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Abstract 
To reduce cost of structural composites, the development of more efficient 
manufacturing methods is of great interest. An automatic tape layer (ATL) can be 
used to perform the layup in an efficient way for flat sheets and the second step is by 
pressure forming the prepreg stack onto a given mould. Sheet forming of thermoset 
prepreg, also known as hot drape forming, is a promising manufacturing method 
when combined with automatically stacked laminates. To reach the desired shape, 
without flaws such as wrinkles and severe fibre angle deviation, knowledge about the 
forming behaviour of stacked material is important. A simulation of the forming can 
add to the understanding of mechanisms causing defects and also how to avoid them. 

A continuum mechanical finite element approach is used to model the forming of 
stacked unidirectional prepreg. This with the aim of finding mechanisms causing 
defects, such as out-of-plane wrinkling and in-plane waviness. Data from 
experimental characterisation of the materials are required for the constitutive 
material models. An experimental approach is used to investigate the intraply (within 
the layer) and interply (between the layers) deformation. The intraply deformation 
behaviour is investigated by a bias extension test, where resistance to deform and 
fibre rotation are registered. The interlaminar friction characteristics in the 
prepreg/prepreg interface are retrieved from tests performed with a specially 
designed rig. Measurements on the bending stiffness of the prepreg, both transverse 
to and in the fibre direction, are used in the out-of-plane model. 

Different aerospace-grade thermoset prepreg materials are tested and major 
differences in behaviour are found. Since epoxy is brittle, the resin is toughened by 
thermoplastics, for some materials in liquid phase and for others by solid particles. 
These particles seem to influence both the intraply deformation modes and increase 
the level of friction between layers. 

The experimental data from shear, friction and bending tests are used to calibrate 
the chosen material models. In-plane forming simulations confirm the affect stacking 
sequence have on the forming behaviour. Full-scale forming simulations on a joggles 
beam are performed with one of the tested material systems. Two different stacking 
sequences, with the same amount of fibre in the main directions, are analysed and 
compared. Both numerical and experimental forming shows that the coupling 
between layers, due to the interply friction, will affect the forming behaviour and in 
some cases create wrinkles. Wrinkles can develop both in the plane and out-of-plane, 
where only the in-plane waviness is present in the performed forming simulations.  
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Introduction 
A conscious material choice is important in all designs and is often based on where 
and what it should be used for. Requirements can be expressed in forms of structural 
performance and operating conditions, as well as demands on cost and appearance. 
New material systems are continuously developed to meet the aim of finding the 
perfect match for a certain application. Nature is sharing our aim of having an 
optimised material structure, providing many natural composites, such as wood, plant 
stems and bone structures. For a material to be called as a composite it has to be 
made out of at least two structurally different components; usually one for stiffness 
and one for toughness. Composites can be classified by three different categories: 
particle-reinforced, fibre-reinforced or structural composites. Some types of bones 
are an example of both particle-reinforced and structural composites. An example is 
the human vertebrae seen in Figure 1.  

             
Figure 1. The human vertebrae, a natural composite. 

It is a structural composite since the bone consists of two structurally different types: 
cortical and cancellous bone. The cortical bone is compact and strong to be able to 
carry loads and protect the spinal cord. The porous and light cancellous bone is 
organised in a three-dimensional latticework which supports the cortical bone, but 
without adding a lot of weight. This structure also enables room for marrow, where 
the large surface area is ideal for metabolic activity, e.g. exchange of calcium ions [1]. 
The cortical bone is in itself a particle-reinforced composite, where the collagen is 
reinforced by mineral crystals. The fibre-reinforced composites have direction 
dependent properties; this since the stiffness and strength of the reinforcement 
usually is considerably higher than the surrounding material. An example of a natural 
fibre-reinforced composite is wood, where lignin is reinforced by cellulose fibres.  
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Man-made composites mainly consist of matrix and reinforcement, often referred 
to as the constituents [2]. The matrix is usually relatively weak, but by surrounding the 
stiff and strong reinforcement it acts as a support and enhanced properties are 
achieved. The combination of constituents creates a new material with different 
properties compared to the individual constituents. Metal reinforced concrete and 
asphalt are examples of well known materials that can be classified as composites. 
Another group is the ceramic composites, which can withstand extreme temperatures 
and are therefore used as for example shielding plates on space shuttles. Many of the 
most well known composites are fibre-reinforced, such as glass fibre composites in 
pleasure boats. Although, many interesting applications for different types of 
composites are available, all the composites referred to within this study from here on 
are fibre-reinforced composites. 

Composites are often said to be lightweight, which can be confusing since it is 
not referring to the true weight of a component or even its density. Instead, the light 
weight is a result of both the high stiffness to weight ratio and the possibility to 
choose the direction/s of reinforcement to match the load criterions. Reducing 
weight is not the only reason for using composites. For example, carbon composites 
in aviation are chosen partly for their excellent fatigue properties and aramid 
composites, also known as Kevlar, for properties that stop bullets from penetrating a 
structure. Another advantage with composites is the possibility to produce highly 
integrated structures, instead of assembling many parts after manufacturing. An 
example is the co-cured wing panel seen in Figure 2, made out of carbon composites; 
here there is no need for rivets. 

 
Figure 2. A wing panel from Clean sky-project, a highly integrated, co-cured composites 

structure. Courtesy of Saab Aerostructures, Linköping, Sweden.  
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Polymers and fibres 
Polymer-based composites are the most commonly used composites. The choice of 
reinforcement and polymer is made based on the requirements on the component, 
such as predicted load cases and environmental conditions. The polymers mostly 
used in composites can be divided into two main categories: thermoplastic and 
thermoset. Thermoplastics are also known as thermosoftening plastics, meaning that 
at a certain temperature the polymer will melt and a reshape or cast is possible. The 
material will harden upon cooling. Thermosets, on the other hand, are often in a 
liquid phase at room temperature, but are made solid when cured. This process of 
cure vary between different types of polymers, but to simplify, the aim is to make the 
polymer chains longer, which is known as cross-linking. At a certain stage the chains 
will be so long that they cannot move relative to each other, and a solid state is 
reached. In contrast to the behaviour of thermoplastics, a high temperature will not 
melt a thermoset polymer; it will only degrade and destroy the material. The 
temperature limit where this will occur depends on the material. 

This study only involves thermoset resins. Examples of thermoset resins 
commonly used are unsaturated polyester, vinyl ester and epoxy, where polyester is 
by far the most commonly used for composites. In addition to the wide experience 
base regarding the use of polyesters, the main advantages are: the relatively low price, 
ease of moulding and simple curing also at room temperature. The disadvantages of 
polyester are the poor durability, the brittleness and the pollutions released during 
manufacturing. Epoxy is often used in components referred to as high performance, 
since it generally has higher stiffness and higher strain to failure. Another advantage is 
the wide range of operation temperatures, often required for aerospace applications. 
In addition, it shows low shrinkage during cure. The fatigue properties of epoxy are 
superior to both polyester and vinyl ester, but the price is also higher. A major 
disadvantage with epoxy is the risk to develop allergy, which requires caution during 
handling. Epoxies, as polyesters, are brittle when cured, but the ductility can be 
increased by adding thermoplastic toughener to the resin. This has been seen to 
increase the ductility by at least a factor 2 [7]. Vinyl ester offers better strength than 
polyester and is still cheaper than epoxy. Vinyl ester is often used in the marine 
industry since it has a lower water up-take and better resistance to corrosion than 
many other resins. 

The fibres can be made out of almost anything, from hemp to aramid, but glass 
and carbon fibres are most commonly used in structural applications today. Glass 
fibres were developed in the mid 1930’ies and the first glass fibre composite was a 
small dinghy made in Ohio 1942 [8]. Glass fibre composites are used in many 



Forming of Stacked Unidirectional Prepreg Materials 

5 
 

applications, where boat and marine industry as well as wind power industry are 
important markets. Medical equipment, bathtubs and electronics are other examples 
where glass fibres are used [2].  

An industrial method of manufacturing carbon fibres was developed from a 
patent registered in 1965 by Watt, Phillips and Johnson [9], leading to commercially 
available fibres from 1966 [10]. Carbon fibres are very fine filaments only 5-10 m in 
diameter, which is fractions of a human hair. They can be used in many ways, for 
composites, usually bundled together to yarns or tows which are used to create 
fabrics or unidirectional sheets. Carbon fibres are used in the market of aerospace, in 
various sport equipments and within the military. Also, automotive industry and 
especially racing cars are using carbon composites [2]. These are just a few examples, 
many other applications are available.  

Glass and carbon fibres are offered in a range of properties, some provide for 
example especially high stiffness. Consequently, the properties within a material 
category vary. Although, by comparing the properties of glass and carbon fibres 
differences can be distinguished. In general, carbon fibres are known to be brittle, 
while glass fibres are more ductile. The stiffness and strength are higher for carbon 
compared to glass, especially for the stiffness and strength-per-weight ratio since glass 
has a higher density. The performance of carbon fibres comes at a significantly higher 
cost compared to glass fibres. 

The work within this thesis focuses on the manufacturing of composites for 
important load-bearing structures within aviation and aerospace industry, but can of 
course be applied to others. The manufacturing of composites involves a step of 
combining the reinforcement and the matrix. The available methods to do this are 
many, but only a few can meet the requests for a high fibre volume fraction required 
within the aerospace industry. Among those with significantly high fraction of fibres, 
a few methods use injection or infusion as the method to impregnate the 
reinforcement. The problem with these methods is that they most often fail to meet 
the demands on a consistent and very high quality. In addition, only certified 
materials are allowed to be used in production, mostly due to safety reasons. This can 
sometimes be a limiting factor, but it is of course important to maintain a safe 
construction. The result is often that a prepreg-based manufacturing method is used, 
which is a relatively expensive solution.  

Prepreg, short for preimpregnated fibres, is not a manufacturing method in itself, 
but the building block of which the part is made. Prepreg materials are produced in a 
factory where the fibres are impregnated with resin under well controlled conditions; 
consequently, this crucial part of the manufacturing process is already performed. 
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Since the resin is mixed before the impregnation, the process of cross-linking has 
started. To prevent further chemical reactions the material needs to be stored in the 
freezer. Prior to use the materials are put in room temperature, experiencing so called 
out time, which is time out of the freezer. Not to affect the final properties of the 
material the supplier will define a limit, which is usually between 14 and 30 days. 
During this time the properties of the matrix may vary, especially the surface 
tackiness, which can affect the layup of the material. 

Components are most often built up of many layers of prepreg, this since the 
thickness of a ply is often less than 0.5mm. The methods of placing the layers onto 
the tool vary; here follows a short review. 

Layup methods for prepreg materials 
The prepreg plies require precise and controlled placement to create the aimed shape, 
size and sequence. For many years the only available method was by hands placing 
each layer onto a given mould, a method known as hand layup. Hand layup of 
prepreg is, of course, time consuming and also dependent on personal skills. 
Precision of the method is increased by using automatically cut pieces of prepreg and 
laser projection for placement instructions. For certain components, especially short 
series or one-off projects, it can still be motivated to use hand layup. However, to 
increase the use of composites in large-scale production, automated layup methods 
are required. 

Attempts to place the prepreg by machines were made already in the 1970’ies and 
the first patent related to a type of automated lay-up method is from the 1971 by 
Chitwood and Howeth [11]. These machine technologies were first developed from 
computer numerically controlled (CNC) machinery manufacturers and a break-
through in prepreg manufacturing came with the industrialisation of this technique 
now called automated tape laying (ATL). Major development within this area has 
been seen the last 15 years [10]. Today these types of ATL-machines are widely used 
by companies such as Airbus and Boeing. A line of ATL machines can be seen in 
Figure 4, this from Airbus in Stade (take special note of the person in the picture). 
The ATL utilises a robotically controlled head which places prepreg tape in the 
programmed fibre direction and size. The width of the tape can usually be up to 
400mm. Most ATL are limited to stack prepreg on flat or slightly curved surfaces.  
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Figure 4. ATL machine. Courtesy of MTorres, Spain. 

An even more refined layup method is the automated fibre placement (AFP). 
AFP machines have been used in research environments as long as ATL and were 
commercialised in the late 1980’ies; however, the last 10 years the use has increased 
dramatically [10]. Example of an AFP machine head can be seen in Figure 5, which is 
a robotically controlled head that can move in all directions. This facilitates the use of 
a complex shaped tool or mould. The AFP places a number of tows or narrow stripes 
of prepreg, instead of a wide tape, onto the surface of a tool. The width of the tows 
vary from a few millimetre up to over a centimetre and the number of tows possible 
to place next to each other depends on the geometry of the tool.  

 
Figure 5. AFP machine. Courtesy of MTorres, Spain. 
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Both ATL and AFP offer an increased precision and layup rate compared to 
hand layup; however, to decide which is the best method is more difficult. A complex 
shape of the component can limit the choice to AFP, since the wide tapes used by 
ATL will adjust to the surface. Also the restricted movement of the ATL head will 
limit the possible applications. By using forming of ATL-stacked prepreg as a second 
step after the layup, some of these limits can be exceeded. The ATL usually has a 
faster layup rate for flat or slightly curved parts. 

Sheet forming of stacked prepreg 
The method of sheet forming, also known as hot drape forming, was mentioned in 
the 1990’ies as a promising method [12]. A schematic picture of the method can be 
seen in Figure 6. The aim of the sheet forming method is to form a flat stack of 
prepregs onto a tool. The forming is performed by applying a pressure, often at an 
elevated temperature. Here, a rubber diaphragm is formed by removing the enclosed 
air and creating a vacuum pressure. The method is used today, but each new 
configuration requires forming trials. The use of it requires knowledge about the 
forming behaviour of uncured prepreg materials. This can be achieved by 
experimental tests and simulations.  

 
Figure 6. Sheet forming of stacked unidirectional prepreg, before and after. 

Prepreg materials 
Prepreg is, as mentioned earlier, preimpregnated fibres. The prepreg materials used 
for structural components within the aerospace industry undergo extensive testing 
before classified and graded. The same routines comprise all disposable material used 
in the manufacturing process. These strict rules lead to expensive development costs 
of new classified material systems and therefore limit the number of possible 
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The dry core can both extend the amount of in-plane deformation and allow air 
to be evacuated within the plane. Toughening, often by adding thermoplastic 
material, is a modification of the resin primarily to prevent cracks from growing in 
the cured composite. The third generation of prepreg contains thermoplastic particles 
with a melting temperature above the process temperature of the prepreg; whereas 
materials belonging to the second generation of prepreg include thermoplastics in a 
solved phase in the thermoset matrix. The amount of particles and the distribution of 
them are factors that will affect the forming and consolidation of the material. 

Regardless of layup method, the thermoset prepreg needs to be cured. To reach 
the required final properties, most of the aerospace-grade prepregs requires autoclave 
curing. An autoclave is a pressure vessel which can facilitate a cure cycle with 
relatively high pressure, usually between 6 and 8bar, and at an increased temperature. 
The increased pressure in combination with a designed temperature cycle, often with 
a maximum at around 180°C, aims to result in a minimum degree of void entrapped 
in the composite. The mechanisms occurring during cure is a large research area in 
itself, which is not further investigated within this study. 

Although the materials and the manufacturing methods are expensive, the 
aviation industry is developing to meet the demands of lower weight in combination 
with a more cost effective production. 

Objective 
With the aim of reducing cost of prepreg composite components, manufacturing 
methods are developed and refined. During the development of a sheet forming 
method, the need for a method to characterise uncured prepreg, and especially its 
forming properties, was recognised. The aim of this thesis is to develop a method to 
be able to simulate and analyse the forming of stacked UD prepreg. To simulate the 
forming mechanisms of stacked unidirectional prepreg materials extensive 
experimental testing is required. The constitutive material models considered in a 
time-dependent forming simulation should be chosen based on observations. To 
accurately describe the behaviour, a calibration towards experimental results is 
required. By implementing these models in a full-scale forming simulation, 
predictions can be made and problem areas or flaws occurring during forming can be 
found. Hence, the aim of the forming simulation is to serve as a tool in the 
manufacturing process. 
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orientation within the layers and the possibility to conform to a new geometry. The 
in-plane intraply shear is further investigated, experimentally and numerically, within 
this study. 

For describing the in-plane intraply shear properties the analytical model pin-
jointed net (PJN) is most commonly used. The theory behind the model was 
developed by investigating how a cloth is draped on a surface; firstly presented by 
Mack and Taylor [15] already 1956. The PJN-model is a kinematic model that 
assumes inextensible fibres which are locked at the crossover points creating a net; 
see Figure 10. Fibre segments are seen as straight between the nodes and due to the 
locked nodes no relative slippage is possible. The line representing the fibre has no 
thickness and width, therefore geometric constraints are neglected. The contact with 
the surface draped upon is assumed to be uniform and perfect [16]. 

 
Figure 10. Shear deformation of a unit cell according to PJN. 

The PJN theory is widely used within the field of composites, mostly for dry 
weaves, for predicting the drape behaviour. The area has been extended to include 
deformation behaviour of cross-plied unidirectional prepreg. Potter [16, 17] has 
compared cross-plied UD prepreg and weaves of prepreg, and the behaviour seems 
to correlate well in the first part of the shear deformation. Due to the lack of physical 
link between cross-plied layers, allowing slippage between the layers, they can exceed 
the forming limits of weaves. This can be used as an advantage during forming of 
stack unidirectional plies and is coupled to the friction between the plies. 

A measure when describing the drapability of a weave is the shear locking angle. 
It is defined as the maximum shear angle of the fabric and is seen in experiments 
when the load rapidly increases. This limit can be measured for a weave or fabric, but 
does not seem to exist in the same way for cross-plied UD prepreg [17, 18]. Although 
the locking angle can be as useful measure, a multi-layered stack cannot be 
characterised accurately by this shear limit [19], even if it can be measured for a single 
layer of fabric. This suggests that multi-layered forming is affected by additional 
properties to the intraply shear. 



Forming of Stacked Unidirectional Prepreg Materials 

13 
 

Intraply test methods 
There are no standard measuring techniques available to determine the shear 
properties of uncured prepreg material. However, a few test methods are frequently 
used for these types of measurements. The picture-frame test provides pure in-plane 
shear testing upon fixing the cross-plied fibre directions in parallel to the frame sides, 
see Figure 11. The pure shear is achieved by applying a tensile force in the upper and 
lower corner of the rig. The shear force reshapes the initially squared material sample 
to a rhomb. The shear angle, , and the shear force, Fs, can be related to the 
crosshead displacement and the registered force, Fpf  Due to pure shear within the 
specimen both the shear rate and the level of shear is uniform, disregarding corner 
effects. However, minor fibre misalignment when placing the sample in the rig can 
lead to a major inaccuracy in the load response [20,21]. 

 
Figure 11. Schematic illustration of a picture-frame test; undeformed and deformed. 

The bias-extension test is a tensile test with the material initially in the ± 45°-
direction, in relation to the direction of tension, see Figure 12. An advantage is that it 
requires no specialised rig, only a clamping suitable for the tested material. To obtain 
a uniform shear zone the samples length should be larger than twice the width [22]. 
The test does not force the sample into pure shear mode and the free edges enable 
slippage between the layers, which is important when investigating preferred 
deformation modes. A problem with bias-extension is that the shear rate in the 
sample is not uniform; instead, the level of shear is divided in different zones [20]. A 
bias-extension sample is divided into three types of regions; A, B and C, see Figure 
12. According to the theory of PJN, region A is supposed to undergo pure shear, 
where the shear angle, , can be extracted from this area. The shear angle in region B 
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Interlaminar friction measurement 
The lack of a test standard for interlaminar friction measurement of UD prepreg 
makes it difficult to compare results from different projects. To investigate the 
interlaminar properties a specialized rig is required. Gorczyca-Cole et al performed 
experiments where the tool/prepreg interaction was measured; this due to their 
interest in thermostamping as manufacturing method [25, 33, 34]. Martin et al 
investigated interlaminar friction between woven thermoset prepreg by the use of a 
specially designed rig, where the force was introduced and controlled by a pneumatic 
piston [35]. Another example is the apparatus designed by Ersoy et al, which was 
used to measure both prepreg/tool and prepreg/prepreg interaction. The force was 
there applied by springs and the temperature was reached by heated plates [36]. 

A test rig was developed as a part of the herein presented work with the aim of 
having a constant contact area and the possibility to easily vary the pressure [37]. The 
constant area is solved by using one large and two smaller moving plates. The 
pressure is applied by a pneumatic cylinder, easily varied with pressurised air. The 
whole rig can be mounted inside a heating chamber to control the temperature. A 
sketch of the designed test apparatus is seen, in its open position, in Figure 15. 

 
Figure 15. Sketch of apparatus to measure interlaminar friction. 

The whole set-up is mounted in an Instron tensile testing machine, where the 
large plate (f) is fixed and the rest of the rig moves in the direction (b) upon testing. 
The test begins after the pneumatic piston (c) is activated and the prepreg surfaces (d) 
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Finite element modelling of forming 
For many years finite element (FE) modelling has been widely used for assessment of 
loads, stresses and strain in many types of structures and materials. The idea behind 
all FE methods is to approximate reality by many simple, often linear, equations, 
instead of a few complicated. For composites, special material models and element 
formulations have been developed for structural assessments in a quasi-static time 
domain, meaning no time dependent effects are taken into account. This is a well-
developed area within FE analysis and is widely used, both for research and for 
industrial applications. This type of analysis assesses the material in its final cured 
state; assuming perfect laminates, without taking the possible flaws into account. The 
aim of composite manufacturing is of course to end up with perfect parts, however, 
this is not always the case and the mechanisms causing defects are not fully 
understood.  

Forming as a part of the manufacturing process for structural composites has 
increased; hence, more accurate modelling of this step is required. Since some defects 
develop during manufacturing, it is important to use a time-dependent simulation of 
the process. The results from a simulation could help reducing, or even avoiding, 
defects such as wrinkles, fibre waviness, voids, resin rich areas and thickness 
variations. As an example, a small change in stacking sequence, possibly due to 
forming, can result in unexpected shape distortions [14, 36, 43]. The strict demands 
on final geometry give little room for shape distortions in cured parts, motivating a 
well-known and consistent fibre orientation within a part. Another important issue to 
control is the thickness variation, especially in radii and along edges [44], which is also 
possible to predict by modelling the manufacturing process. Also, assessment of how 
the possible defects affect the final cured properties can be made. This can result in 
so called “knock-down factors” or measures on an allowable degree of for example 
voids.  

To model and simulate the forming of fabrics, weaves and UD plies, there are 
several ways to proceed. A separation is here made between kinematic and 
mechanical modelling, where each approach can be divided into different branches.  

Mapping based modelling 
The oldest method for analysing composite forming is the so called mapping 
technique, also known as kinematic modelling. The kinematic model is based on the 
pin-jointed net (PJN) theory, and assumes that all deformation is in-plane shear. The 
yarns are considered inextensible and locked at cross-over points, therefore the 
common association to a fishnet. It is widely used and been modified in several ways, 
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i.e. [22, 24, 45, 46]. The solution from a forming simulation is a smoothly draped net 
over a tool surface, so there is no up-come of wrinkles. Since there is no slippage 
relative to the surface, the material is locked at the point or line of contact. The 
resulting shape of the mesh covering the surface will depend on this initial contact, 
wherefore no unique solution can be provided. Drape simulations were used to find 
the optimal sequence of placement of the prepreg onto the tool, investigated by 
Hancock et al [47]. These instructions for hand layup, which differed from the 
intuitive layup approach, resulted in less wrinkles.  

The mapping approach can give good results for convex shapes, but other 
geometries can be more difficult to predict accurately. For multi-layer simulations 
each layer is draped separately, ignoring the shear through the thickness and the 
coupling between layers. All these limitations can lead to significant errors. In [48] 
Vanclooster et al evaluated the kinematic draping method with the conclusion “it is 
useless, unless the mould has an axisymmetric shape with draping initialised at the top 
point”. Even though these limitations exist, simple kinematic mapping is often used 
to estimate the properties of a final component. The main benefit with the method is 
that it requires almost no information about the material properties and in addition 
only small CPU-times are needed. 

Modelling of composite sheet forming is reviewed in an article by Lim et al. [49] 
and one of their conclusions is that the mapping approach can be used where product 
shape and strains are needed; also for cases where the distribution of shearing and 
thinning is interesting. The absence of stress information is seen as a drawback, still, 
the method is found attractive. These conclusions seem to be based on components 
that are axisymmetrical and have a top point of initial contact, but this is not explicitly 
stated. 

The mapping approach can be used for the draping of single layers where the first 
point of contact is known. Also, for dry weaves where no matrix is present, this 
approach can give good estimations. For multi-layered forming of prepreg where the 
friction and boundary conditions will play important roles another method is required 
for an accurate simulation. 

Mechanical modelling 
An alternative to the mapping technique is often referred to as the mechanical 
modelling. The mechanical approach can be divided into three different concepts: 
discrete, continuous and semi-discrete, which all look at the macroscopic deformation 
behaviour of the fabric/sheet [50]. In the discrete case the yarns are modelled as 
beams or trusses and the interaction between them using i.e. springs, see [51, 52] and 
Figure 17. One major benefit with this model is that the yarn directions are included 
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and can be traced in a simple way, but it comes to a relatively high computational 
cost, limiting the size of the simulated sheet [50]. 

 
Figure 17. Discrete method, tow elements modelled as trusses and shear element as spring [51]. 

The continuous method considers the material layer as a continuum that is 
anisotropic and homogeneous; here, shell and membrane elements can be used. This 
continuum approach is based on constitutive material models, describing the 
behaviour of the materials included. Important deformation mechanisms, such as 
contact formulations between surfaces, can be modelled. Since the mechanical 
behaviour depends on the fabrics fibre direction/s they need to be tracked 
throughout the simulation. By using the mechanical approach realistic boundary 
conditions can be implemented; usually seen to have a significant impact on the 
forming result. A method to trace the local fibre directions is necessary and the 
results can be given in for example fibre reorientation, stresses and wrinkling 
formations. This detailed level of modelling comes to a cost of retrieving accurate 
material data and large CPU-time. 

The combination of these two methods is called the semi-discrete and was 
presented by Hamila et al [53]. This approach consists of a three-noded element that 
includes the properties of a unit cell of weave or fabric. The properties taken into 
account in the first model are tensions and in-plane shear. The model is further 
developed to include bending stiffness [39], which has an effect on the development 
of wrinkles and their shape. This model neglects the presence of an eventual matrix 
and its influence on forming, which in some cases has a crucial effect on the result 
[37, 41, 54].  

Another option is to use a continuous modelling method to describe the material 
behaviour in combination with FE analysis [55]. This will allow for detailed material 
modelling and also contact formulations between layers including the properties if the 
matrix. The mechanism of interply friction is seen especially important when forming 
stacks of prepreg, this since it affects both the resistance to deform and the possible 
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fibre rotation within each layer. The importance of taking the interply friction into 
account is stated by for example Gorczyca-Cole et al [25], Vanclooster et al [26] and 
ten Thije et al [27], all studying thermoplastic composites. They claim that the inter-
ply mechanism is necessary to get a realistic simulation since it changes the 
performance of a multi-layered stack during forming. Different modelling approaches 
where however considered during simulation. Gorczyca-Cole et al and Vanclooster et 
al use the Stribeck theory [29], calibrated by experimental tests, to model the friction. 
Their models were implemented as subroutines in the commercial software 
ABAQUS [56]. ten Thije et al [27], on the other hand, developed a multi-layer 
triangular membrane finite element to be used in time-dependent simulations, such as 
forming, especially for multi-layered thermoplastic composites. Based on their 
research the software called AniForm Virtual Forming tool [57] was developed, 
handling large deformations, interface properties, thickness change and reorientation 
of local fibre directions during forming.  

Continuum based modelling of multi-layered forming 
The overall aim with this thesis has been to develop a multi-layered model to be used 
in simulations which describe the behaviour of stacked prepreg during forming. In 
this study modelling is performed within the AniForm Virtual Forming Tool, from 
here on referred to as AniForm [57]. This is a nonlinear FE solver developed for 
anisotropic materials experiencing large deformations, with the possibility of tracking 
fibre orientation during forming and special material models for soft composite 
materials. AniForm includes continuum elements where out-of-plane and in-plane 
behaviours are modelled in a decoupled way. This means that shell elements define 
the out-of-plane properties and membrane elements include the in-plane models, 
which enables the use of separate material models. These shells and membranes 
deform together and are in that sense coupled. The friction and tackiness between 
surfaces are modelled by a combination of contact models. Stresses and strains are 
calculated separately for each layer of elements, membranes for in-plane and shells 
for out-of-plane, while the displacements are the same. More details can be found in 
[27, 58] and the documentation for AniForm. The material models available in 
AniForm are initially developed for prepreg systems with thermoplastic resin, but are 
here utilised for thermoset prepregs. The parameters used for these material models 
are calibrated against experimental results to get a realistic behaviour, see an example 
of the procedure in Figure 18. 
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Summary of appended papers 
An increased degree of automation within the manufacturing of composites is 
necessary to gain interest from the industry. Aerospace and commercial aircraft 
industries have historically been relatively insensitive to high manufacturing costs, 
making it feasible to produce in a labour intensive way. This is no longer possible and 
a cost effective manufacturing is now important. An increased degree of automation 
can save manufacturing costs and make the manufacturing more efficient. Also, it is 
important to work cross-disciplinary within a company, which can avoid layups and 
geometries causing unnecessary problems during manufacturing.  

The method investigated in this thesis is a sheet forming method where a stack of 
thermoset prepreg is formed by a diaphragm. The aims of this work have been two-
folded; both to provide data to describe differences between prepreg material systems 
and simulate and predict forming by the achieved data. The first part of this thesis, 
Paper A and B, focus on the in-plane forming and how it can be characterised by 
experiments. In Paper C the experimental data from Paper A and B are used to 
calibrate material models for in-plane finite element forming simulations. In Paper D 
the out-of-plane properties are added to the already calibrated in-plane properties. A 
simulation of the forming of a joggled beam is performed and compared to 
experimental results. 

Paper A and B 
Experimental results from material characterisation of prepreg materials in Paper A 
and B show a large variation between the properties of different systems. The ease to 
deform in shear is usually known as an ideal behaviour during forming, but here a 
predictable behaviour is seen to be more important. The friction between prepreg 
layers is shown to have an effect on the forming results and is in an experimental 
investigation seen to vary significantly between material systems. The surface 
roughness seems to affect the friction, in combination with the properties of the 
resin. The investigated thermoset resins are toughened by thermoplastics, for some in 
solved phase and for others by particles. The distribution and shape of these particles 
seems to be an important factor for the level of resistance to motion between plies. 

Paper C 
The in-plane forming behaviour is modelled in Paper C. The shear properties are 
modelled by constitutive models calibrated from bias extension tests and thereafter a 
simulation of the test is performed. The affect of stacking sequence on the in-plane 
forming behaviour is investigated both experimentally and numerically by comparing 
two stackings. Here, the layup is altered by adding layers with fibres in the transverse 
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direction to motion, here called 90°-layers, at different positions in the stacking 
sequence originally consisting of ±45°-layers. Results show that behaviour will change 
depending on layup, meaning that the coupling between layers will affect the fibre 
rotation and load to deformation.  

Paper D 
In Paper D the models developed in Paper C are complemented by a model for the 
out-of-plane behaviour. Also, characterisation of the forming rubber is performed. 
The whole forming set-up is modelled and compared to experimental forming results. 
By considering two stacking sequences, where one develops wrinkles during 
experimental forming and the other not, the differences are aimed to be found. This 
study shows that the coupling between the prepreg layers, effecting the experimental 
forming, also affect the results from simulations. Differences confirming the cause of 
wrinkle initiation are seen in resulting fibre rotations, degree of compressive stresses 
and strain levels.  

Contribution to the field 
At the time when the work with this thesis started relatively little was known about 
the uncured forming properties of thermoset prepreg. Since then, the use of prepregs 
in the aviation industry has increased and the manufacturing methods have been 
developed. The method of forming stacked prepregs has gained more interest, where 
the uncured properties play a very important role.  

The work with this thesis has resulted in important experimental observations 
related to the forming behaviour, as the large variation in friction between prepreg 
systems. Another finding is that the pure shear assumption for cross-plied prepregs 
may be valid for some material systems, but not for all. The pure shear behaviour is 
an advantage when reaching for predictable deformation behaviour of stacked 
prepregs. 

This work has raised many more questions than were initially present, as a result 
of the increased knowledge within the area. It is now known that a change of material 
system, for a formed component, can cause difficulties in production. Both the 
experimental results and the simulation tool facilitate discussions about the 
manufacturing process. A major contribution is the cross-disciplinary effects within 
the company, here by understanding the connection between design and 
manufacturing in a straight forward way. 

By using the developed methodology we have shown that it is possible to predict 
the forming of a multi-layered stack of thermoset prepregs. The simulation of 
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forming can also lead to an increased understanding of the mechanisms causing 
defects and the way to avoid them. This is a superior tool in showing effects of for 
example stacking sequences, tool geometry and processing conditions. 

Future work 
By further developing the methods of experimental characterisation of uncured 
materials, standardised test methods could be accomplished. The material suppliers 
would then be able to take these properties into account already in the design of new 
material systems.  

Some work is required to simplify the use of forming simulations of multi-layered 
materials. The knowledge attained should be stored in a ‘material library’ and the 
material models could be developed further. Experimental test methods should be 
developed in a close cooperation with the simulation tool, this for an easier 
implementation. 

The thickness variation within a component is something that should be further 
investigated with the simulation tool. To be able to avoid thickness variations is very 
important and by simulations the key aspects could be found. 

And last, if defects are allowed to some extent, these types of simulations could 
be used to create the input for such an evaluation.  
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