 𝐹𝐴 is the same on each spring, but the displacements will 

be given by ∆𝑥𝑆1 = 𝐹𝐴/ 𝑘𝑆1 and ∆𝑥𝑆2 = 𝐹𝐴/ 𝑘𝑆2 (Naumann 2008). Now the overall displacement is 

given by ∆𝑥 = ∆𝑥𝑆1 + ∆𝑥𝑆2 and the overall spring constant becomes 
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𝑘 =

𝐹𝐴
∆𝑥𝑆1 + ∆𝑥𝑆2

=
1

1/𝑘𝑆1 + 1/𝑘𝑆2
=

𝑘𝑆1𝑘𝑆2
𝑘𝑆1 + 𝑘𝑆2

 (6.6) 

 

 Substituting the Young’s modulus times the area of the composite for 𝑘∆𝑥 and identifiy the 

strains 𝜀𝑆1 = 𝐹𝐴 𝐴𝑆1/𝐸𝑆1 and 𝜀𝑆2 = 𝐹𝐴 𝐴𝑆2/𝐸𝑆2  

 

 
𝐸𝐴𝐴𝐶 = 𝑘∆𝑥 =

𝐹𝐴∆𝑥

∆𝑥𝑆1 + ∆𝑥𝑆2
=

𝐹𝐴
𝜀𝑆1 + 𝜀𝑆2

=
𝐹𝐴

𝐹𝐴𝐴𝑆1 𝐸𝑆1⁄ +
𝐹𝐴𝐴𝑆2
𝐸𝑆2

=
𝐸𝑆1𝐸𝑆2

𝐸𝑆1𝐴𝑆2 + 𝐸𝑆2𝐴𝑆1
 

(6.7) 

 

Now by assuming that  𝐴𝑆1/𝐴𝐶 = 𝑉𝑆1 and 𝐴𝑆2/𝐴𝐶 = 𝑉𝑆2, we obtain 

 
𝐸2 =

𝐸𝑆1𝐸𝑆2
𝐸𝑆1𝑉𝑆2 + 𝐸𝑆2𝑉𝑆1

=
𝐸𝑓𝐸𝑚

𝐸𝑓(1 − 𝑉𝑓) + 𝐸𝑚𝑉𝑓
 (6.8) 

 

 where 𝑉𝑆1 and 𝑉𝑆2 are the volume fractions of each of the components, 𝑉𝑓 is the fibre volume fraction 

in the composite material which is equal to 48% and 𝐸𝑓 and 𝐸𝑚 are the tensile properties of the fibres 

and matrix, respectively (Naumann 2008). 

 For the Poisson’s ratio 𝜈12 the same analogy used to obtain 𝐸1 was used 

 𝜈12 = 𝑉𝑓 ∙ 𝜈𝑓 + (1 − 𝑉𝑓) ∙ 𝜈𝑚 (6.9) 

 

where 𝜈𝑓 is the fibre’s Poisson’s ratio and 𝜈𝑚 is the matrix’s Poisson’s ratio. 

 Being the material a transversely isotropic material, the following relations are valid (Schreurs 

2015; Euler 2004):  

 𝐸1 ∙ 𝜈31 = 𝐸3 ∙ 𝜈13 (6.10) 

 

 𝜈13 = 𝜈12 (6.11) 

 

 For the other out-of-plane Poisson’s ratio the following expression was used (Hull and Clyne 

1996): 



MULTI-MATERIAL PROPERTIES IDENTIFICATION 

73 
 

 
𝜈23 = 1 − 𝜈21 −

𝐸2
3𝐾

 (6.12) 

 

where 𝐾 is the bulk modulus and  

 𝐸1 ∙ 𝜈21 = 𝐸2 ∙ 𝜈12 (6.13) 

 

and 

 1

𝐾
=
𝑉𝑓

𝐾𝑓
+
1 − 𝑉𝑓

𝐾𝑚
 (6.14) 

 

with 

 
𝐾𝑓 =

𝐸𝑓

3 ∙ (1 − 2𝜈𝑓)
 (6.15) 

and 

 
𝐾𝑚 =

𝐸𝑚
3 ∙ (1 − 2𝜈𝑚)

 (6.16) 

 

the properties 𝐾𝑓  and 𝐾𝑚 correspond to the bulk modulus of the fibres and matrix, respectively. 

 The rule of mixtures for the shear modulus is the same as that for transverse tensile modulus 

(Goldney; Schreurs 2015). Assuming transverse isotropy (Goldney; Schreurs 2015), 

 

 
𝐺12 = 𝐺31 =

𝐺𝑓 ∙ 𝐺𝑚

𝑉𝑓 ∙ 𝐺𝑚 + (1 − 𝑉𝑓) ∙ 𝐺𝑓
 (6.17) 

 

where 𝐺𝑓 is the shear modulus of the fibres and can be obtained through the following expression 

(Goldney): 

 
𝐺𝑓 =

𝐸𝑓

2 ∙ (1 + 𝑉𝑓)
 (6.18) 

 

and 𝐺𝑚, the shear modulus of the matrix, through the relation (Goldney): 
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𝐺𝑚 =

𝐸𝑚
2 ∙ (1 + (1 − 𝑉𝑓))

 (6.19) 

 

 

 The third shear modulus was obtained from (Schreurs 2015): 

 
𝐺23 =

𝐸2
2 ∙ (1 + 𝜈23)

 (6.20) 

 

 After exposing all the equations required to obtain the properties of the composite material, 

only the properties of the fibres and the matrix are missing. In the following table one can see the 

properties of the carbon fibre, polyamide 6 at room temperature and polyamide 6 at forming 

temperature (190 ⁰C). The carbon fibres, at temperatures up to 400 ⁰C, do not change their properties 

(Feih et al. 2009). This way, the properties used for the carbon fibres were the ones at room 

temperature. However, the Young’s modulus of carbon fibres depends on their type and the way they 

were produced. To obtain a more accurate value for its Young’s modulus, a different approach was 

used: knowing the longitudinal Young’s modulus of the composite material at room temperature (a 

property provided by the composite material supplier) and the Young’s modulus of the matrix at room 

temperature it is possible to figure out the Young’s modulus of the fibres. Regarding the polyamide 6, 

its properties when above the glass transition temperature, which is the case, drastically change. Thus, 

it was mandatory to look for properties of the material at forming temperature.  

 

Table 6.2 – Elastic properties of the carbon fibre and polyamide 6 at room temperature and forming temperature 
(Krucinska and Stypka 1991; Sepe 2011; MatWeb 2016a, 2016b). 

Properties 
Carbon Fibre – 

up to 400 ⁰C 

Polyamide 6 – room 

temperature 

Polyamide 6 – forming 

temperature (190 ⁰C) 

Young’s modulus, E 

[MPa] 
2214501 2700 500 

Poisson’s ratio, ν  0.27 - 0.40 

1 – This value was obtained using the expression (6.5). For 𝐸1 it was used the value 107700 MPa (composite material 

longitudinal Young’s modulus – see Annex A) and for 𝐸𝑚 the value 2700 MPa (polyamide 6 Young’s modulus at room 

temperature).  
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 In Table 6.3 the properties for the composite material, that one gets after applying the data from 

Table 6.2 to the expressions above, are presented. 

 

Table 6.3 – Elastic properties of the carbon fibre reinforced polyamide. 

Properties Carbon Fibre Reinforced Polyamide 

Young’s modulus, E1 

[MPa] 
106556 

Young’s modulus, E2=E3    

[MPa] 
960 

Poisson’s ratio, ν12  0.34 

Poisson’s ratio, ν23 0.80 

Poisson’s ratio, ν31 0.0030 

Shear modulus, G12=G31 

[MPa] 
316 

Shear modulus, G23 

[MPa] 
267 

 

 

6.3.3 Steel and Carbon Fibre Reinforced Polyamide Multi-Material 

 For the homogenised model identification program, due to the nature of the program, it was 

required isotropic properties for one material only. Therefore, it was used the rule of mixtures, also 

used to obtain the properties of the composite material, to obtain a weighted mean, based on a spring 

model, between the properties of both materials – the properties obtained describe the behaviour of 

the multi-material as a whole.  

 However, even the homogenised properties depend on the direction of the fibres in the 

composite material. The properties that have a greater influence on the results are the ones in the 

direction of the test. This way, only those properties were taken into account in the calculus of the 

one-material properties - for instance, for the 0⁰ fibre orientation specimens the Young’s modulus of 
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the composite material to be used in the rule of mixtures is 106556 MPa and for the 90⁰ fibre 

orientation specimens it is 959.539 MPa.  

 Thus, modifying (6.5) and (6.9) for this particular case, the properties for the specimens with 0⁰ 

fibre orientation were obtained from:  

𝐸0⁰ =
0.47

1.35
∙ 𝐸1 +

0.88

1.35
∙ 𝐸 (6.21) 

and 

𝜈0⁰ =
0.47

1.35
∙ 𝜈12 +

0.88

1.35
∙ 𝜈 (6.22) 

 

where 𝐸 and 𝜈 are the elastic properties of the steel ( 

Table 6.1), 𝐸1 and 𝜈12 are the elastic properties of the composite material in the longitudinal direction 

(Table 6.3)  and 0.47 and 0.88 correspond to the thickness of the composite material and the steel, 

respectively; the properties for the specimens with 90⁰ fibre orientation were obtained from: 

𝐸90⁰ =
0.47

1.35
∙ 𝐸2 +

0.88

1.35
∙ 𝐸 (6.23) 

and 

𝜈90⁰ =
0.47

1.35
∙ 𝜈21 +

0.88

1.35
∙ 𝜈 (6.24) 

 

where 𝐸1 and 𝜈12 are elastic properties of the composite material in the transverse direction (Table 

6.3). 

 Regarding the 45⁰ fibre orientation specimens, a problem arises: the fibres were oriented 45⁰ to 

the direction of the test and information concerning the mechanical properties in that direction was 

not available. So, a transformation of axis was used to obtain the mechanical properties of the 

composite material when loaded at 45⁰ to the direction of the fibres (since the rotation of axis occurs 

in a plane it is pointless to use a three-dimensional transformation of axis). Using the following 

expression, one can obtain the transformed compliance matrix, which contains the elastic properties 

of the material, relative to the x-y axes oriented 45⁰ relatively to the 1-direction (Roylance 2000): 

𝑆45̅̅ ̅̅ = 𝑅𝐴45
−1𝑅−1𝑆𝐴45 (6.25) 
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where R, the Reuters matrix, A, the transformation matrix, and S, the compliance matrix, assume the 

following form: 

 
[𝑅] = [

1 0 0
0 1 0
0 0 2

] (6.26) 

 

 
[𝑅]−1 = [

1 0 0
0 1 0
0 0 0.5

] (6.27) 

 

 
[𝐴45] = [

0.5 0.5 1
0.5 0.5 −1
−0.5 0.5 0

] (6.28) 

 

 
[𝐴45]

−1 = [
0.5 0.5 −1
0.5 0.5 1
0.5 −0.5 0

] (6.29) 

 

 

[𝑆] =

[
 
 
 
 
 
 
1

𝐸1
−
𝜈21
𝐸2

0

−
𝜈12
𝐸1

1

𝐸2
0

0 0
1

𝐺12]
 
 
 
 
 
 

 (6.30) 

 

where the values for 𝐸1, 𝐸2, 𝜈12, 𝐺12 are the ones from Table 6.3 and 𝜈21 can be obtained from 

(6.13).tively to the fibres direction. 

Table 6.4 presents the elastic properties of the composite material in the xy-direction, inclined 45⁰ 

relatively to the fibres direction. 

Table 6.4 – Elastic properties of the carbon fibre reinforced polyamide in the xy-direction (45⁰ relatively to the longitudinal 
direction). 

Properties Carbon Fibre Reinforced Polyamide 

Young’s modulus, Exy 

[MPa] 
949.390 

Poisson’s ratio, νxy 0.504 
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 In the following table one can see the one-material elastic properties obtained from the 

expressions presented above. The properties for the specimens with 45⁰ fibre orientation were 

calculated by replacing 𝐸1 for 𝐸𝑥𝑦 and  𝜈12 for 𝜈𝑥𝑦 in expressions (6.21) and (6.22). 

Table 6.5 – Homogenised elastic properties for the specimens with 0⁰, 45⁰ and 90⁰ fibre orientation. 

Properties 0⁰ 45⁰ 90⁰ 

Young’s modulus, E 

[MPa] 
173986 137219 137223 

Poisson’s ratio, ν  0.31 0.37 0.20 

 

 For the dual-phase model identification program the properties from  

Table 6.1 were assigned to the steel and the properties from Table 6.3 were assigned to the carbon 

fibre reinforced thermoplastic material.  

 

6.4 Identification of the Plastic Material Properties 

 In this section the results obtained from the identification programs will be presented. The data 

from the tests with the specimens with 0⁰ fibre orientation will not be used in the identification 

programs for the simple reason that failure occurred during the test. The identification programs do 

not take into account failure, making it worthless to run the programs with the data from these 

specimens. However, these specimens will not be discarded. In 7 MULTI-MATERIAL FAILURE 

CRITERION the data obtained from the experimental tests with these specimens will be used to obtain 

the maximum compressive longitudinal strain possible in a roll forming line to produce steel and 

carbon fibre reinforced polyamide multi-material profiles. The data from the steel-only specimens will 

only be used with the homogenised model identification program – the homogenised model 

identification program only takes into account one material and if there is only one material it makes 

no sense to use a dual-phase model identification program. 

 Regarding the properties to be identified, the Copra® FEA BendTester Opt is capable of 

identifying the elastic properties (Young’s modulus and Poisson’s ratio) and the work hardening 

parameters of the Swift law. However, only the Swift law parameters were identified. The main reason 

for not identifying the elastic properties is the following: identifying all five parameters that the 

program is capable of is very time consuming, especially when many specimens’ properties need to be 
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identified. As mentioned before, information for an accurate characterization was lacking. Thus, it 

becomes fruitless to waste that much time in non-accurate identifications.  

 It is also worth to notice that only the data up to the point where the test reaches its furthest 

position was used in the identification programs. The data gathered during the return to the initial 

position was discarded, because it was not one of the goals of the work to determine the kinematic 

hardening parameters of the multi-material – according to data M expertise, the improvement that 

one obtains by using kinematic hardening in roll forming simulations is so small that it becomes 

pointless to consider it. 

 

6.4.1 Steel-only Specimens 

 To identify the plastic properties of the steel-only specimens only the homogenised model 

identification program was used. 

 

6.4.1.1 Homogenised Model Identification Program 

 In Table 6.6 one can see the results of the three Swift law parameters – K, ε0 and n for each of 

the steel-only specimens as well as the average values. Figure 6.4 shows not only the average value 

but the 95% confidence interval for each of the Swift law parameters. Figure 6.5 presents the plot of 

the Swift law, using the three parameters obtained from the identification program, for each of the 

specimens and also using average values.   
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Table 6.6 - Results from the homogenised model identification program for the steel-only specimens: Swift parameter K 
(strength coefficient), Swift parameter ε0 (initial elongation corresponding to limit of elasticity) and Swift parameter n 

(strain hardening exponent). 

Specimen 
Swift Parameter K 

[N/mm2] 
Swift Parameter ε0 Swift Parameter n 

Steel_S1 438.990 0.0200 0.198 

Steel_S2 306.072 0.0200 0.205 

Steel_S3 404.171 0.0200 0.200 

Average  383.077 0.0200 0.201 

 

 

Figure 6.4 - Bar graph with 95% confidence interval for the results from the homogenised model identification program for 
the steel-only specimens: Swift parameter K (strength coefficient), Swift parameter ε0 (initial elongation corresponding to 

limit of elasticity) and Swift parameter n (strain hardening exponent). 
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Figure 6.5 - Swift law plot from the results of the homogenised model identification program for the steel-only specimens. 

 

 The results obtained for the k parameter of the Swift law widely differ from specimen to 

specimen. In the other hand the results for the other two parameters of the Swift law look very precise 

– see Table 6.6 and Figure 6.4. In Figure 6.5 the curves look too far apart, this is due to the different 

results for the K parameter. 

 

6.4.2 90⁰ Fibre Orientation Specimens 

 To identify the plastic properties of the 90⁰ fibre orientation specimens both homogenised 

model and dual-phase model identification programs were used. 

 

6.4.2.1 Homogenised Model Identification Program 

 In Table 6.7 one can see the results of the three Swift law parameters – K, ε0 and n for each of 

the specimens as well as average values. Figure 6.6 shows not only the average value but the 95% 

confidence interval for each of the Swift law parameters. Figure 6.7 presents the plot of the Swift law, 

using the three parameters obtained from the homogenised model identification program, for each of 

the specimens and also using average values. 
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Table 6.7 – Results from the homogenised identification model program for the F90 specimens: Swift parameter K (strength 
coefficient), Swift parameter ε0 (initial elongation corresponding to limit of elasticity) and Swift parameter n (strain 

hardening exponent). 

Specimen 
Swift Parameter K 

[N/mm2] 
Swift Parameter ε0 Swift Parameter n 

F90_S1 1084.724 9.380e-09 0.382 

F90_S2 1006.410 2.031e-09 0.399 

F90_S3 1067.814 2.536e-09 0.386 

F90_S4 1067.789 1.830e-09 0.387 

Average  1056.684 3.944e-09 0.388 

 

 

 

Figure 6.6 – Bar graph with 95% confidence interval for the results from the homogenised model identification program for 
the F90 specimens: Swift parameter K (strength coefficient), Swift parameter ε0 (initial elongation corresponding to limit of 

elasticity) and Swift parameter n (strain hardening exponent). 
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Figure 6.7 – Swift law plot from the results of the homogenised model identification program for the F90 specimens. 

 

 Regarding the results for the specimens with the 90⁰ fibre orientation, one can see from Table 

6.7 that they only show a slight variance. This slight variance can also be observed due to the size of 

the confidence intervals, especially for the K and n parameters of the Swift law– see Figure 6.6.  Figure 

6.7 shows that the Swift law for the specimens F90_S1, F90_S2 and F90_S4 follows the same path, 

which is also the path of the Swift law obtained with the average values; only the F90_S2 Swift law 

curve is slightly different form the others due to its lower K parameter. 

 

6.4.2.2 Dual-Phase Model Identification Program 

  Table 6.8 presents the results of the three Swift law parameters – K, ε0 and n for each of the 

specimens as well as average values. Figure 6.8 shows not only the average value but the 95% 

confidence interval for each of the Swift law parameters. In Figure 6.9 one can see the plot of the Swift 

law, using the three parameters obtained from the identification program, for each of the specimens 

and also using average values.  
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Table 6.8 - Results from the dual-phase model identification program for the F90 specimens: Swift parameter K (strength 
coefficient), Swift parameter ε0 (initial elongation corresponding to limit of elasticity) and Swift parameter n (strain 

hardening exponent). 

 Specimen 
Swift Parameter K 

[N/mm2] 
Swift Parameter ε0 Swift Parameter n 

F90_S1 400.389 0.0200 0.200 

F90_S2 400.000 0.0200 0.240 

F90_S3 434.275 0.0200 0.202 

F90_S4 403.256 0.0200 0.200 

Average 409.480 0.0200 0.211 

 

 

 

Figure 6.8 - Bar graph with 95% confidence interval for the results from the dual-phase model identification program for the 
F90 specimens: Swift parameter K (strength coefficient), Swift parameter ε0 (initial elongation corresponding to limit of 

elasticity) and Swift parameter n (strain hardening exponent). 
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Figure 6.9 - Swift law plot from the results of the dual-phase model identification program for the F90 specimens. 
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average values; the F90_S2 and F90_S3 Swift law is slightly different form the others due to its lower 

n parameter and higher K parameter, respectively.  
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using the three parameters obtained from the homogenised model identification program, for each of 

the specimens and also using average values. 

 

Table 6.9 – Results from the homogenised model identification program for the F45 specimens: Swift parameter K (strength 
coefficient), Swift parameter ε0 (initial elongation corresponding to limit of elasticity) and Swift parameter n (strain 

hardening exponent). 

Specimen 
Swift Parameter K 

[N/mm2] 
Swift Parameter ε0 Swift Parameter n 

F45_S1 670.152 8.681e-09 0.313 

F45_S2 1010.658 1.093e-08 0.397 

F45_S3 1294.760 4.711e-07 0.410 

F45_S4 890.848 7.337e-10 0.367 

Average  966.604 1.229e-07 0.372 

 

 

Figure 6.10 – Bar graph with 95% confidence interval for the results from the homogenised model identification program 
for the F45 specimens: Swift parameter K (strength coefficient), Swift parameter ε0 (initial elongation corresponding to limit 

of elasticity) and Swift parameter n (strain hardening exponent). 
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Figure 6.11 - Swift law plot from the results of the homogenised model identification program for the F45 specimens. 

 

 From Table 6.9 one can realise that the variance of the results is very high.  In fact, this high 

variance can also be noted in the high confidence intervals (Figure 6.10) and in the difference between 

all the curves from Figure 6.11. 

  

6.4.3.2 Dual-Phase Model Identification Program 

 Table 6.10 presents the results of the three Swift law parameters – K, ε0 and n for each of the 

specimens as well as average values. Figure 6.12 shows not only the average value but the 95% 

confidence interval for each of the Swift law parameters. In Figure 6.13 one can see the plot of the 

Swift law, using the three parameters obtained from the identification program, for each of the 

specimens and also using average values.  
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Table 6.10 - Results from the dual-phase model identification program for the F45 specimens: Swift parameter K (strength 
coefficient), Swift parameter ε0 (initial elongation corresponding to limit of elasticity) and Swift parameter n (strain 

hardening exponent). 

Specimen 
Swift Parameter K 

[N/mm2] 
Swift Parameter ε0 Swift Parameter n 

F45_S1 345.347 0.0200 0.212 

F45_S2 310.711 0.0200 0.204 

F45_S3 363.631 0.0200 0.204 

F45_S4 330.004 0.0201 0.202 

Average  337.423 0.0200 0.205 

 

 

 

Figure 6.12 - Bar graph with 95% confidence interval for the results from the dual-phase model identification program for 
the F45 specimens: Swift parameter K (strength coefficient), Swift parameter ε0 (initial elongation corresponding to limit of 

elasticity) and Swift parameter n (strain hardening exponent). 
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Figure 6.13 - Swift law plot from the results of the dual-phase model identification program for the F45 specimens. 

   

 From Table 6.10 one can realize that the results of the n and ε0 parameters for the specimens 

with 45⁰ fibre direction are very precise. However, the results for the n parameter show a slightly high 

variance that can also be noted in its confidence interval – see Figure 6.12. Regarding the path followed 

by the Swift law obtained with the identified results and the average results one can see that, as in the 

90⁰ fibre direction, the F45_S1, F45_S4 and average curve look alike with the other two curves reaching 

either higher or lower stress values for the same level of strain.  

  

6.5 Discussion of the Results 

 First and foremost, it is important to state that, without any experimental tests in a roll forming 
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identification program and dual-phase model identification program) leads to a better material 

characterization and, consequently, more accurate results. It is also worth notice that, as stated before, 

the lack of quality in the production of the specimens have great influence on the experimental results 

and, subsequently, in the accuracy and precision of the material properties identification results. 

 Comparing the results from both programs, one can conclude that, despite the fact that the 

more precise results were obtained with the homogenised model identification program for the 

specimens with 90⁰ fibre orientation, the results from the dual-phase model identification program 

were, overall, more precise. In fact, with the homogenised model identification program it was possible 
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to obtain not only the more precise results but also, for the specimens with 45⁰ fibre orientation, the 

less precise results. It is also worth noticing that the values obtained with the homogenised model 

identification program are completely different from the ones obtained using the dual-phase model 

identification program. However, this difference was expected because whereas in the dual-phase 

model identification program only the plastic properties corresponding to steel (0.88 mm in thickness) 

are being identified in the homogenised model identification program the identified plastic properties 

correspond to the multi-material as a whole (1.35 mm in thickness). 

 Regarding the elastic properties used for the different types of specimens and identification 

programs, it is clear that the values used were too high. However, when we look at the results of the 

metal-only specimens where the tensile modulus and Poisson’s ratio was not obtained analytically, this 

difference between the results from the numerical simulation and the experimental test is also 

noticeable. This means that the problem may not be in the values used for the elastic properties but 

in the testing machine itself – maybe the load cell is not properly calibrated or the design of the 

machine has flaws.  

 Lastly, the Swift law parameters obtained from the dual-phase identification program for both 

the specimens with 45⁰ and 90⁰ fibre orientations refer to the steel’s plastic behaviour. Thus, a 

comparison between those results and the ones from the steel-only specimens can be done. The 

results from the steel-only specimens (383.077 for the K strength coefficient, 0.201 for the n strain 

hardening exponent and 0.0200 for the ε0 initial elongation corresponding to limit of elasticity) and the 

results from the dual-phase identification program for the 45⁰ fibre orientation (337.423 for the K 

strength coefficient, 0.205 for the n strain hardening exponent and 0.0200 for the ε0 initial elongation 

corresponding to limit of elasticity) and for the 90⁰ fibre orientation (409.480 for the K strength 

coefficient, 0.211 for the n strain hardening exponent and 0.0200 for the ε0 initial elongation 

corresponding to limit of elasticity) are very similar. The fact that results are similar indicates that the 

dual-phase model identification program is capable of accurate results and all the assumptions done 

while developing its base model and program, regarding the composite material and its influence in 

the behaviour of the multi-material, were acceptable.  
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7 MULTI-MATERIAL FAILURE CRITERION 

 During the experimental tests the 0⁰ fibre orientation specimens have failed. The multi-material 

was not able to withstand the amount of deformation and at a given moment the composite material 

debonded from the steel. Thus, the data from these tests was not used in the previous chapter 6 

MULTI-MATERIAL PROPERTIES IDENTIFICATION. However, the data from these tests together with 

the observations made during the tests and the numerical simulation of the bending test made it 

possible to create a multi-material failure criterion. This failure criterion defines the maximum 

compressive longitudinal strain at which the multi-material may be subjected without failure. 

 

7.1 Maximum Compressive Longitudinal Strain 

 From the tests with the 0⁰ fibre orientation it was possible to observe that after a certain point 

the composite material debonds from the steel. That physical change in the specimens is followed by 

a change in the force/position plot obtained from the test. In Figure 7.1 one can clearly observe that 

around the position of the test corresponding to 8 mm, with the exception of the F0_S2 specimen, the 

slope of the curves drastically changes. This means that the behaviour of the specimens has changed, 

most probably because the composite material is no longer influencing the results. After 

understanding how this observation is correlated with the deformation of the specimen and how it 

can be related with a roll forming process, it was possible to obtain the maximum compressive 

longitudinal strain failure criterion.   
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Figure 7.1 – Experimental results for the specimens with 0⁰ fibre orientation.  

  

 In Figure 7.2 one can see the representation of the 0⁰ fibre orientation specimen. The fibres are 

part of the composite material and they are placed in the inner bending surface of the specimen. When 

this type of specimen is being tested, the specimen bends causing the fibres to bend. This means that 

the fibres are subjected to a compressive stress and strain. The fibres are not able to follow the bending 

movement of the specimen and at a given point they cause the composite to debond from the steel. 

By knowing the deformation in the direction of the fibres (longitudinal strain) along the test one is able 

to correlate that deformation with the failure in the specimen.  

 

 

Figure 7.2 – Representation of the 0⁰ fibre orientation specimen; the lines represent the orientation of the fibres. 

 

 Afterwards, it is essential to understand the relation between the longitudinal strain that can be 

obtained from the tests with the specimens and a roll forming process. First, it is important to 

understand the deformations that occur in a roll forming process. In Figure 7.3 those deformations are 

visible and one can see that there are not only transversal elongation and shrinkage but also 

longitudinal elongation and shrinkage and longitudinal bending and bending back. This way, by looking 
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at the orientation of the fibres in the 0⁰ fibre orientation specimens (see Figure 7.2) and the orientation 

of the fibres in the profile to be produced (see Figure 7.4 where the black lines represent the 

orientation of the carbon fibres in the composite material), it is possible to conclude that the 

longitudinal deformation that occurs in the longitudinal direction of the specimen is the same 

longitudinal deformation that occurs in the roll forming process of the profile.  

 

 

(a)          (b) 

Figure 7.3 – Deformation of the metal strip during roll forming: (a) mechanism of deformation; (b) mechanism of 
longitudinal bending (Halmos 2006). 

 

 

Figure 7.4 – Multi-material profile to be produced; the lines in black represent the orientation of the carbon fibres in the 
composite material. 

            

 The longitudinal deformation (longitudinal strain) is an important parameter to control in a roll 

forming process. The higher the longitudinal strain the higher the probability of the defects in the final 

shape of the profile. When forming a steel and carbon fibre reinforced thermoplastic multi-material 

this parameter gains even more importance because if the longitudinal strain reaches a certain value 

the fibres either break or the composite material debonds from the steel. This way, controlling the 

compressive longitudinal strain throughout a roll forming process of a multi-material is not only 
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advisable but mandatory and keeping it below a certain value becomes a design rule for a roll forming 

line. As mentioned before, the data obtained from the experimental tests with the 0⁰ fibre direction 

specimens was not used in the thermomechanical properties identification, instead it was used to 

obtain the maximum compressive longitudinal strain that the multi-material can withstand.     

  

7.2 Results 

 Figure 7.5 shows the experimental results for 0⁰ fibre orientation specimens, the black dots 

represent the position at which the behaviour of the specimens drastically changes – from this point 

on the composite material is already debonded from the steel. Note that the behaviour of the 

specimen F0_S2 is completely different from the others and it fails earlier than the others. Therefore, 

this specimen was discarded: either the specimen was already faulty or something went wrong during 

the test. 

 

Figure 7.5 – Experimental results for the specimens with 0⁰ fibre orientation; the black dotes line is placed in the position 
where the composite material debonds from the steel.  

 

 To know the longitudinal strain that the specimen is subjected to during the test a FEA 

simulation was performed. To simulate the bend testing the base model of the dual-phase model 

identification program was used – see FEA Dual-Phase Base Model . The overall thickness of the 
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multi-material was 1.3 mm (the thickness of the F0 specimens is considered in this analysis - see 

Table 5.1) and the material properties assigned were the ones from  

Table 6.1, for the steel, and the ones from Table 6.3, for the composite material. Afterwards, and for 

each increment of the numerical simulation, the maximum values of compressive longitudinal strain 

for both the outer surface of the composite and the interface steel-composite were collected (the 

values are negative because they refer to compression, in case of tension the values would be positive). 

This way, it was possible to plot the two lines from Figure 7.6.  

 In Figure 7.6 one can see the maximum compressive longitudinal strain in the interface steel-

composite and in the composite outer surface along the bending test.  

 

 

Figure 7.6 – Results for the maximum compressive longitudinal strain in the steel-composite interface and in the composite 
outer surface. 
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 Figure 7.7 shows the longitudinal strain-position curves, considering only the initial part of the 

curves in Figure 7.6. The line with black dots is placed in the same position as the one from Figure 7.5 

and it represents the position were the failure occurs. 

 

 

Figure 7.7 – Initial part of the results for the maximum compressive longitudinal strain in the interface steel-composite and 
in the composite outer surface. The black dotes line is placed in the position where the composite material debonds from 

the steel. 

  

 The maximum compressive longitudinal strain at which the multi-material can be subjected is 

0.058% in the interface steel-composite and 0.14% in the outer surface of the composite material – 

see Figure 7.7. 

 

7.3 Discussion of the Results 

 From the results presented above, the following failure criterion for this specific multi-material 

can be defined:  
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compressive longitudinal strain in the interface steel-composite > 0.058% 

the composite material debonds from the steel causing a major failure in the multi-material. The 

presented values only concern the multi-material under study. However, for a different multi-material 

the test and methodology can be repeated and different values could be found.  

 The results obtained for the maximum compressive longitudinal strain were kind of unexpected 

because the values at which the failure occurs are very low. In fact, and according to the expertise of 

data M Sheet Metal Solutions, keeping the compressive longitudinal strain in a roll forming simulation 

below 0.058% in the interface steel-composite and 0.14% in the outer surface of the composite 

material is a real challenge. Thus, the viability of the TRoPHy 2, with the present specifications, is 

brought into question. Therefore, in 10  FUTURE WORK some suggestions of ways to get around 

the debonding will be presented. 

 It is also worth noticing that if the composite material was placed in the outer bending surface 

of the specimen, tensile longitudinal strain would have been obtained. This way, in future works, it is 

advisable to perform those tests in order to find the maximum tensile longitudinal strain – those tests 

were not yet performed because no more specimens were available. However, one should analyse, 

once more, the suitability of the clamps to keep the material in the right positon – the experimental 

validation of the set-up presented in section 4.5 Set-up experimental validation was performed with 

the composite material only in the inner bending surface of the specimen. 
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8 NUMERICAL SIMULATION OF A ROLL FORMING 
PROCESS 

 In 6 MULTI-MATERIAL PROPERTIES IDENTIFICATION two different approaches were used to 

identify the properties of the multi-material. Without experimental tests in a roll forming line it is 

impossible to state which of the two approaches provides the best material characterization. However, 

two roll forming numerical simulations, using both approaches, were done to understand if they 

present different results. In case they show the same results, even without knowing which of the two 

approaches provides a better characterization, it is possible to conclude that it was useless to create 

the dual-phase model identification program. In this chapter the roll forming numerical simulations 

performed will be presented. The numerical simulations were prepared and run using the software 

developed by data M – COPRA® RF and COPRA® FEA RF. Then, three criterion were used to compare 

the three simulations – final geometry of the profile, forming behaviour of the sheet and maximum 

compressive longitudinal strain (as explained in 7 MULTI-MATERIAL FAILURE CRITERION controlling 

the maximum longitudinal strain in a roll forming process of a multi-material is essential to prevent 

failure). 

 

8.1 Numerical Simulation Model 

 To compare the homogenisation model with the dual-phase model two different numerical 

simulations were created. The only difference between the two numerical simulations is the material 

properties. A very simple roll forming simulation model with only four stations was used because this 

model is only meant to be used in the comparison of the two approaches mentioned above. The 
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simulation model consists of a 1000 mm sheet with symmetry – only one side of the profile is modelled. 

The sheet is held in place by means of boundary and symmetry conditions. The rolls were modelled as 

rigid surfaces and they are moved in the forming direction – the process is inverted in relation to a real 

roll forming process. In order to simplify the simulations, friction between the multi-material sheet 

and the rolls has not been taken into account. The station distance was reduced to a minimum (as long 

as the distance between rolls does not drop below the deformation length there is no influence in the 

results; this reduced distance between rolls is the reason why in Figure 8.1 one can see that two rolls 

are overlapped, this overlapping as no influence in the results) to reduce the simulation time. The 

following figure shows the full simulation model – only one model is shown because the geometry of 

the two models is the same. 

 

 

Figure 8.1 – Simulation model of the roll forming process. 

 

 The coordinate system used in the simulations was the following: 

 𝑥 for the horizontal direction perpendicular to the sheet travel 

 𝑦 for the thickness direction in the flat sheet (vertical) 

 𝑧 for the sheet travel direction (forming direction) 

 The element type used in the simulations was the element type 7 of the Marc Element Library. 

It is an eight node hexahedral solid element with trilinear interpolation (MSC Software 2013). This 

choice was based in the fact that this is the standard element used by data M in roll forming 

simulations.  
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 The definition of the element size was based on the experience of data M on roll forming 

simulations. A constant element size was used over the length of the sheet because there should be 

no difference in the behaviour of the sheet along the 𝑧 direction (Figure 8.2). The element size in this 

direction was, approximately, 2.3 mm. Over the width of the sheet, a finer mesh was used in the 

bending zones, as this is the area of higher strain values, and on the strip edge because it is an area 

where longitudinal strain typically occurs and to accurately model the interaction between the sheet 

and the rolls (Figure 8.2). Two elements were used over the thickness for the simple reason that the 

sheet is composed by two different materials, steel and carbon fibre reinforced polyamide (Figure 8.3). 

The upper row of elements, with an element size of 0.47 mm, represents the composite and the lower 

row of elements, with an element size of 0.88 mm, represents the steel. 

 

 

Figure 8.2 – Top view of the simulation mesh. 
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Figure 8.3 – Front view of the simulation mesh; the upper layer of elements represents the composite material and the 
lower layer of elements represent the steel. 

  

 Regarding the material model, two different models were used. In the homogenised model the 

same material properties were assigned to all the elements. Due to the lack of information regarding 

the behaviour of the multi-material in the thickness direction, an isotropic material characterization 

was used to describe the behaviour of the material. The most important direction in the roll forming 

process is the perpendicular direction to the sheet travel. This way, the properties used in the isotropic 

characterization of the material were the ones from the 90⁰ fibre orientation. The properties from 

Table 6.5 were used to describe the elastic behaviour and the properties from Table 6.6 (the average 

values were used) to describe the plastic behaviour, by means of the Swift law, of the multi-material 

in the homogenised model. For the dual-phase model, properties from Table 6.3 were assigned to the 

elements corresponding to the composite material (as in 6.2.1 FEA Dual-Phase Base Model, only 

elastic properties were used to characterize the behaviour of the composite material). To the elements 

corresponding to steel, properties from Table 6.1 were assigned to describe its elastic behaviour and 

properties from Table 6.8 (the average values were used) to describe its plastic behaviour, by means 

of the Swift law.  

 

8.2 Results 

 To analyse and compare the two models three different criteria were used. The geometry of the 

profile presents the shape of the profile in three different positions of the sheet – a bigger difference 

between the three shapes indicates a poorer production quality. The forming behaviour, analysed 

through the path that the strip edge follows through the process – by having a smoother path the 
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probability of the appearance of defects in the final profile decreases. The maximum compressive 

longitudinal strain, where, using the multi-material failure criterion presented in 7 MULTI-MATERIAL 

FAILURE CRITERION, it is analysed whether the multi-material fails or not. 

 

8.2.1 Geometry of the Profile 

 In the following figures the final geometry of the profile obtained in three different positions of 

the sheet is presented. Figure 8.4 concerns the results from the homogenised model and Figure 8.5 

the ones from the dual-phase model. 

 

Figure 8.4 – Homogenised model: final geometry of the profile obtained in different positions of the sheet (begging, middle 
and end). 
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Figure 8.5 – Dual-phase model: final geometry of the profile obtained in different positions of the sheet (begging, middle 
and end). 

  

 Figure 8.4 and Figure 8.5 show that in the dual-phase model the difference between the 

geometries obtained in three different positions is much smaller than the one from the homogenised 

model.  This shows that not only the results obtained from the two models are different but also that 

the dual-phase model presented the best results. 

 

8.2.2 Forming Behaviour: Path of the Strip Edge 

 Figure 8.6, Figure 8.7, Figure 8.8 and Figure 8.9 shows the forming behaviour in the station 1, 

station 2, station 3 and station 4, respectively. The forming behaviour was analysed through the 

displacement in the 𝑥 direction of the strip edge. As explained in 7.1 Maximum Compressive 

Longitudinal Strain in the forming direction, the sheet follows a curve path between stations. This way, 

by analysing the displacement of the strip edge, while entering in a station, it is possible the levels of 

deformations at which the sheet is subjected. Please note that the curves in red refer to the results 

from the homogenised model simulation and the curves in blue refer to the results from the dual-

phase model simulation. 
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Figure 8.6 – Station 1: strip edge displacement in the  𝑥 direction; results from the homogenised model in red, results from 
the dual-phase model in blue, the green line indicates the position where the sheet touches the rolls of the station. 

 

 

 

 

 

Figure 8.7 - Station 2: strip edge displacement in the  𝑥 direction; results from the homogenised model in red, results from 
the dual-phase model in blue, the green line indicates the position where the sheet touches the rolls of the station. 
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Figure 8.8 - Station 3: strip edge displacement in the  𝑥 direction; results from the homogenised model in red, results from 
the dual-phase model in blue, the green line indicates the position where the sheet touches the rolls of the station. 

 

 

 

 

 

Figure 8.9 - Station 4: strip edge displacement in the  𝑥 direction; results from the homogenised model in red, results from 
the dual-phase model in blue, the green line indicates the position where the sheet touches the rolls of the station. 
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 Figure 8.6, Figure 8.7, Figure 8.8 and Figure 8.9 show that the path followed by the strip edge in 

the dual-phase model simulation is much smoother (this observations can be done by looking at the 

slopes from the two different curves) than the one followed in the homogenised simulation – in order 

to avoid defects it is better to have a smoother strip edge path. Once again, this indicates that the two 

material models provide completely different results.  

 

8.2.3 Maximum Compressive Longitudinal Strain 

 Controlling the maximum compressive longitudinal strain in a roll forming process of a multi-

material is fundamental. In case it goes above a certain value the composite material debonds from 

the steel. This way, analysing the maximum longitudinal strain in a roll forming of simulation of a multi-

material becomes extremely important and it was decided to use it as a criterion to compare both 

models. Note that, because it is a compressive strain, in the figures below the values of the longitudinal 

strain are negative. 

 Figure 8.10 and Figure 8.11 show the maximum compressive longitudinal strain obtained from 

the simulation using the homogenised material model in the composite outer surface and in the 

interface steel-composite, respectively. To obtain these plots a row of nodes was selected in the 𝑥 

direction. Then, for each increment, the minimum longitudinal strain (saying minimum longitudinal 

strain is equivalent to maximum compressive longitudinal strain because the values corresponding to 

compressive longitudinal strain are negative) from all the nodes was selected. This way, it was possible 

to know the maximum compressive longitudinal strain that the sheet of material is withstanding in 

each increment. The red lines indicate the values at which failure occurs - 0.058% for the interface 

steel-composite and 0.14% for the outer surface of the composite material 
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Figure 8.10 – Homogenised model: maximum compressive longitudinal strain in the composite outer surface along the 
position of the sheet; the line in red indicates the limit value defined by the maximum compressive longitudinal strain 

failure criterion. 

 

Figure 8.11 - Homogenised model: maximum compressive longitudinal strain in the steel-composite interface along the 
position of the sheet; the line in red indicates the limit value defined by the maximum compressive longitudinal strain 

failure criterion. 
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 In the following figures one can see the locations where the composite material debonds from 

the steel (the locations correspond to the zones in red). Figure 8.12 shows the locations in the outer 

surface of the composite, when the sheet is in the first station, where the maximum longitudinal strain 

surpassed the maximum compressive strain that the material can withstand. Figure 8.13 shows the 

same as Figure 8.12 with the difference that instead of being in the first station it is in the last station.  

 

 

Figure 8.12 – Homogenised model: locations where failure occurs in the composite outer surface while the sheet is in the 
first station; the red zones indicate the location of the failure. 

 

 

Figure 8.13 – Homogenised model: Locations where failure occurs in the composite outer surface while the sheet is in the 
last station; the red zones indicate the location of the failure. 
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 From the results presented in Figure 8.10 and in Figure 8.11, obtained from the simulation using 

the homogenised material model, one can see that the maximum values of longitudinal strain both in 

the outer surface of the composite material and in the interface steel-composite surpassed the 

maximum value defined by the maximum compressive longitudinal strain failure criterion. In fact, in 

the outer surface, where the compressive longitudinal strain achieves higher values, in all stations the 

compressive longitudinal strain exceeds the limit value. In Figure 8.12 and Figure 8.13, where the red 

zones indicate failure, one can see that failure occurs in different locations of the sheet, namely in the 

strip edge and in the middle of the sheet.  

 Figure 8.14 and Figure 8.15 show the maximum compressive longitudinal strain obtained from 

the simulation using the dual-phase material model in the composite outer surface and in the interface 

steel-composite, respectively. To obtain these plots the same method used to obtain the plots from 

Figure 8.10 and Figure 8.11 was used. The red lines indicate the values at which failure occurs - 0.058% 

for the interface steel-composite and 0.14% for the outer surface of the composite material. 

 

 

Figure 8.14 – Dual-phase model: maximum compressive longitudinal strain in the composite outer surface along the 
position of the sheet; the line in red indicates the limit value defined by the maximum compressive longitudinal strain 

failure criterion. 
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Figure 8.15 – Dual-phase model: maximum compressive longitudinal strain in the steel-composite interface along the 
position of the sheet; the line in red indicates the limit value defined by the maximum compressive longitudinal strain 

failure criterion. 

 

 In the following figures one can see the locations where the composite material debonds from 

the steel (the locations correspond to the zones in red). Figure 8.16 shows the locations in the outer 

surface of the composite, when the sheet is in the first station, where the maximum longitudinal strain 

surpassed the maximum compressive strain that the material can withstand. Figure 8.17 shows the 

same as Figure 8.16 with the difference that instead of being in the composite outer surface and in the 

first station it is in the interface steel-composite and in the last station (note that the elements 

corresponding to the steel are not visible).  
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Figure 8.16 – Dual-phase model: locations where failure occurs in the composite outer surface while the sheet is in the first 
station; the red zones indicate the location of the failure. 

 

 

Figure 8.17 – Dual-phase model: locations where failure occurs in the steel-composite interface while the sheet is in the last 
station; the red zones indicate the location of the failure. 

 

 In the results presented in Figure 8.14 and in Figure 8.15 it is visible that both in the outer surface 

of the composite material and in the interface steel-composite the maximum values of longitudinal 

strain surpassed the maximum value defined by the maximum compressive longitudinal strain failure 

criterion. In fact, in the steel-composite interface, where the compressive longitudinal strain achieves 

higher values, in all stations the compressive longitudinal strain exceeds the limit value. In Figure 8.16 

and Figure 8.17 , where the red zones indicate failure, one can see that failure occurs in different 

locations of the sheet, namely in the bending zone and in the middle of the sheet. 
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8.3 Discussion of the Results 

 Analysing the results, one can easily conclude that using the homogenisation model or the dual-

phase model leads to different results in a roll forming simulation. This way, experimental tests are 

required to make it possible to understand which of the two material models provides the most 

accurate results. Experimental tests will also demonstrate if the approach and assumptions used in the 

base model and in the program itself of the dual-phase model identification program are feasible and 

possible.  

 Regarding the results for the maximum compressive longitudinal strain, by comparing the 

results obtained from the homogenised model and the ones obtained from the dual-phase model one 

can conclude that the compressive longitudinal strain, between the two models, is completely 

different. In the homogenised model the compressive longitudinal strain achieves higher values in the 

outer surface of the composite material, while in the dual-phase model the compressive longitudinal 

strain achieves higher values in the interface steel-composite. Thus, the different material models lead 

not only to different values but also to different behaviours in the compressive longitudinal strain. 

 Lastly, even in a simple roll forming simulation, with only four stations, the maximum 

compressive longitudinal strain that the multi-material is able to withstand was easily surpassed. Thus, 

the composite material debonds from the steel and a major failure occurs in the multi-material. This 

further proves that the TRoPHy 2 projects needs to be redefined in order to avoid the debonding 

between the two materials.  
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9 CONCLUSIONS 

 The main purpose of this dissertation work was the mechanical characterization of a steel and 

carbon fibre reinforced thermoplastic multi-material at forming temperature (190 °C) for roll forming 

simulations by means of a bending test. Due to several problems that arise during the time that this 

project took to be concluded, the main goal, an accurate characterization, became unattainable. The 

specimens lacked production quality and the Copra® FEA BendTester has proven, at a late stage, that 

needs further developments for testing the multi-material specimens. However, this work, the 

methods and procedures here exposed, set out as a first step to obtain an accurate material 

characterization of the steel and carbon fibre reinforced thermoplastic multi-material. This way, it is 

believed that after the problems exposed above are solved, a proper thermomechanical 

characterization can be obtained. Nevertheless, many conclusions can be drawn from this dissertation 

work.  

 The results of the experimental tests performed in the Copra® FEA BendTester show, by and 

large, low precision. The tests were all conducted under the same testing conditions and so it was 

expected that specimens of the same type behaved almost the same way. However, the low thickness 

of the specimens (1.35mm) and the low forces required to bend it lead to the conclusion that any 

minor deviation in its dimensions or any defect in the composite material have great influence on the 

results. This way, it is mandatory to improve the production quality of the specimens. The specimens 

with 0⁰ fibre orientation were not able to withstand the deformation to which the specimens were 

subjected along the test and when the deformation reached a certain value the composite material 

debonded from the steel causing a major failure in the specimen. The results from the tests with the 

45⁰ fibre orientation and 90⁰ fibre orientation specimens proved to be very similar. It looks like the 
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behaviour of the composite material is approximately equal in both directions (the orientation of the 

composite material was the only difference between the two different types of specimens).  The results 

for the metal-only specimens were very intriguing. These specimens were not subjected to any 

production process besides cutting. Thus, a very small variance between the results was expected. 

However, the curves were rather different. 

 Regarding the results obtained from Copra® FEA BendTester Opt, it is not possible to claim with 

certainty which of the two approaches provides the best multi-material characterization. To do so it is 

mandatory to compare results from numerical simulations, using both multi-material 

characterizations, with experimental results from a roll forming line. However, by comparing the 

results from the two identification programs and taking into account both F90 and F45 specimens, one 

can conclude that the results obtained from the dual-phase model identification program were more 

precise – the results from the F90 and F45 specimens, as expected, were very similar and the variance 

between the results was acceptable.  

 Considering that the dual-phase model identification program has been developed to identify 

the steel properties, its results can be compared with the ones obtained for the steel-only specimens. 

When that is done, one can observe that the results are very close. From these results, one can 

conclude that not only the assumptions and simplifications made while developing the dual-phase 

model identification program were feasible but also the obtained multi-material characterization looks 

very promising. 

 The results of the maximum compressive longitudinal strain were not satisfying at all. Not 

because they were wrong or inaccurate, but because they show that further developments need to be 

performed in order to make it possible to produce the multi-material roll forming profile. The 

composite material debonds from the steel at extremely low values of strain (0.06% for the interface 

steel-composite and 0.14% for the outer surface of the composite material) and those values are easily 

surpassed in a roll forming line. Thus, methodologies to decrease the compressive longitudinal strain 

in a roll forming process should be investigated. Nevertheless, questions regarding the feasibility of 

the TRoPHy 2 project arise.  
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10  FUTURE WORK 

 The author would like to make the following suggestions and recommendations for future 

studies regarding not only the thermomechanical characterization of a carbon fibre/polyamide/steel 

multi-material for roll forming simulation by means of a bending test but also the TRoPHy 2 project 

itself: 

 

 The COPRA®FEA BendTester must be analysed to understand the reason behind the 

low forces measured when bending the material. Only after understanding and solving 

the problem can a more accurate material properties identification be achieved. 

 Experimental tests should be performed with different testing parameters: by 

changing the velocity of the test, one can understand if the material properties are 

time-dependent; by changing the distance between clamps and the amplitude of the 

movement different levels of plastification are obtained.  

 Experimental tests in a roll forming line and the comparison of the results with the 

ones from the roll forming simulation with the properties obtained from the 

identification programs should be done. Only then is possible to draw conclusions 

regarding the accuracy of the material characterization obtained by means of the 

identification programs. 

 In case the two approaches used in the identification programs prove to be inaccurate, 

different approaches to characterize the composite material need to be used, namely 

viscoelasticity. 
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 Experimental tests in specimens with better production quality shall be performed 

again, thus accessing repeatability. Additionally, the identification procedure should 

be performed, identifying all the five material parameters (Young’s modulus, Poisson’s 

ratio and the K, n and ε0 Swift law parameters).  

 Tests should be performed with the composite material placed in the bending outer 

surface of the specimen. This way the composite material is subjected to tensile forces 

and, by testing specimens with 0⁰ fibre orientation, it is possible to know the maximum 

tensile longitudinal strain that the multi-material can withstand.  

 Regarding the TRoPHy 2 project, the very low longitudinal strain value at which the 

multi-material fails, raises serious questions concerning the feasibility of the project. 

Therefore, three main suggestions to overcome the debonding problem arise: 

applying an adhesive between the two material to increase the force that keeps them 

together (this solution implies the change of the project specifications); placing the 

composite material in a later stage of the roll forming process thus avoiding the initial 

forming stations, and using intermediate tooling between forming stations so that the 

composite is kept in contact with a surface that prevents the debonding. 
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ANNEX A: Carbon Fibre Reinforced Polyamide Tape – 

   Product Data Sheet
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