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Abstract 
To reduce cost of structural composites the development of more efficient 
manufacturing methods is of great interest. Sheet forming of thermoset 
prepreg, also known as hot drape forming, has been a promising manufacturing 
method for decades. An automatic tape layer (ATL) can be used to perform the 
lay-up in an efficient way. The flatly stacked unidirectional prepreg forms a 
sheet to be formed over a given mould. Knowledge about the materials 
forming behaviour is important to reach the required shape without flaws, such 
as wrinkles. 

An experimental approach is developed to investigate the intra- (within the 
layer) and interply deformation. The intraply deformation properties are 
registered by the use of a bias-extension test and a digital image correlation 
(DIC) equipment. To measure the interlaminar (between the layers) friction in 
the prepreg/prepreg interface a specialized rig is designed and built. 

The two tested materials are Cycom® HTA/977-2 from Cytec and 
HexPly® T700/M21 from Hexel, which are examples of the second and third 
generation of carbon fibre/epoxy prepreg. Where M21 includes craze stoppers 
in form of thermoplastic particles, the 977-2 has the same function but in 
melted stage. These particles seem to influence both the intraply deformation 
modes and increase the level of friction between layers. 

The results from the bias-extension test was compared with the theory of 
pin-jointed net (PJN) and it was found that M21 behaves accordingly. The 
measured rotation for 977-2 is less than the theoretical, this due to slippage. 
The rate of deformation seems to have an influence not only on the load level, 
but also in the mode of deformation. Both for the interlaminar and intraply 
deformation the resistance to motion were much larger for M21 than 977-2. 
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Dissertation 
This licentiate thesis includes a brief introduction to the area of research and 
the following appended papers: 
 

Paper A 
Ylva R Larberg, Malin Åkermo and Monica Norrby. On the deformability of 
different generations of cross-plied unidirectional prepreg. TRITA/AVE 2009-
31, Department of Aeronautical and Vehicle Engineering, KTH, 2009. 
Submitted to Composites Part A: Applied Science and Manufacturing. 
 

Paper B 
Ylva R. Larberg and Malin Åkermo. On the interply friction of different 
generations of unidirectional prepreg materials. 
Published in proceedings of ECCM 13, Stockholm, 2008. 
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Introduction 
Carbon fibre will give you associations, whether you are into the area of 
composites or not. Most people have heard about it, but not all could tell how 
it looks. The black and strong carbon fibre in itself is rather useless to construct 
with, but together with a suitable polymer a great composite is formed. Fig. 1 
shows both a dry carbon fibre weave and a part of a carbon fibre composite. 
The market for carbon fibre composites is growing and examples of the well 
known applications are racing cars, high performance yachts, special purpose 
boats, sporting goods, military equipment and aerospace structures. 

    

Figure 1. Carbon fibre weave and part of a carbon/epoxy composite. 

This work is carried out in cooperation with Saab Aerostructures AB, 
Linköping, Sweden and, therefore, the focus is on the aerospace industry. The 
degree of composites within the aerospace industry is constantly growing; 
especially structural components. The aim of reducing weight can be fulfilled by 
the ability to tailor the stiffness and strength properties of composites. This, 
although, is limited by the strict design rules that require a certain amount of 
fibres in the four main directions: 0, 90 and ±45°. Not to forget, composites 
offer the possibility to build complex integrated structures. Another advantage, 
in comparison to aluminium, is the properties in fatigue. 

A structural composite should withstand structural loads and this requires 
high fibre content. The fabrics used for structural composites are weaves, 
unidirectional (UD) fibre mats and non-crimp fabrics (NCF). NCF is built up 
of UD layers stitched together to form a fabric. To go from fibre to composite 
the manufacturing techniques are either based on impregnation of dry fabric 
preforms, such as resin infusion and resin transfer moulding (RTM), or 
impregnation of the fabrics before forming, so called prepreg. Thermoset 
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prepreg are unidirectional fibres or weaves impregnated with a semi-cured 
thermoset resin through a well controlled process. To prevent unwanted curing 
before forming, the material is frozen and kept that way until manufacturing. 
One sheet of UD prepreg is a building block used to design a structure. The 
choice of fibre direction within each layer, as well as the number of layers in 
each direction, will give the component its stiffness and strength. Prepreg can 
be hand-laid directly onto the mould, as seen in Fig. 2, or placed automatically 
by machine. 

 
Courtesy of Per Hallander, Saab AB, Linköping, Sweden. 

Figure 2. Prepreg production by hand lay-up. 

Within the aerospace industry a high and consistent quality is demanded; 
hence, the use of prepreg is widespread. The volume fraction of fibre can be 
varied, but is normally in the range of 55-60%.The matrix is chosen to give the 
composite suitable cured properties. There are several good performing resins, 
commonly used for high performance applications is epoxy. The properties of 
different epoxies vary significantly and, in addition, various types of fillers can 
be used. 

Composites made by prepreg are known for its excellent properties, but 
also its high cost. A recurring objective is therefore to reduce cost of composite 
structures, where this work aims to lower the part of manufacturing cost. 

Objective 
With the aim of reducing cost of prepreg composite components, 
manufacturing methods are developed and refined. The need for a method to 
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characterise uncured prepreg, and especially its forming properties, was 
recognised during the development of a sheet forming method. The aim of this 
thesis is to develop an experimental approach to identify and thereafter 
understand the intra- and interply characteristics. An experimental methodology 
is an important tool to investigate and communicate the material properties 
previously only known by experience. Explanations and theories of observed 
behaviour during forming is one step closer towards a conscious material 
choice. This work does not include the forming process or how the force is 
transferred from the forming medium to the material. 

Materials 
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 materials on the 
market. When it comes to prepreg, the unidirectional preimpregnated carbon 
fibres are the most commonly used by aerospace industry. The use of weaves is 
limited partly due to the in-plane waviness, which reduces strength and 
stiffness. The other major disadvantage is the biaxial direction of fibres within 
each layer that restrains the stacking sequence. 

Since the introduction of prepreg materials the strength and stiffness 
criterions for the cured laminate have been the primarily focus. Specific 
requirements on the type of fibre combined with a suitable matrix as well as 
volume fraction of fibre are important parts of the material specification. To 
prevent cracks from growing in the composite, resins have been modified in 
different ways, so called toughening. The third generation of prepreg has 
thermoplastic particles with melting temperature above the process temperature 
of the prepreg; whereas a second generation includes thermoplastics with 
transition temperatures in the same range as the thermoset matrix. 

For prepreg used in forming the uncured properties are crucial. The degree 
of impregnation has been seen to influence the forming properties. A semi-
impregnated prepreg has a dry core of fibres within the layer (see Fig. 3), which 
is fully impregnated at curing. The dry core can both extend the amount of in-
plane deformation and allow air to be evacuated within the plane. 
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Courtesy of Maciej Wysocki, Swerea Sicomp AB, Sweden. 

Figure 3. A part of an uncured M21, notice the dry core within the impregnated 
fibres. 

The two different carbon fibre/epoxy prepreg used within this project were 
HexPly® T700/M21 (referred to as M21) from Hexel and Cycom® HTA/977-
2 (referred to as 977-2) from Cytec. 

Production methods 
Hand lay-up of prepreg was for a long time the only way of producing a 
prepreg component. In this technique each layer is placed by hand until a 
component gains its designed thickness and shape. Sealed with an airtight bag 
the part is cured under pressure, vacuum or autoclave. This is time consuming 
and therefore expensive method which also is dependent on the workers skill 
[1]. Despite these drawbacks the method is still used. 

Automatic methods for the lay-up step have been developed and the 
process of enhancement is ongoing. Today the concept can be divided in two 
categories: automatic tape layer (ATL) and automatic fibre placement (AFP) 
machines. The AFP is a robot that places stripes of prepreg onto the mould 
and the machine head can move in all directions. An automatic tape layer 
(ATL) places tape (wider than the stripes used by AFP) on a flat or slightly 
curved surface. ATL is faster than AFP, but due to the geometry limitations, 
the stack of prepreg often requires additional forming, for example with a 
rubber cloth and vacuum. Both these automatic techniques are necessary to 
keep prepreg manufacturing as a feasible production method. This study 
focuses on the forming of stacked prepreg and does not evaluate the 
performance of ATL and AFP. 

Sheet forming 
The term sheet forming can be used in several contexts, with or without 
reinforcement. The method can be used for fast forming of melted 



 

 13

thermoplastics in matched moulds, but also with rubber carpets formed with 
vacuum on a single mould. Here sheet forming is defined as the forming of 
stacked thermoset prepreg, also called hot drape forming. The thermoset sheet 
is heated well below the curing temperature and the forming can take minutes, 
depending on the size of the part. 

Beams with a variable geometry and/or thickness can be produced by sheet 
forming. The advantage of the ATL’s fast stacking rate, combined with a 
forming step in an efficient manufacturing method. The ATL is programmed to 
lay the prepreg tape in the designed stacking sequence to form a flat sheet. 
Thereafter, the sheet is placed onto a male mould, see Fig. 4. The whole set-up, 
mould and sheet, is covered with an airtight compliant diaphragm and heated to 
forming temperature. When the forming temperature inside the sheet is 
reached, the forming can start. In this example the force to form the sheet is 
applied by a Mosite rubber diaphragm, pulled down by vacuum. 

   
Courtesy of Per Hallander, Saab AB, Linköping, Sweden. 

Figure 4. Example of a sheet forming test set-up; before and after forming. 

Forming of stacked prepreg can be affected by many factors making the list 
of parameters difficult to complete. New problems arise for new material 
systems and configurations. To give an idea about the complexity of this matter 
a few of the identified process parameters and material properties that will 
influence the quality of the ready made composite are listed in the following. 
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• temperature (both of the laminate and the forming tool) 
• initial point of contact 
• geometry of the forming tool 
• rate of deformation 
• matrix viscosity 
• pressure gradient 
• degree of matrix impregnation 
• surface treatment of fibres 
• stacking sequence 

An experimental investigation performed by Modin at Boeing concluded 
that the forming is influenced by the part design and the way the laminate is 
processed before forming. Data show that the force to initiate slippage was tied 
to the level of compaction; the tighter the stack the higher the force. The 
forming rate seemed to increase the load linearly; however, the intersection of 
this line with the force axis would give a relatively high force at slow forming 
rate [2]. 

The importance of controlling deformation modes was recognised by 
Gutowski et al. during the investigation of the geometric limits regarding 
diaphragm forming of thermoset composites. The results showed that the 
forming could only be successful if the desired deformation modes, such as 
intraply shear and slippage, took place and the undesired failure modes were 
suppressed. The failure modes were identified as fibre misalignment, part 
thinning or thickening due to excess transverse flow, in-plane fibre buckling 
and laminate wrinkling [3]. 

Deformation modes 
Thermoplastic sheet forming is an established manufacturing method and 
much work has been carried out on the characterisation of the forming 
properties of this process. For thermoplastic sheet forming there are four 
deformation modes widely known and accepted: interply shear, intraply shear, 
resin percolation and squeezing flow [4]. The same modes are likely to occur 
when forming thermoset prepreg. Resin percolation is when the matrix fills the 
dry fibre bed with resin. In a semi-impregnated prepreg a certain degree of 
wetting takes place, whilst in a fully impregnated prepreg there is no such 
mode. Squeeze flow is the transverse flow due to a pressure gradient, which is 
of great significance to reach the thickness requirements. Both resin percolation 
and squeeze flow usually appears in the compaction step in an autoclave or 
under vacuum. Although important, these modes are not investigated within 
this project. The interply shear is between layers and can be seen as the friction 
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between the prepreg surfaces. The intraply shear takes place within the layer 
and in the fibre direction. Fig. 5 schematically describes interply and intraply 
shear. 
 

   

Figure 5. Inter- and intraply shear schematically described. 

In order to describe the forming behaviour; models, both analytical and 
numerical, have been created to predict the resulting fibre angles and the 
forming limits of weaves. The behaviour of dry weaves has been interpreted 
into draping modules, in for example finite element (FE) codes, to make a 
simulation of the forming possible. Potter has made major contributions to this 
research area and already in 1980 concluded that the study of deformation 
modes is important to achieve a simpler manufacturing and more efficient 
structures [5]. The area has been extended to include deformation behaviour of 
weaves and unidirectional prepreg, both with all fibres in one direction and 
cross-plied. Potter also investigated the coupling between cross-plied prepreg 
and weaves, and the behaviour seems to correlate well in the first part of the 
shear deformation. However, the lack of physical lock between cross-plied 
layers can, formed the right way, exceed the forming limits of a weave [6, 7]. 
This is a known fact among experienced manufacturer and sometimes taken 
advantage of when laying up difficult geometries. 

Intraply shear properties 
An analytical model commonly known as pin-jointed net (PJN) was presented 
by Mack and Taylor [8] already in the 50’s. The PJN-model is a kinematic 
model that assumes inextensible fibres which are locked at the crossover points, 
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see Fig 6. 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 that is draped upon is assumed to be uniform. The 
model is developed for dry weaves and predicts this behaviour quite well. 
 

 

Figure 6. Shear deformation of a unit cell according to PJN. 

Almost all draping software is based on the PJN-assumption. Since first 
developed, model enhancements have been made in different directions for 
several purposes. The modelling of dry fibre preforms aim to predict liquid 
moulding process and there permeability of the material plays an important 
role. Wang et al. performed drape trials on a number of aircraft parts and 
compared them with numerical simulations based on the PJN-assumption. 
Different weaves, made of both glass and carbon fibres, were compared and a 
good correlation was achieved for the glass fibre weaves. The observation of 
yarn slippage was seen in trials with carbon fibre and raised the need for a 
formulation that takes slippage into account [9]. A model modification of the 
pin-jointed net to allow fibre slippage, including the macrostructure of the 
fabrics, was presented by Lai and Young. They concluded that a smooth mould 
surface with no sharp corners could be adequately predicted by PJN, but their 
modified model gave more accurate predictions when the geometry was more 
complex [10]. 

Methods to measure the intraply deformation is presented in the chapter 
“Experimental methods”. 

Interply friction 
One of the identified deformation modes during sheet forming is interply 
slippage, i.e. the motion between plies. This resistance to motion is a type of 
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friction. The classical approximation of the frictional force between two solid 
surfaces is known as Coulomb friction: 

NFf µ≤ ,                                                    (1) 

where µ is the coefficient of friction, N is the normal force and Ff is the 
tangential force acting between the surfaces. This simplified model is useful for 
many materials, especially for the contact between dry surfaces. The complex 
frictional behaviour developed when fluids, such as resins, are present is not 
accounted for in this model. 

The friction between two surfaces separated by a thin layer of fluid, so 
called full film, can be estimated by a hydrodynamic model: 

)(γτ &f= ,    (2) 

where τ is the shear stress within the fluid given in [Pa] and γ&  is the local shear 
rate [s-1]. Most fluids, like water, air (up to a certain speed) and most oils, show 
a linear dependency between τ and γ& . These are the so called Newtonian 
fluids. Prepreg/prepreg interaction can not be seen as a full film separation and 
the hydrodynamic model is therefore not sufficient. 

Rheology is an interdisciplinary field dealing with non-Newtonian fluids. 
For a non-Newtonian fluid there is no linear function valid for Eq. 2, so the 
viscosity can depend on the local shear rate and/or the kinematic history of 
deformation of the fluid. Hence, the material can be seen as a mixture between 
elastic solids and viscous fluids depending on the applied shear rate. Examples 
of non-Newtonian fluids are blood, dough and polymers [11]. The semi-cured 
state of the prepreg resin has a non-Newtonian behaviour, but due to the 
content of fibres and particles no given equation can fully describe the 
properties. 

To highlight the importance of the tribology for composite fabrication a 
review of this area of research was done by Williams in the early 90’s. He 
noticed that the rheological aspect was well established whilst the tribological 
behaviour was less known. One important finding was that the compaction 
behaviour of materials will affect the friction and therefore the evolution of the 
microstructure of the material [12]. The presence of a solid particulate phase 
(fibres, particles or both) in all stages of the processing cycle will profoundly 
affect the manufacturing process. One important tribological factor is the 
contact pressure and another is the wear in the contact zone. The wear can 
cause debris and therefore a so-called “third-body” effect, which affect the level 
of resistance during forming. 
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One way to relate the interlaminar friction properties between different 
materials is by the use of Hersey number and thereby the Stribeck curve. This 
theory was originally developed by Stribeck in the early 1900’s and it relates to 
both sliding and roller bearings. The Stribeck curve is often used for describing 
the relationship between the regimes of lubrication and friction [13]. It can also 
be used to correlate surface topology and friction, the work of Xiao et al. as an 
example [14]. The curve is constructed from the Hersey number defined by: 

pH ην=    (3) 

where η is the dynamic pressure, ν is the velocity at the contact surface and p is 
the macroscopic pressure in the contact zone.  The curve can be divided in 
three different zones, see Fig. 7. The first zone is called the boundary 
lubrication area and is governed by the interaction between solids, and the 
surface of solids and liquids. Hence, the speed is very low there will be no 
pressure build up in the lubricant and its bulk flow properties play little or no 
role in the friction behaviour. The middle part is where the so called elasto-
hydrodynamic lubrication takes place, also named the mixed lubrication. The 
loading is here governed by a combination of hydrodynamic and contact 
pressure. The third zone is described by a hydrodynamic lubrication, also called 
full film lubrication. The surfaces are then completely separated by the lubricant 
and the applied load is equilibrium with the hydrodynamic pressure [15, 16]. 

 
Figure 7. Example of a Stribeck curve divided into the three different friction 

zones [13]. 

Ways to experimentally measure the interply friction are presented below. 
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Experimental methods 
There is no standard measuring technique available for either intra- or interply 
friction. However, a few test methods are frequently used for these types of 
measurements. The results from tests are used to spread knowledge about the 
possibilities and limitations with a certain material. 

Intraply test methods 
The intraply shear properties, e.g. force vs. shear angle and shear locking angle, 
can be investigated either by using picture-frame test or bias-extension test. The 
picture-frame test provides the in-plane behaviour in pure shear. The pure 
shear is achieved by applying a tensile force in the upper and lower corner of 
the rig, this leads to a compressive force at each of the other two corners. The 
shear force reshapes the initially squared material sample to a rhomboid. The 
shear angle, θ, and the shear force, Fs, can be related to the crosshead 
displacement and the registered forced 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 load response [17, 18]. 

The bias-extension test is a tensile test with the material initially in the ± 
45°-direction, in relation to the direction of tension. 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 [19]. 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, but instead the level of shear is 
divided in different zones [17]. 

A bias-extension sample is divided into three types of regions; A, B and C, 
see Fig. 8. According to the theory of PJN region A is supposed to undergo 
pure shear, where the shear angle, θ, can be extracted from this area. The shear 
angle in region B is θ/2. Region C is by geometrical constraints kept 
undeformed and not contributing to the total load. 
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Figure 8. Bias-extension test specimen with shear region and shear angle 

description. 

To register deformation and follow the rotation of fibres, some type of 
visual registration is required. Previously, rigorous marking of the sample in 
combination with a camera was used to capture the behaviour. Today, an image 
processing technique called digital image correlation (DIC) can be used [20]. An 
example is Aramis system for optical 3D and 2D deformation analysis provided 
by GOM. The system is suited to measure three-dimensional deformation and 
strain with a high accuracy. 

A comparative study between bias-extension and picture-frame tests for 
characterisation of woven textile composites was made by Harrison et al. [21]. 
Equations to compare test data from the two different methods, based on 
geometry and shearing areas, were presented. 

Interlaminar friction measurement 
The lack of a test standard for this type of interlaminar friction measurement 
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 [22-24]. 
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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 [25]. Another example is the apparatus 
designed by Ersoy et al., this 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 [26]. Influenced by these apparatus’, a 
schematic sketch of a test rig (in its open position) can be seen in Fig. 9. 

 

Figure 9. Sketch of apparatus to measure interlaminar friction. 

The test begins after the pneumatic piston (c) is activated and the prepreg 
surfaces (d) and (e) are in contact. The normal pressure (a) on the surfaces is 
decided by the air pressure fed to the piston. The large plate (f) is fixed and the 
rest of the rig is moving in the b-direction. 

Summary of appended papers 
With the aim of reducing cost of prepreg composite components, 
manufacturing methods are developed and refined. An automatic tape laying 
machine can shorten the process cycle by stacking prepreg flat and thereafter 
allow for forming into desired shapes. Forming of stacked prepreg requires 
knowledge about the uncured properties of prepreg, such as viscosity of the 
matrix, intra- and interply deformation properties. The objective of the thesis is 
by the use of experimental tests evaluate the forming behaviour of different 
prepreg systems. 
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The work presented in Paper A aims to characterise the in-plane properties 
of cross-plied unidirectional prepreg using the bias extension method. The two 
prepreg materials are carbon fibre/epoxy material systems and testing is 
performed at elevated temperatures to enhance formability. Using digital 
speckle photography, the specimen deformation and fibre rotation is captured 
during tests and thereafter compared with the pin-jointed net (PJN) 
assumption. Degree of impregnation, phases included in the matrix (for 
example particles), level of compaction and stacking sequence are some of the 
parameters affecting the forming result. The study shows that different type of 
prepreg behaves differently; for one type the pin-jointed net theory fit well, 
enabling simple estimation of resulting fibre angle, while for another not. 
Different loading speed, temperatures and lay-up methods are investigated in 
order to pin-point its influence on the deformability. 

The study within Paper B focuses on the interply friction, i.e. the friction at 
the prepreg-prepreg interface, and how this affects the forming. The 
conclusions presented here show that the differences between prepreg material 
systems are significant. M21 requires approximately 10 times higher load than 
977-2 to allow interply slippage, only looking to the viscosity it would suggest 
the opposite. The prepreg material is soft and the surface roughness is 
influenced not only by pressure, but also by increasing temperature, as the 
softening matrix promotes increasing roughness. The interlaminar friction 
coefficient consequently increases with increasing temperature. 

These experimental studies gave a wider understanding and comparative 
results that could work as guidance when choosing a suitable material system. 

Future work 
The idea to model a unit cell with important forming properties has been there 
from the beginning. To be able to model the material during forming, more 
testing is required. Experiments indicate a coupling effect between layers in a 
stacking sequence. Further investigations within this area of interlaminar 
properties are important to understand the forming behaviour of stacked 
prepreg. Also, the intraply modes of deformation, and the transitions between 
them, can be governing in forming. Additional bias-extension tests including 
other cross-ply angles may expand the understanding of this behaviour. The 
further goal is to implement these properties in a finite element (FE) based 
simulation software to see the limits of forming with a specific material. 
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