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Abstract

The paper presents a study on a new type residual stress specimen which is proposed as a
simple way to conduct experimental validation for model predictions. A specimen comprising
of a steel plate with circular hole embedded into a stack of CSM glass fibre and further
infused with an epoxy resin forms the experimental case which is analysed. A FE model of the
specimen is used for analysing the curing history and the residual stress build up. The model
is validated against experimental strain data which are recorded by a Fibre Brag Grating
sensor and good agreement has been achieved.

1. Introduction

Processing of fibre composite parts may occur at an elevated temperature and together with
the matrix solidification the process is challenging to characterise. This further makes
predictions of part quality due to a given set of process conditions a difficult engineering task.

Shape distortions and residual stresses in fibre composite parts are some consequences of the
chosen process conditions and these may compromise quality requirements and in service
performance of the part. Shape distortions and residual stresses induced by the curing process
have been investigated by several researchers. Some of the first to model the curing history
and residual stress build up during the process were Hahn et al [1, 2], Bogetti et al. [3] and
White et al. [4, 5]. Based on their findings and methodology models were gradually improved.

The understanding of material behaviour during the curing process is another area which has
been given vast attention during the years. The chemical conversion which is when the
molecular structure sets within the matrix is typically modelled using a phenomelogical
approach. A review of cure kinetic models has been given by Yousefi et al. [7]. These models
are typically based on the reaction enthalpy measured by Differential Scanning Calorimetry
(DSC). Another measuring technique that may be used to characterize the chemical
conversion is electrical impedance spectroscopy which has been investigated by Skordos et al.
[8].

Other important material properties needed in the attempt to model curing stress and/or
distortions are the dimensional changes in the material. These changes arise from the thermal
expansion and chemical shrinkage in the material constituents. The behaviour may be strongly
depended on temperature and chemical conversion. The chemical shrinkage may be measured
in a dilatometer however this technique is limited to post gelled samples. Li et al. [9]
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proposed a new method where the shrinkage could be measured in the entire range of
chemical conversion and the gel-point could be identified as a change in slope in the
shrinkage strain. The characterisation of thermal expansion due to temperature change may be
done in various ways. Similar to the chemical shrinkage a dilatometer can be used or strain
gauges. Bing et al [10] used digital image correlation (DIC) to capture the deformation field
of film subjected to a temperature change. A modelling approach was taken by Craft and
Christensen [11] to predict the coefficient of thermal expansion (CTE) of a randomly
orientated fibre composite material.

Shape distortions of composite parts do occur and it is the consequence of the material
characteristics and manufacturing process. Some of the authors to address this were among
others Amato [12], Svanberg et al. [13, 14] and Sweeting et al. [15]. These authors analysed
different composite elements fx. a U-Channel and the L-shape and measured the distorted
geometry and compared with model predictions. Wisnon et al. [16] studied the
distortion/spring-in effect of an unsymmetric laminate and argued that the main contribution
to the spring-in is caused by the cooling process after vitrification has occurred.

Modelling the process and predicting the consequence of the manufacturing process involve
solving a multi-physic problem which describe the thermal, liquid/solid transition and
structural behaviour of the problem. However due to the complexity and vast amount of input
data needed, the validity of model predictions may often be questioned.

Contributing to bridge the gap between predicted residual stresses from models of fibre
composite parts and actual measurements the paper presents a study on residual stresses
induced into a glass/epoxy composite using a test specimen capable of introducing an equal
biaxial stress field. This study presents both numerical and experimental results on the in situ
strain development during curing.

2. Method

The paper presents both numerical analysis of the curing process for the tested experimental
setup and actual strain measurements to validate the numerical model.

2.1 Experimental setup

An experimental setup using a steel plate with circular hole placed in between six layers of
Chopped Strand Mat (CSM) glass fibre forms the specimen. This stack was then infused with
an epoxy resin at room temperature. The specimen was then brought to approximately 90 C so
curing of the epoxy resin could take place. After 160min the heater was turned off and the
specimen was cooled back to room temperature by natural convection.
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Figure 1. A sketch of the specimen is seen in the figure. A Fibre Brag Grating (FBG) sensor is placed just below
the steel plate. The magnification illustrates the position of the FBG.

A Thermo couple was placed on the specimen to monitor the temperature history during the
entire process. In addition a Fibre Brag Grating (FBG) sensor is placed between the CSM
layer and the steel plate with its Brag Grating area in the centre of the circular part of the
specimen. The FBG is used to record the strain in the material as it is processed. The Grating
length is 5mm. The FBG sensoring technique has been known for some years and has recently
been used by Parlevliet et al. [17] to monitor curing strain. The strain monitoring presented
here will be used to estimate the associated residual stress magnitude.

2.2 Numerical Analysis

The numerical analysis was conducted in Comsol Multi-physic®; a commercial software
package. The numerical analysis is setup as a 3D model. However due two symmetry axis
existing in the specimen only one quarter of the model has been analysed. Thermal heat
transfer was not included in the model of the in situ strain development, since it was verified
from pre-analysis of temperature distribution that the spatial uniformity was within a few
degrees over the entire process, and therefore a uniform temperature within the model is a
good approximation.

In the structural analysis the material behaviour is assumed to be isotropic. The Chemical
strain is modelled as being linear depended on the chemical conversion [18]. The thermal
strain is modelled with a bi-linear law with its transition at the in situ glass transition
temperature [18]. The Young’s modulus is depending on both temperature and the chemical
conversion and is described further in [19].

The model analysed consisted of second order triangular elements and the model was further
discretised with 6 elements in it thickness direction giving a total of 2688 elements. This gives
a model with 48.000 degrees of freedoms (see Figure-2).
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Figure 2. The model is meshed with triangular 2" order elements. The blue shaded volume indicates the steel
late. The grey volume is occupied by CSM glass/epoxy material.

3. Materials

A CSM glass/epoxy material was tested. The CSM glass mat consisted of 50mm fibre chops
and its area weight was 450g/m>. The epoxy was a Bisphenol-A with an Amine hardening
agent. The steel plate was assumed to take typical values for steel. However since the
accuracy of its coefficient of thermal expansion is important for the residual stress build-up in
the composite material it was measured. Values are given in Table-1.

E[GPa] v][] o [pm/(m C)]
Steel 210 0.3 11.5
E(T.c) 185(c>cgqand T <Ty)

w=131 %3 60> cuandT>T)

Table 1. Young’s modulus (E), Poisson’s Ratio (v) and Coefficient of thermal expansion (a) of steel.

CSM glass/epoxy E

The fibre volume fraction was estimated to 0.25. Details on the resin cure kinetics, thermal-
and chemical strains, and modulus of elasticity can be found in [19, 20]. The coefficient of
thermal expansion for the CSM glass/epoxy material is reduced slightly compared to the
nominal value stated in [19]. The reduction is done to obtain a better comparison with
experimental data and the reduction is still within a standard deviation of the nominal value
reported in [19]. The modulus is modelled as being elastic and dependent on temperature (T)
and the chemical conversion (c). For a fully cured CSM glass/epoxy material at room
temperature the Young’s modulus is set to 13.1GPa.

4. Results

The temperature history is recorded with a thermo-couple and the strain in the centre of the
specimen is monitored with an FBG (see Figure-3). From the strain response before the heater
is turned on resin arrival can be seen as a peak in the signal as it causes a pressure release in
the vicinity of the FBG grating area. Moreover the resin arrival peak is followed by a smooth
strain decrease which corresponds to the pressure increase behind the resin front, as it can be
seen in the magnification in Figure-3. An additional pressure adjustment “increase pressure”
was included in the process as this is common practise when fabricating fibre composite parts.
However it can be seen that this pressure change did not affect the strain response further. The
heater is then turned on to reach the curing temperature of 93 C.
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Figure 3. Recorded temperature history (-) together with measured radial strain (--) in the centre of the specimen
is shown in the figure. Process steps made during the injection are indicated in the magnification.

Analysing the measured strain response further it may be seen from Figure-4 that the slopes
during heating and cooling in the temperature domain are different. During heating a slope
(CTE) are found to 5.5um/(mC). The thermal expansion of the FBG itself has been
compensated out and it is thereby assumed that expansion is related to the expansion of neat
glass fibre. The 5.5um/(m C) agrees well with measured values for neat glass fibre [19].
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Figure 4. Different CTE’s are observed during heating and cooling. A significant kink at the end of the heating is
noticed. This kink corresponds well to the occurrence of resin gelation (0).

Gelation may be observed as an abrupt change in the slope during heating of the specimen.
After gelation the fibre and epoxy bond to the steel plate and act as a united material with
different expansion behaviour. This kink further agrees well with model predictions of the
occurrence of gelation. As the specimen cools the material near the FBG follows a curve with
a slope of 12.8um/(mC) (see Figure-4). This value is recognised to be in close agreement
with CTE for steel (see Table-1). Due to the higher modulus of steel compare to the CSM
glass/epoxy makes the steel plate controlling the deformation of the CSM glass/epoxy
material in the centre of the specimen.
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Initially both the chemical and thermal strain was included in the model (see Figure-5).
However the chemical shrinkage taking place at the elevated temperature was not observed in
the measured strain. Moreover the final strain state was heavily overestimated. It can be
argued that stress relaxation at the elevated temperature may balance the chemical shrinkage
and therefore it can be justified to only include the thermal strain in the model. This further
gave a good correlation between the modelled and measured strain response. The agreement
with measured strain was within 50um/m at the final strain state.

200+

__FEA
H : : che+therm
0 ? o : : . E(FEA)
: N : therm

exp)

a | : : o]

Sl

-200+

-400+

-600+

Strain rFeG [umim]

-800+

-1000+

-1200+

-1400

1 L 1 1 L
0 200 400 600 800 1000
Time [sec]

Figure 5. A comparison between model predictions and experimental measurements is shown. It may be seen
that omitting the chemical shrinkage strain and only considering the thermal strain gives a better comparison
with experimental measurements.

The mismatch in CTE between the steel plate and the CSM glass/epoxy material generate a
tensile bi-axial residual stress state in the centre of the specimen. The stress state will
primarily develop during cooling of the specimen because the modulus of the CSM
glass/epoxy material during this stage increases significantly. The stress state in the centre of
the specimen after cooling is determined to 3.5MPa. The magnitude of the generated residual
stress state is rather low compared to its failure strength. However even small magnitudes of
induced residual stresses could have an influence on fx. the fatigue behaviour of the material.

Conclusion
A specimen consisting of a steel plate with a circular hole is embedded into a stack of CSM
glass fibre preform has been investigated. Using VARTM the stack is infused with an epoxy

resin. The temperature history and strain development is monitored during the curing of the
laminate.

From the measurements it was possible measure different expansion/contraction behaviour
during heating and cooling of the specimen. Gelation was identified as a sudden change in
CTE of the specimen. After gelation the expansion and contraction of the specimen was
highly controlled by the CTE and modulus of the steel plate. Chemical shrinkage was
expected to be identified during curing but it was not that significant. Since the curing
primarily took place above Tg the chemical shrinkage is likely to be subjected to a
neutralising creep.
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A FE model of the specimen was analysed and material properties has been measured from
previous studies. The model stated the occurrence of gelation in good agreement with the
sudden change in CTE for the specimen during heating. In addition the model yielded good
agreement with the experimental measured strain response if the chemical shrinkage was
omitted from the model.
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