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ABSTRACT

EXPERIMENTAL AND NUMERICAL INVESTIGATION
OF TOOL-PART INTERACTIONS IN COMPOSITES
MANUFACTURING

Composite parts may undergo some shape distortions due to the residual stresses
generated during the cure cycle. This may cause difficulties in assembling compos-
ite structures. This experimental and numerical work is done to investigate shape
distortions, and stress distributions built up during manufacturing due to tool-part

interaction.

In the numerical study, tool-part interaction induced warpage effects are modeled
for flat composite strips in three different ways by using a three step finite element
analysis procedure. The analysis is based on a number of simplifying assumptions,
most of which are reasonable. Vitrification is treated as a point at which the material
suddenly changes from the rubbery to glassy state with constant properties in each

case.

The models developed take into account the observations on the interactions
between the tool and the part and between the prepreg layers themselves, and a work
has been carried out to investigate the effect of various process parameters and interface

properties on the manufacturing distortions of composite parts.

Elasticity solutions were made to compare the results of the two finite element
models mentioned above. A closed-form analytical model based on the theory of elas-
ticity is implemented to analyze the process- induced stresses and deformations that
develop during the cure cycle of a composite flat part. Solutions were obtained for the

sticking and sliding boundary conditions.



Through tension test, by loading and unloading a single uncured ply, a load dis-
placement data obtained, which is then converted into stress-strain relation. The dif-
ference between the loading and unloading curves reveals the initial waviness of fibers.
The effect of this behavior on fibre stress development due to tool-part interaction is

analyzed.

Tool-part investigation is further investigated by marked-tool test. This test is a

new method to measure the degree of tool-part interaction.

End observations were made through image analysis of the samples cut from the

corners of both ends of the specimens under the optical microscope.

These experimental observations are tried to be explained by the help of analytical

tools developed.
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OZET

KOMPOZIT IMALATINDA KALIP-PARCA
ETKILESIMLERININ DENEYSEL VE SAYISAL
ARASTIRMASI

Kompozit parcalar pisirme ¢evrimi sirasinda olusan artik gerilmelerden dolay:
sekil bozukluklarina maruz kalirlar. Bu durum kompozit yapilarin bir araya getiril-
mesinde zorluklara neden olmaktadir. Bu deneysel ve sayisal calisma, diiz kompozit
parcalar i¢in pigirme ¢evriminin basamaklari sirasinda meydana gelen sekil bozukluklar:

ve gerilme dagilimlarini incelemek iizere yapilmigtir.

Sayisal calismada,diiz kompozit parcalarda kalip-parca etkilesiminden kaynaklanan
sekil carpilmalar1 ii¢ basamakli bir sonlu elemanlar analizi kullanilarak ¢ degisik
bicimde modellenmistir. Analiz sirasinda belirli sebeplere dayanan baz basitlestirici
varsayimlarda bulunulmugtur. Camlagma, malzemenin birdenbire kauguk durumdan
camsl duruma gectigi bir nokta olarak diiginiilmiigtiir. Her iki durumda da sabit

malzeme Ozellikleri bulunmaktadair.

Geligtirilen modellerde kalip ve parca etkilesiminin yanisira katmanlar arasindaki
etkilesim de dikkate alinmigtir. Caligma, cesitli islem parametrelerinin ve arayiizey

ozelliklerinin, kompozit parcalarin iiretim carpilmalarina etkisi aragtirilmigtir.

Yukarida sozii edilen iki sonlu elemanlar yonteminin sonuglarimi kargilagtirmak
i¢in elastisite ¢oztimleri yapilmigtir. Kompozit bir parcanin pigirme cevrimi sirasinda
olusan gerilme ve sekil bozukluklarini ¢oziimlemek icin elastisite teoremine dayali kapali
formda sayisal bir model uygulanmistir. Tutunma ve kayma siir kogullari i¢in ¢oztimler

elde edilmigtir.
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Cekme deneyinde, pismemis tek bir kat yuklenip bosaltilarak, yiik-yer degistirme
verisi elde edilmig ve bu veri daha sonra gerilme-gerinme iligkisine ¢evrilmigtir. Yikleme
ve bosaltma egrileri arasindaki fark liflerin baglangicta diiz degil dalgali oldugunu ortaya
koymaktadir. Bu durumun kalip-parca etkilesiminden dolayi, lifler tizerinde gerilme

olusumuna etkisi de incelenmistir.

Kalip-parca etkilesimi ayrica isaretli kalip testi ile de incelenmigtir. Bu test kalip-

parca etkilesiminin derecesini ol¢gmek i¢in yeni bir yontemdir.

Ug gozlemleri, numunelerin iki ucunun koéselerinden kesilen kompozit 6rneklerini

optik mikroskopta inceleyerek yapilmigtir.

Bu deneysel caligmalar gelistirilen sayisal yontemlerle agilanmaya ¢alisilmigtir.
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1. INTRODUCTION

Composite parts may have some shape distortions due to the residual stresses
developing during the cure cycle, interaction with the tool and applied vacuum pressure.
This can cause difficulties in assembling composite structures. This experimental and
numerical work is done for calculating the distortions which are generated during the

cure cycle for different lay-ups of flat composite strips.

Moreover, both chemically induced shrinkage and thermal deformations are gen-
erated during composite processing. The fibers possess a very small thermal expansion
coefficient along their longitudinal axis and that produces little deformation in that
direction during resin cure. The polymer matrix has a much higher thermal expansion
coefficient and is thus more susceptible to temperature changes. The difference of the
thermal expansion coefficients in the fibre and transverse directions is one of the ma-
jor sources of the residual stresses. After the cure of fiber-reinforced composites, the
residual stresses generated can have considerable effects on the part quality and on its

mechanical properties, promoting warpage or initiating matrix cracks and delamination

1].

Sources of manufacturing distortions in composite manufacturing and their rel-
ative contributions to the final shape of the composite parts have attracted recently
considerable research effort. One of the sources of manufacturing distortions that have
attracted considerable reserach effort is tool-part interaction. The resulting distorted
shapes consistently show a convex up curvature as the middle of the flat symmetric
part lifts away from the tool. A number of parameters were found to affect the mea-
sured warpage in flat sections, the most prominent being the mismatch of coefficient
of thermal expansions (CTE) between the tooling and the component [2]. Other fac-
tors are through-the-thickness fibre volume fraction gradients, lay-up orientation, part

thickness and shape, use of release agent/film and the cure cycle [3, 4].



When the laminate is laid on a tool that has a considerably higher CTE and
the consolidation pressure is applied, a shear interaction develops at the tool-part
interface during the temperature ramps of the Manufacturer’s Recommended Cure
Cycle (MRCC), putting the tows close to the tool surface in tension. This occurs at
the early stages of the cure, before the resin cures, when the resin modulus is low,
causing a decay of tensile stresses away from the tool surface. This stress profile is
locked in as the cure completes and when the part is removed from the tool, the locked

in stresses cause a bending moment, forcing the part to warp in a concave-up sense

(Fig. 1.1).
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Figure 1.1. Warping of flat laminates due to tool interaction[18]
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Other researchers emphasized the effect of tool-part interaction on spring-in [5,
6, 7, 8], all agreeing that the tool interaction causes an increase in measured spring-in
angle of corner sections manufactured on male tools and a decrease in female tools.
It is not clear if the tool-part interaction has an effect on the spring-in of the curved

section, or if the measured difference is due to arm bowing in the flat sections.

Another shear process occurring during manufacturing of composite parts is the
slippage of the prepreg layers with respect to each other. This mechanism, which has
to date received little research attention, is effective in manufacturing rather complex
parts with corner sections. As the preform for the corner section is imperfect as laid-up,
consolidation of the corner under autoclave pressure involves slippage of the prepregs
with respect to each other, causing tensile stresses in the tows close to the inner ra-
dius, if the prepregs do not slip fully. These stresses are locked in as the part cures,

contributing to the increase of the spring-in angle.



Since tool correction by trial and error is an expensive and time consuming task,
the development of an analytical tool to predict the spring-in taking into account var-
ious factors has also attracted a considerable research effort, and tool-part interaction
is also included in most process models as a major contributor to the final shape of
the parts[8, 9, 10, 11]. In these models, tool-part interaction is either modeled as the
part stuck to the tool surface with no relative motion [9], or as a cure hardening elastic
shear layer which remains intact until the tool is removed [8, 10, 11]. By adjusting the
properties of this shear layer, the amount of stress transferred between the tool and
the part can be tailored. With the use of experimental data the shear layer properties
were calibrated to an appropriate value. These simulations are based on semi-empirical
models, which need to be calibrated according to geometrical deformations observed

in manufactured parts.

Some recent studies concentrate on measuring the tool-part interaction using an
instrumented tool. In [12] the researchers have developed a quantitative means of
examining the interactions between the tool and the part by applying a strain gauge
rosette on a thin aluminium tool and curing a composite part on that instrumented
tool under vacuum. They found that during the heat-up portion of the cure cycle when
residual stress development due to tool-part interaction is most significant, a sliding
friction condition is prevalent at the tool-part interface. Furthermore, the degree of
elastic constraint observed at low degrees of cure indicates an interaction between the
fibre bed and the tool. This shows that even prior to resin gelation, the part can
develop fibre stresses. However, the sensitivity of this study is limited due to the high
stiffness of the tool, and the strains due to tool interaction are only a small fraction of
the total measured signal. This methodology was later used to predict the warpage of

flat laminates [13, 14].

A more direct approach was adopted by Kim and Daniel [15] by measuring the
strains in the composite laminates during curing using embedded fibre optic strain
sensors and electrical resistance strain gauges. It was found that significant strain was
developed by interference between the composite and mould during cure, resulting in

constraint-induced strain. However the strain gages and fibre optic sensors can pick up



strain readings only after gelation where the resin cures to the point that it can sustain
stress. Recently Potter et al. [16] used a spot curing technique, where the strain gauges
are bonded to cured spots on the prepreg, calibrated in a tensile test machine for load
vs. strain. The prepreg is then cured under the MRCC, and the strains recorded. The
data showed that the magnitude of the in-plane tensile stress is proportional to the
distance from the free ends of the prepreg, indicating a sliding friction condition with

constant shear stress at the tool-part interface.

Flanagan [17] measured the friction coefficients between the Fiberite Epoxy 934
prepreg and the tool surfaces treated by Frekote release agent with or without release
film as a function of temperature and pressure. He used a heated plate, and dead
weights to simulate the cure cycle, however, the maximum pressures he attained by
this method is only a fraction of the autoclave pressure (0.24 versus 0.586 MPa). The
friction coefficients are observed to be relatively independent of the pressure, and to
decrease substantially as the resin is heated with a ramp of 2° C/min (1.14 at room
temperature, 0.17 at 125° C), as the resin viscosity goes down. At about 160° C, which
corresponds to the gel point, the friction coefficient increases to the value for the cured
laminate (0.33). However, the values measured are the coefficients at the onset of slip,
and the test method does not allow to measure very low post-slip friction coefficients.
Also the tests do not represent the continuous relative slipping of the interfaces during

the heat-up ramps of MRCC.

The tool-part interaction stresses were measured previously by Ersoy [18]. It has
been found that the shear stresses between the prepreg/prepreg interfaces are higher
than the shear stresses between the tool-prepreg interfaces for AS4/8552 composite.
Fibre intermingling at the prepreg/prepreg interfaces is believed to cause higher shear

stresses as compared to the fibre friction at the tool/part interfaces.

Wisnom et al. [19] investigated the mechanisms generating stresses and distor-
tions during the cure. They suggested that distortions generated primarily due to
thermal stresses during cooldown arising after vitrification. At that point, the mate-

rial has developed significant stiffness. It develops progressively as the T} increases



with cure. They concluded that spring-in is effected also by thermal stresses and cure
shrinkage in the rubbery state, due to tool-part interaction and significant fibre stresses

may develop during the initial stages of cure where the resin is in viscous state.

Arafath [20] presented a closed- form solution based on the theory of elasticity
to analyze the process-induced stresses and deformations that develop during the cure
cycle of a composite flat part. These solutions showed that the in-plane stress gradient

in the thickness direction depends on both material and the geometry of the part.

All the previous experimental data show that there is a sliding friction condition
at the tool-part interface during the heat up ramps in a MRCC. However, none of the
previous work offers an extensive understanding of the shear processes at the tool-part

as well as the prepreg-prepreg interfaces.

This study provides two new approaches. Firstly, FEA with a sliding friction
condition between tool/part and prepreg/prepreg interfaces is investigated. Secondly,
tool/part interaction is observed directly by marked-tool test and image analysis of the

ends of the part.

The models developed take into account the observations on the interactions
between the tool and the part and between the prepreg layers themselves, and a work
has been carried out to investigate the effect of various process parameters and interface

properties on the manufacturing distortions of composite parts.

Elasticity solutions were made to compare the results of the two finite element
models mentioned above. A closed-form analytical model based on the theory of elas-
ticity is implemented to analyze the process- induced stresses and deformations that
develop during the cure cycle of a composite flat part. Solutions were obtained for the

sticking and sliding boundary conditions.



2. EXPERIMENTAL WORK

2.1. Material Used

The prepreg investigated in this study is a unidirectional carbon/epoxy, produced
by Hexcel Composites with a designation of AS4/8552. The nominal thickness of the
prepreg was given as 0.125 mm. All the specimens were fabricated by lay-up of 1m
long and 50 mm wide plies with a thickness ranging from 0.75 mm to 1.5 mm, which

were cut by an automated cutting machine.

2.2. Manufacturing Process

All the manufacturing process was carried out at University of Bristol. Before
using the autoclave, the tool was prepared. It is cleaned with acetone and Freekote
release agent was applied for a good slip between the tool and the part. Two different
tools were used during the experiments. Both of the them were made of aluminium
with a good surface finish. The difference between them was that the tool used for the

marked-tool test was scratched at every 100 mm.

Flat composite parts were prepared with various lay-ups. They were carefully
placed on the tool directly, then they were covered with a release film and a breather

cloth, and vacuum bagged.

Finally, they were cured in the autoclave with a 0.7 pressure applied on it using
the Manufacturer’s Recommended Cure Cycle, MRCC, shown in Fig.2.1. The MRCC
consists of a first ramp of 2° C/min up to 120° C and a first hold at 120° C for 60 min,
a second ramp of 2° C/min up to 180° C and a second hold at 180° C for 120 min. A

pressure of 0.7 MPa is applied throughout the cycle.



Heat-up at 2°C/min
Hold 135 nun
Temperature N

Pressure 180°C
Vacuum
Hold: 75 nun

120°C

Cool-down at 1.2-3°C/min

1
1
1
L

Figure 2.1. Manufacturer’s recommended cure cycle

2.3. Marked Tool Test

This test was developed by Simon Johns, a PhD student in ACCIS, University
of Bristol. In this test, the tool made of aluminium was linearly scratched at every
100 mm. The specimens were placed on the tool carefully so that the length of the
specimens were perpendicular to the scratches on the tool. During the curing process,
the resin flows into these lines and makes visible traces on the bottom of the specimen.
Thereafter, cured specimens were placed on the tool again at their original positions
and the shift between the original scratches on the tool and the traces of them on
the bottom of the part were measured. In the image given in Fig. 2.2, the original

scratches on the tool and the traces of them on the part can be seen clearly.

AV VA~ | W W LR~

Figure 2.2. Displacement measurements by using marked-tool



2.4. Tension Test

In this test, a single uncured ply of 1 m long and 50 mm wide was placed between
the grips of a 100 kN Instron Servohydraulic tensile testing machine. To achieve this,
both ends of the ply were reinforced by sandwiching each end between two additional
pieces of prepreg, each 50 mm long and 50 mm wide. Then the ends were covered
with release film and cured by placing a heating block on it for 10 minutes at 200° C.
During this process, the sample was insulated from the bottom by a piece of honeycomb

covered with a layer of teflon film.

Then the testing was carried out in a universal testing machine under displace-
ment control at 1 mm/min and load and displacement data was recorded. The strips
were loaded up to 500N and this corresponds to a stress of a 80 MPa for 50 mm wide
strip of 0.125 mm thick prepreg. Unless specified, all tests were performed at room

temperature and the displacement is measured by crosshead movement.

2.5. Preparation of Samples for Image Analysis

In order to observe the relative displacement of the plies and the deformation of
the lay-up under the optic microscope, 1x1 cm samples was removed from the corners
of both ends of the cured specimen using a water cooled rotary diamond saw. But
the preparation for this analysis starts before curing. After finishing lay-up of plies
carefully, both ends of the uncured specimen should be trimmed. So the ends of all
specimens were cut by a rasor blade with the help of a simple clamping system. The
end of the specimen was placed between the grips of the clamp and fixed. To prevent
damaging of the fibers on the grip area by the pressure applied on them, additional
plies were put on the top and bottom of the ends and the grips were closed not under
the full force, but enough to prevent it moving. Nearly a piece of 2 mm was removed

from the end by using a sharp blade.

The samples cut from the cured specimen were then placed in a cylindrical mould

after applying release agent. Once labeled, the resin and the hardener, mixed in a 4:1



ratio, were poured into the mould, over the corner portion. This moulding resin was
left to cure for 24 hours; then the potted sample was polished using a water cooled
polishing wheel and grit paper with incrementally decreasing grit sizes from 180 to 1200.
Grinding at grit size 180 was performed until the surface of interest was flat; polishing
at all other grit sizes was performed until the markings from the previous stage were no
longer visible. Finally, samples were polished first by 3 and then by 1 micron diamond
suspension for 10 minutes and 0.05 micron alumina for min 15 minutes, samples were

washed in the ultrasonic bath using distilled water for 5 minutes after each step.

After the specimens had been polished, they were investigated under the NIKON

LV150 optic microscope at a zoom ratio of 50x.
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3. FINITE ELEMENT METHOD

3.1. Material Properties

During an actual autoclave process, firstly the material is in the viscous state.
The composite cannot sustain any transverse stress, whereas it can sustain some fibre
stresses. Although the shear modulus of the resin is practically zero, due to fibre friction
the shear stresses arising from tool interaction or interply slip can be transferred in the
through-the-thickness direction. The autoclave pressure is applied, the rigid mould,
which may also impose tool interaction forces, supports the composite. Consolidation
takes place as the voids are suppressed, expelled from the composite, and extra resin

bleeds.

Then, the resin goes through the rubbery state, defined by a characteristic value

of the rubbery modulus of the resin. The cure shrinkage takes place at this step.

Finally, the resin vitrifies and transforms to the glassy state, and resin modulus
increases a few orders of magnitude. The deformations imposed in the rubbery state
are frozen in and as the autoclave pressure and restraints imposed by the mould are
removed by removing the boundary conditions, the part is allowed to deform freely as

it cools down to room temperature.

These considerations suggest that the process should be modeled in three steps:
viscous, rubbery, and glassy. The analysis is based on a number of simplifying assump-
tions, most of which are reasonable. Vitrification is treated as a point at which the
material suddenly changes from the rubbery to glassy state with constant properties in
each case. To treat this with full viscoelasticity would greatly increase the complexity
of the analysis and the amount of material data required, which is difficult to obtain.
Assuming fully relaxed properties until an appropriately chosen vitrification point is
a pragmatic approach and is argued to be a valid simplification. The viscous state is

represented in Step-1, rubbery state in Step-2 and glassy state in Step-3. In a previous
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study [23], the properties of AS4/8552 composite in the rubbery and glassy states were
obtained by using a Finite Element Analysis based micromechanics approach. The
rubbery and glassy properties are given in Table 3.1. Since there is no data regarding

the viscous state, rubbery properties are used in this state.

3.2. Solution Steps

The viscous state is represented in Step-1, rubbery state in Step-2 and glassy state
in Step-3. Although the Finite Element Model is implemented as a 3-Step Model, the
material properties used in Step-1 and Step-2 are the same, since there is no data about
the viscous properties of the material. However, since it is known that significant fibre
stresses develop due to tool-part interaction in the viscous state; this state is included
into the model as the first state. Initially, the part is at 331.5° C and the tool is at
20° C. A fictitiously high initial temperature is assigned to the part to account for the
0.45 percent cure shrinkage in the rubbery state as the part cools from 331.5 to 180° C
in Step-2. There is an autoclave pressure of 0.689 MPa on the bag surface of the part.
In Step-3, the tool and part cools down to 20° C so that the part becomes glassy. The
applied pressure is removed and the part is separated from the tool and spring-in and

warpage develops.

3.3. Elements

8-node biquadratic quadrilateral generalized plane strain elements are used. The
generalized plane strain theory used in ABAQUS assumes that the model lies between
two bounding planes, which may move as rigid bodies with respect to each other,
thus causing strain in the direction perpendicular to the plane of the model. It is
assumed that the deformation of the model is independent of position with respect
to this direction, so the relative motion of the two planes causes a direct strain in the
direction perpendicular to the plane of the model only. The elements are defined with a
reference node, and restraining this node gives a plane strain condition whereas setting

it free gives a plane stress condition.
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In the FEA model, a common reference node is defined for both the tool and the
part in Step-1 and Step-2. This reference node is restrained for rotation so that the two
bounding planes are free to displace but do not rotate with respect to each other. This
allows the thermal expansion effect of the tool perpendicular to the plane of the model
to be taken into account, and preventing the spread of the composite in viscous or
rubbery states under the autoclave pressure. Upon vitrification, the modulus increases
and the restraints imposed by the tool cease to be effective. The tool is removed from
the model in Step-3, and the part section is now in a plane stress condition. The use of
generalized plane strain elements allows one to switch from the plane strain condition
in the rubbery state to plane stress in the glassy state by removing the restraints on

the reference node common to all elements[21].

3.4. Interface Behavior

When developing the FEA models, both the tool/part and interply interactions
are considered. In the finite element Model 1 implemented in this study, there is only
one contact pair, which is between the tool and the part. In Model 2, however, there are
two contact pairs, one of them is between the tool and the ply adjacent to the tool and
the other is between the ply adjacent to the tool and the rest of the plies (as a single
part). Both contact pairs are active during Step 1 and Step 2, and the tool /part contact
is deleted in Step-3, and interply contact is switched to ROUGH in Step-3 to account
for ceasing relative motion between plies. Tool/Part and interply interactions are
modeled using ABAQUS mechanical contact interaction modeling capabilities. Contact
surfaces are defined for interactions, using ABAQUS option *SURFACE, and then these
surfaces are matched by using the option *CONTACT PAIR. The characteristics of
the contacting surfaces are defined by using the option *SURFACE BEHAVIOR.

Different surface characteristics can be defined by the latter option. Interaction
normal to the surface is the default "hard” contact relationship, which allows no pen-
etration of the slave nodes into the master surface and no transfer of tensile stress
across the interface. Interaction tangential to the surface is modeled with the classical

isotropic Coulomb friction model, where the interfacial shear stress is proportional to
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the contact pressure, and the constant of proportionality is the friction coefficient. In
addition to this, ABAQUS allows the introduction of a shear stress limit, which is the
maximum value of shear stress that can be carried by the interface before the surfaces

begin to slide (Fig. 3.1).

The value of 0.2 MPa for 7/, is the shear stress measured in [19]. Microscopic
observations show that there is relative sliding between the prepreg layers. So 7/,
should be smaller than 7/,. Friction coeflicients between tool/part and prepreg/prepreg

is not very important because sliding friction prevails.

Parameters for interfaces used for modeling interply and tool/part interactions

are listed in Table 3.2.



14

max

Figure 3.1. Interface friction characteristics

3.5. Meshing and Boundary Conditions

Using ABAQUS, [0s], [02/90]s, [02/905]s, [02/903]s and [02/904]s lay-ups are mod-
eled.

The mesh geometries and boundary conditions of the two types of models are

shown in Fig. 3.2 to Fig.3.4.



Table 3.1. Composite material properties obtained by micromechanics [23]

FEBMM

Property | Unit | Rubbery | Glassy

E MPa | 132000 | 134000

FEy = Fs3 | MPa 165 9500
G12 = G13 MPa 88.6 4900
Gos MPa 44.3 4900

Vg = 13 0.346 0.3
Va3 0.982 0.45
Q22 33

esare 0.48

Table 3.2. Interface parameters

Parameter Definition Value
Kt /p Friction coefficient between tool/part 0.5
Hp/p Friction coefficient between plies 0.3
Tt/p Maximum sliding stress between tool/part | 0.2 MPa
To/p Maximum sliding stress between plies 0.1 MPa
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3.6. Model 1

Model 1 has two different versions, Model 1-a and Model 1-b.

3.6.1. Model 1-a

The Model 1-a shown in Fig.3.2 has two parts: the tool and the part. The bag
surface of the part is placed between the coordinates (0,0) and (500,0). The symmetry
line lies in y- axis and passes from (0,0). A reference node is also placed at (0,0).
The rotations about x- and y- axis are hindered. The thermal expansion of the tool
is defined to be 24.72107%°C'~! Only the bottom nodes of the tool are restrained in
the vertical direction, and the symmetry line in the horizontal direction. The elements
of the tool are indicated in darker gray. The coordinate system show the material
orientations in the composite part. The fibers lie along the x- direction in the part
with the [0g] lay up. The material properties in y- and z- directions are the same. In
[0/90] only in bottom and top plies, fibers lie along x- direction, whereas in the second

and third plies the fibers lie along z- direction.

O % :
l P:palrt
y P I

>{ ool

>AAAAAAAAAAAAAAAAAAAAA

Figure 3.2. Meshing of Model 1-a

The tool-part interaction is defined as a contact behavior without softening. The

friction coefficient, 11/, is assumed to be 0.5 and maximum shear stress,r;/, 0.2 MPa.

3.6.2. Model 1-b

With the interfacial behavior in Model 1-a which can be seen in Fig. 5.10, it is
concluded that applying a constant friction boundary condition on the tool surface of
the part may be used instead of the tool. It is noted also that the relative slipping is

non linear. Model 1-a was then modified so that it does not have the tool in contact
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with the part. In this model, instead of tool, the frictional force that can arise due to
tool-part interaction is specified. The boundary conditions applied in modified Model
1 is shown in Fig.3.3.

b

-

»
PV TATATATATATA A TATA A A A A AT ATAA

Figure 3.3. Meshing of Model 1-b. Instead of the tool, frictional boundary condition
is applied in Step 1.

The initial conditions are only in type of temperature. The part is initially at
331.5° C. In the first step, the temperature of the part decreases to 180° C. A fictitiously
high initial temperature is assigned to the part to account for the 0.45 percent cure
shrinkage in the rubbery state as the part cools from 331.5 to 180° C. There is also
a shear traction of 0.2 MPa on the tool/part interface in second direction, which is
considered to be in contact with the tool. In the second step the temperature drops
further to 20° C and there is no shear traction. It is expected that the warpage and

shear stress gradient tends to be similar to the first model.

3.7. Model 2

Model 2 is developed by considering the interply -interaction. A similar model
is used by Twigg et al [13]. According to [13] , it was assumed that, slip also occurs
between the plies of the laminate itself in addition to the tool-part interface and for
simplicity it is assumed that the sliding friction condition occurs only at two interfaces:
between tool and the ply adjacent to the tool and between this ply and the rest of the

part. Other assumptions are as follows:

e The laminate is uni-directional and hence the modulus and thermal expansion of
each ply is identical [13].
e The interply sliding friction coefficient is smaller than the interface sliding friction

coefficient. This is based on experimental evidence presented by Flanagan [17].
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The geometry and meshing type of this model, which is shown in Fig. 3.4, is the
same as the Model 1. Different than the first model, in the code, there are two contact
pairs, one of them is between tool and ply adjacent to the tool and the other one is
between the ply adjacent to the tool and the rest of the plies (as a single part). The
ply adjacent to the tool -shown in light gray- is separated from the part. The tool is

shown in dark gray.

TR —

>

-

>{iool |
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Figure 3.4. Meshing of Model 2
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4. ELASTICITY SOLUTIONS

Elasticity solutions were made to compare the results of the two finite element
models mentioned above. In the PhD thesis of Arafath [20], a closed-form analytical
model based on the theory of elasticity is developed to analyze the process-induced
stresses and deformations that develop during the cure cycle of a composite flat part.
His attempt was to predict the stress development in a flat composite part laid on a
solid tool. He considers this problem is similar to the classical bi-metallic beam under

thermal load. The problem he considered is shown in Fig. 4.1.

y)

Figure 4.1. Schematic of a beam under applied traction at the top and bottom

surface [20]

In his study, calculations were done for a stress free surface at the top and applied
shear stress at the bottom, as well as fully bonded case with equal displacements and
shear stresses along the length of tool and the part at the interface. In this solution

the tool-part interaction is affected by the compliance of the tool.

In this study, calculations were done for the sticking and sliding boundary condi-
tions. In sticking boundary condition a displacement is characterized by the thermal
expansion of the tool is prescribed at the interface. In sliding boundary condition a

constant shear stress is assigned at the interface.

The equilibrium equation in the x-direction can be written as

004 OTyy

ox dy

=0 (4.1)
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The stress-displacement relationship is given below by

_ au ther _ @ @
Ope = Fop (&E € ) Toy = Gay (03/ + 8x> (4.2)

ther is the axial free thermal strain and u and v are the displacements in z and

where ¢

y directions, respectively. When we transform the variables

therl‘

I~
Il

u—=e

So, we can write

du _Ou ., Ou _ Ou

drdx T Oy Dy

Assuming that there is no bending of the beam during the cure cycle and dis-

placement in y-direction is constant, it can be written

ov  Ov
Fr 6_y =0 (4.4)

when we substitute Eqs. 4.2 and 4.3 into the Eqs.4.1,we get
0 ou 0 ou
— ( E,— —(Gpy=— ] =0 4.5
Ox < 83:) * Ox ( y@y) (4:5)

Let the beam is homogeneous,
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9%u 9%u
E =
v sg + Gay 37

0

which is a second order partial differential equation. Let
u=X(x)Y (y)

and substitute in Eq. 4.5, we get

B XY + Gy XY =0

¥ o1y (4.6)
X ey X
where
EII:.'L’
CcC =
Gy

The solution of Eq. 4.6 depends on the value of x. The only solution which satisfies

the boundary conditions is

when

x <0
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Now, an eigenvalue problem given below is obtained

X -1y

A _THr e
X c2Y K
X+ kX =
+ k 0 (@7)
Y - 5% =0
where
6 =ck

is a diffusion-like coefficient as is commonly referred to in shear-lag analysis [20].

The general solution for the two ordinary differential equations in Eq. 4.7 is

X = Ajcos (kx) + By sin (kx) (43)
4.8

Y = Ageﬂy + Bge_ﬂy
When we apply the boundary conditions given as

atx=0u=0=A4,=0

2n—1
atx—Laxx—Ojcos(kL)—O:k—kn—%
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we obtain the displacement, normal stress and shear stress in the infinite series form

given below

[e.o]

U= Z {sin (knx) (AQHeB"y + Bgne_ﬁ”y)} + gtherg
n=1
Opy = Z {Eyikn cos (k) (Agne’ + Byne 7¥)} (4.9)
n=1

T:Ey - Z {nyﬁn sin (knl’) (Azneﬁny _ B%e*ﬁ"y)}
n=1

When we solve Eq. 4.9 for the sticking case, the BC” s given in Fig. 4.2 below are
applied

L=500
! @y=t 1t(x,0)=0 !

x @y=0 u (x,0)=xadAT

Figure 4.2. Sticking boundary conditions

u(x,0) =2aAT Qy=0

(4.10)
T(x,t) =0 Qy=t
The coefficients A,,, and B, are found as
ATa (—1)"
n = 26\ 12
(1 + e2tbn) k2 (4.11)

e AT (—=1)"*!
(1 e2tB) R2

When we consider sliding case, the BC’s given in Eq. 4.12 are applied Fig. 4.3.
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L=500
! @y=t T(x,)=0 !

x @y=0 1(x,0-1

Figure 4.3. Sliding boundary conditions

Txy(xvo) = To @y:O

(4.12)
Toy (2,8) =0 Qy=t
We get the coefficients as given in Eq. 4.13 for the sliding case.
Ay — 27,0 200t
kn LGy B, (€720t — 1)
or (4.13)
BZn -

" kinLGayBy (62000 — 1)

As, and By, are put into the Eq. 4.9 to find the solution. since only the tool-
part interactions in the rubbery state are investigated using the closed-form elasticity

solutions, rubbery material properties given in Table 3.1 are used.
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5. RESULTS AND DISCUSSION

5.1. Model 1

When we compare the results for the models with and without tool the results
are pretty same. For example for a 500 mm long part, at the cross-section at 400 mm
the stress distribution is almost the same, which reveals that the second model is good
enough to reflect the effects of the tool. In Model 1-b, instead of the tool, frictional
boundary condition is applied in Step-1 and 2. A complex model with tool is not
needed to show the effects of the tool. The similarity of the results can be seen below

in Figs. 5.1 and 5.2. In Fig. 5.2, the results of warpage fall onto each other.

Model 1-a
- - - Model 1-b
0.2 4
=
[t
=
oy
° 01
00 T T T
0 0.25 0.5 0.75 1

Thickness (mm)

Figure 5.1. The comparison of the shear stress distribution through the thickness for

Model 1-a and Model 1-b.

Fig. 5.3 shows the warpage of the half of the composite part of 1 m length for
Model 1 and 2. Model 1 gives very small distortion and hence is inadequate in capturing
the warpage behavior of the parts manufactured in the experimental part of this study.
Model 2 gives a parabolic, concave-up warpage which represents the sense of bowing

of the manufactured parts.
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Figure 5.2. The comparison of the for Model 1-a and Model 1-b.

The reason for Model 1 not capturing the warpage observed is the fact that the
FE model does not give a fibre direction stresss gradient through the thickness. This
can be seen in Fig. 7?7 where the fibre stresses are plotted along the length of the part
at the tool and bag sides. There is a stress gradient only at a small region close to the
symmetry line. So the warpage is restricted to this small region, and the rest of the

part does not warp when removed from the tool.

Fig. 5.5 and Fig. 5.6 show the shear stress distribution and the stress distribution
in the fibre direction respectively for [0g] parts of Model 1 at the end of Step-2. There
is a through-thickness shear stress gradient in the part, except the symmetry line. The
shear stress decreases from a value of 0.2 MPa to 0(zero) MPa as moving from the
tool side to the bag side of the part, which shows that the shear stress is distributed
linearly through the thickness of the part as expected.

The stress distribution in z-direction, which is indicated as o,, shows no gradient
through the thickness at regions away from the symmetry line. But it increases towards
the symmetry line. Fig. 5.6 shows o0,, values at different cross-sections along the half

length of the 1 m long part.
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Figure 5.3. Models 1 and 2 predictions of warpage for a 1 m long part with [Og]
lay-up along its half length at the end of Step-3.
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Figure 5.4. Stress in the fibre direction for [0g] lay-up at the tool and bag side at the

end of Step-2 increases towards the symmetry line.
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Figure 5.5. Model 1 predictions of shear stress gradient at x=250 mm at the end of
Step-2 along the half length of 1000 mm long [0g] part .
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Figure 5.6. Model-1 predictions for fibre direction stress distribution in x-direction at

the end of Step-2 for [0g]-orientation.
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For the part with the orientation of [02/90s]; , the warpage is greater than that
with the orientation of [0g], which is shown in Fig. 5.7. In Fig. 5.8 shear stress at the
end of Step-1 is plotted at five cross- sections for a 500 mm long part. The values are
almost the same at every cross- section except at symmetry line, so that the lines for
cross-sections at 100, 200, 300 and 400 mm. overlap in the figure. There is a stress
gradient in the bottom and top plies, whereas the gradient is minimal in the 90° plies

in which the fibers lie along the third direction.

25
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Figure 5.7. Model 1 predictions of warpage for [0g] and [02/905]s-orientations.

In Fig. 5.9 the stresses in fiber direction are plotted at 5 cross-sections at the end
of the first step. Plies with 90-orientation carries no stress, whereas the stress increases

towards the symmetry line. The strain values are nearly zero in z-direction.

No gradient of stress is observed from the tool side to the bag side of the part,

but there is an increase of o,, values towards the symmetry line of the part.
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Figure 5.8. Model 1 predictions for 7., at the end of Step-2 for 1 m long part at three
different cross-sections (at Omm (symmetry line), 100mm, 200mm, 300mm, 400mm

for [02/905]s-orientation .
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Figure 5.9. Model 1 predictions of through-thickness stress distributions in
z-direction at the end of Step-1 for [02/90,]s lay-up.
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In Fig. 5.10, contact pressure (CPRESS), contact opening (COPEN), contact
shear stress (CSHEAR) and relative slipping (CSLIP) at the tool-part interface are
plotted. It can be seen that the contact shear stress is almost constant along the
length of the part, except there is only a small region (0-1.25 mm length of the part)
where sticking condition prevails and the shear stress has a sharp decrease from 0.2
MPa to 0.05 MPa. Elsewhere sliding with constant maximum shear stress of 0.2 MPa

occurs.

0.20 - 0.8
B i T 07
-0.20 + \\“\\ ——cpress | | 00
\‘\\ ——CSHEAR | + 0.5
-0.40 + ~~ e COPEN =
=) \‘\\ ——csup || 94 F
B -060 + > + 03 %
o] \\\ -
2 -0.80 T ~ +o02 &
g .
L5, 1 N
S .1.00 + e 01 ¢
% | I I = 0 #
5120 4 N 2
= 100 200 300 400 N S00.07 &
e
-1 40 N ™~ _0 2
1.60 - 103
Length(mm)

Figure 5.10. Model-1 interface stresses and displacements between tool and part at

the end of Step-2.
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5.2. Model 2

In Model 2, the tool/part interaction is as in Model-1. Additionally, there is an
interaction between the ply adjacent to the tool and the other plies. The maximum
shear stress between the tool and the part is fixed at 0.2 MPa. Two different values
for the maximum interply shear stress are assumed to be 0.1 and 0.15 MPa in order
to observe the effect of the magnitude of the maximum interply shear stress on the
overall deformation pattern. The parabolic behavior is better represented than the
Model 1. However, the warpage depends greatly on the magnitude of the maximum
interply shear stress. The difference is shown in Fig. 5.11. The gradient in shear stress
becomes bilinear through the ply adjacent to the tool in Model 2, whereas it is linear
in Model 1 (Fig. 5.12).The values 7/, and 7,/, are the maximum shear stresses that
these interfaces can carry. There is a discontinuity in o,, between the ply adjacent to
the tool and the rest of the plies. The fibre stress distributions cause a net bending
moment which gives the curvature of the strip when it is released from the tool. These

can be seen in Figs. 5.13-5.14.

120 - T 0.1
— Tyy=0.15
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Figure 5.11. Model 2 predictions of the warpage of the [0g]s part along its length at
the end of Step-3 for two different values of maximum interply shear stress for 1 m

long part.
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Figure 5.12. Comparison of through thickness shear stress gradient in Model 1 and 2

Cxx (MPa)

for 1 mm long part when 7,,,=0.1 MPa and 7;/,=0.2 MPa.
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Figure 5.13. Model 2 Through-thickness stress distribution in 2-direction at the end

of Step-1 for [0g], part.
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In Figs. 5.15 and 5.16, contact pressure (CPRESS), contact opening (COPEN),
contact shear stress (CSHEAR) and relative slipping (CSLIP) at the tool-part interface
and at the interface between the ply adjacent to the tool and the rest of the part are
plotted. In Model 2, contact shear stress remains almost constant along the length
of the part in both interfaces and interplies, implying that sliding condition prevails.
There is a decrease in shear stress only in a small region of the part towards the

symmetry line where the interfaces are sticking.
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Figure 5.14. Model 2 Through-thickness stress distribution in 2-direction at the end
of Step-1 for [02/905]s-lay-up.
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Figure 5.15. Model 2 interface stresses and displacements between tool and part at

slip, seperation (mm)

Figure 5.16
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5.3. Elasticity Solutions

The normal stress in z-direction, o, vs. thickness of the part for the sticking
boundary conditions is plotted in Fig. 5.17 using Eq. 4.9 with the coefficients in Eq.
4.11. In these equations, AT equals to 160° C.
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Figure 5.17. Infinite series solution with sticking boundary conditions for a 1 mm

thick part

The normal stress in x-direction, o,, along the thickness of the part for the sliding
boundary conditions is plotted in Fig. 5.19 using Eq. 4.9 with the coefficients in Eq.
4.13. Here, 7, is equal to 7;/,, which is 0.2 MPa and t is equal to 1 mm. If only a single

ply is considered, 7, = 73/, - 7,/ equals to 0.1 MPa and t equals to 0.125 mm.

When we compare Fig. 5.6 and 5.13 with Fig. 5.18 and 5.19, respectively, it can
be seen that the finite element model results are well in agreement with the closed form
solutions solved for sliding boundary conditions. Closed- form solutions for the sticking
boundary conditions shown in Fig. 5.17 gives very high values of o,, as compared to

the analytical models for a 1 mm thick part.
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Figure 5.18. Infinite series solution with sliding boundary condition for a 1 mm thick

part
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Figure 5.19. Infinite series solution with sliding boundary condition for a 0.125 mm

single ply
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6. EXPERIMENTAL RESULTS

6.1. Tension Test

The data obtained from the Instron universal testing machine were recorded and
then converted into stress-strain diagram. A typical stress-strain diagram is plotted
in Fig. 6.1. At the beginning of the curve, a region with a very small slope can be
observed. It is accepted that this region represents the initial waviness of the fibers.
As the prepreg starts to be pulled, firstly these curvy fibers get linear and then they
begin to carry the load applied on them. After this region, the curve increases linearly
from which the elastic modulus can be calculated. The curve of unloading does not go
back to the zero strain because of the initial stretching effect. No slipping was observed
in the gripping area. The initial displacement is calculated as 0.01 mm and this value
is added to the results of Model 2 for the[0g] specimen shown in Fig. 6.2. This is the
displacement without causing any fibre stress in the part. In the results obtained in
marked-tool test do not include the initial displacemet of the fibres. So, to correct
the total displacement caused by the normal stress, the initial displacement should be

added to the results of the models.
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Figure 6.1. Tensile test result for a single ply of 0.125 mm thick

6.2. Marked Tool Test

In Figs. 6.2-6.6 the displacements vs. half length of the part are plotted for 1 m
long specimens with various lay-ups. Experimental results are obtained by measuring
the difference between the scratches of the tool and the lines on the part as shown in

Fig. 6.7. The thermal expansion of the tool is calculated by the Eq.

0 = axAT

The first thing to observe is that the marks on the part is very close to the
displacements caused by the thermal expansion of the tool. This suggest that the
fibres close to the tool/part interface may stick to the tool surface streched by the tool
expansion causing high fibre stresses. However this stress may decay steeply due to
high intraply shearing. This hypothesis is also supported by the micrographs taken
from the ends of the strips manufactured where both inerply and intraply shearing can

be observed (Fig. 6.7-6.9)
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Model 1 and Model 2 results are taken from the displacements of the nodes of
the part which are in contact with the tool. For the specimens with [0g] and [02/905]s
lay-ups (Fig. 6.2 and 6.4) results of Model 2 with two different values for maximum
interply shear stress, 7,/,, are plotted. When 7,/ increases, the results of Model 2
get closer to the results of Model 1. The results of the model and mathematical
calculations lies below the experimental results. When the initial stretching was added
to the constant shear stress in Fig. 6.4, the values are getting closer to the experimental
results although the improvement is minimal and doesn’t explain the large discrepancy
between the model predictions and experimental values. Since the part was placed
straightly on the tool for photographing, the effect of bending moment is eliminated.
In that case, the difference between the two curves exists through retraction of the
part after removing the part from the tool. When we compare the two models, the
model with the separated ply (Model 2) gives closer results to the experiments. This
means that assuming the first ply sticks to the tool during the curing process and the
remaining plies slide over it is a better approach than considering the part moves as a

whole body as modeled in Model 1.
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Figure 6.2. Displacement of [0g] specimen
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Figure 6.3. Displacement of [05/90]s specimen
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Figure 6.4. Displacement of [03/90s]s specimen
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6.3. Image Analysis

Sample pieces were cut from the corners of the 1m. long flat parts of [0g] [02/905];
and [02/904]; configurations and images were taken under the optic microscope. In
these images, it can be seen that there is a slip and intraply shear of the bottom ply,
which is in contact with the tool with respect to the other plies. The amount of slip is

smallest in unidirectional composite part.

Figure 6.9. Microscope image from [03/904]s
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The relative displacement is measured directly from the microscope images. In
Model 2, the node displacement at the end of the ply adjacent to the tool and the node
displacement at the end of the ply at the bag side is measured. Then the difference
is found to get the relative slipping. Then the amount of slip of the ply which is in
contact with the tool measured from the images were compared with the analytical
results. Comparison for all parts are listed in the Table 6.1 given below. Through
this analysis, it is seen that the model predicts this slip at the end of the ply with a
reasonable error margin when the maximum interply shear stress, 7,/,, is equal to 0.1
MPa. However for a higher interply shear stress 7,,,=0.15 MPa the difference of the
relative slip between the nodel predictions and experimental observations are beyond

a reasonable error margin.

Table 6.1. Image analysis compared to model results (R: Right End L: Left End)

image results | Model 2 | %difference | Model 2 | %difference
Tp/p=0.1 Tp/p=0.15
[0s]R 0.011764706 | 0.243541 15.01% 0.0848058 59.95%
0L | 0.211764706

[02/90,],R | 0.094117647 | 0.0570096 | 39.43% | 0.001215 | 99.06%
[02/905],L | 0.129411765
[02/90,],R 0.2 0.1947532 |  2.62% | 0.001893 | 99.05%
[02/90,4],L | 0.247058824
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6.4. Warpage

The method used for measuring the geometry of the 1 m long specimens, tpro-
posed in the PhD thesis of Garstka [25], was to stand the strips on the edge on a sheet
of paper and use a paint spray to transfer the edge geometry to the paper with minimal
force. The distance between the straight line marked previously using a 1 m ruler and

the sprayed line was measured using a digital caliper.

—*- [08]-getl
—<=[08]-sel2

- == [0,/90],

— B [02/907],-5et 1
— = [02/904],-5et 2
g [02/903] ¢
oo [02/904]¢

Warpage (mm)

-500 -300 -100 100 300 500
Length (rmm)
Figure 6.10. Experimental results for the warpage of 1 mm long part with different

lay-ups.

In experiments, a distinguishable trend with respect to the lay-up was not ob-
served. The results are plotted in Fig. 6.10. There are large differences in the warpage
between two specimens of the identical lay-up. This variability can results from several
reasons. Firstly, the prepregs were cut from a big roll. Since the prepregs were taken
from different layers of this roll, the fibers may have different preloads on them. As
getting closer to the inner radius, the fibers are more curved since they are rolled on
a smaller diameter. Secondly, while laying up by hand, the fibers may be preloaded
accidentally. Moreover, a surface imperfection or insufficient coating of release agent

on the tool surface may induce unexpected frictional effects.
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In Figs. 6.11 and 6.12, the results obtained from Model 1 and 2 are compared

with the experimental results for [0g] and [02/905]s lay-ups. The interply shear stress

Tp/p is only an assumed value, so in order to find an upper bound and lower bound for

this value, several trials were done.

Warpage (mm)
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H —— Model 1

- ®- | Expetiment
— B - 2 Experiment
sosess Model 2 Tpp=0.15
Model 2 1,,=0.17

-300 -100 100
Length (mm)

Figure 6.11. Comparison of experimental to analytical warpage results for [Og|at the

In Figs.

end of Step-3

6.11 and 6.12, it is seen that the results of Model 1 are below the

experimental results for both lay-ups. Model 2 predicts warpage values much more

closer to the experimental results when the interply shear stress 7,/,, is taken higher

than 0.1 MPa. When 7,,, is equal to 0.17 MPa in [0g] lay-up, the prediction is very close

to the second experimental result. However this value of interply shear stress gives a

very low interply slip as compared to the values measured by microscopic examinations.
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the end of Step-3
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7. CONCLUSIONS

In this study, tool-part interaction induced warpage effects are modeled for flat
composite strips in three different ways by using a two step finite element analysis
procedure. The analysis is based on a number of simplifying assumptions, most of
which are reasonable. Vitrification is treated as a point at which the material suddenly

changes from the rubbery to glassy state with constant properties in each case.

As going far from the symmetry line of the part, the displacement increases
linearly for all models. When we compare the results for Model 1 a and b, i.e. with
and without tool, the results are pretty the same, which reveals that the modified
model is good enough to reflect the effects of the tool. There is a parabolic trend only
at regions close to the symmetry line. The reason for the deformation to be parabolic
towards the symmetry line is the linear distribution of 0., (see Fig. 5.6) towards this
line, elsewhere it is constant, hence causing no bending moment. In Model 2, the
increasing parabolic behavior towards the symmetry line is better represented than the
Model 1. However, the warpage depends greatly on the magnitude of the maximum
interply shear stress. As 7,/, increases, there is a less increase in 0, at interply contact,
which means the moment resultant, hence the curvature due to this stress distribution

is less.

For rubbery and glassy state of the part, 18 material properties are defined in
the model. From these properties modulus in transverse direction FEs,, shear moduli
G12 and Gaz have the most dominant role in modeling the deformation behavior of
the composite part, because they can effect the residual stresses generated during the
cure cycle. It is shown previously that the warpage depends greatly on the magnitude
of the maximum interply shear stress. To have a more correct model representation,

these parameters should be measured.

Through tension test, by loading and unloading a single ply, a load displacement

data obtained, which is then converted into stress-strain relation. The difference be-
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tween the loading and unloading curves reveals that the initial waviness of fibers are
straightened with minimal force, causing an initial displacement without much fibre

stress developing.

Marked-tool test showed that Model 2 is better than Model 1 to represent the
displacement of the composite flat part along its length. But the interface shear stress

seems to be higher than the value of 0.2 MPa.

Image analysis of the sample pieces cut from the corners of the 1 m long flat parts
were used to compare the results obtained in the analytical work. In these images, it
can be seen that there is a slip of the bottom ply which is in contact with the tool.

The amount of slip is smallest in unidirectional composite part.

Warpage results obtained from experiments are less than the predictions of the
models when the maximum interply shear stress, 7,/,, is equal to 0.1 MPa. The results
get closer to the experimental data when 7/, is taken as 0.15 MPa. Moreover there are
large differences in warpage values for two specimens of the same lay-up. The effects
that can cause this are discussed in detail. Firstly, the prepregs were cut from a big
roll. The prepregs were taken from different layers of this roll the fibers may have
different preloads on them. As getting closer to the inner radius, the fibers are more

curved since they are rolled on a smaller diameter.
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