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Characterization and modelling of
cure-dependent properties and
strains during composites manufacturing

Laure Moretti, Bruno Castanié , Gérard Bernhart and
Philippe Olivier

Abstract

The geometric stability of structural parts is a critical issue in the aeronautical industry. However, autoclave curing of

primary structural composite parts may cause significant distortions and divergences between the mould nominal

geometries and the final shapes of the parts. To be able to anticipate such distortions, a robust simulation tool is

needed, which can be implemented only if the phenomena involved are properly understood and characterized.

The thermo-kinetic behaviour of the M21EV/IMA prepreg is fully characterized in this paper. Thermal strains and

chemical shrinkages are measured using Thermo-Mechanical Analysis during the cure and the experimental method

developed allows the thermo-chemical strains to be obtained even during the early stages of the cure. An experimental

setup is developed to measure the thermo-mechanical behaviour of the material during its cure. Thanks to these

measurements, a new constitutive mechanical model, inspired from the CHILE model, is defined. These data are then

used as inputs for an FEA simulation of the entire curing process. Finally, the model is validated using the cure degree,

glass transition and temperature monitoring, and post-cure distortion measurements.
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Introduction

Because of their specific properties, composite laminates
made of carbon and thermosetting resins are very effi-
cient materials for primary structural parts in aero-
nautics. However, their production remains costly and
does not always provide satisfactory geometric stability.

During their cure, composite parts are subjected to
several multi-physical phenomena, which may cause
residual stresses and strains that will impact the final
geometry of the part. The variations of geometry are
critical for parts of large dimensions, where the dis-
placements caused by small strains can be significant.

It is possible to compensate for such strains by mod-
ifying the initial mould. A jig-shaped mould is then
built to obtain a part with the desired geometry after
demoulding (see Figure 1). This mould geometry can be
obtained by an iterative trial and error approach.
However, this is time consuming and expensive, espe-
cially for parts of large dimensions. Therefore, efficient
virtual manufacturing methods are needed to simulate

and predict the cure strains and to produce the right
compensated mould directly.

Nevertheless, the phenomena involved are numerous
and complex. During the curing process, internal stres-
ses are built up inside the composite part and will result
in residual constraints. When the part is released from
the mould, they are partially or fully relieved and dis-
tortions appear. The distortions can be of various
kinds: spring-in, warpage, forced interaction and indir-
ect distortions, as illustrated in Figure 2. Spring-in cor-
responds to a modification of angles and curved areas.
Warpage is the distortion of areas that were originally
flat. Some authors1 also differentiate what they call
forced interaction. This corresponds to a geometric
locking of the part due to a mechanical action of the
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mould. In the case of assembled structures, indirect dis-
tortions can be caused by the transmission of strains
between the different parts of the assembly.

It is possible to classify the parameters responsible for
cure strains in two main groups: intrinsic and extrinsic
parameters.2 Intrinsic parameters are directly linked to
the properties of the material or the geometry of the part
and the main issues are thermal expansion and chemical
shrinkage. The difference of coefficients of thermal
expansion (CTE) between fibres and matrix, and thus
between plies, depending on their orientation, will con-
strain the part during cure. The chemical shrinkage
caused by the crosslinking of thermosetting resins will
have the same kind of effects. Extrinsic parameters, on
the other hand, are linked to external causes like the
interaction with the tool or curing conditions.

One of the main challenges when simulating compos-
ite cure strains is to properly characterize the impacting
material properties. Broadly speaking, these properties
depend on the chemical state of the resin and, therefore,
on its cure degree. The first step of this study will there-
fore characterize and accurately predict the thermo-
kinetic behaviour of the material. Only then will it be
possible to study the thermo-chemical and thermo-
mechanical properties of the material.

The characterization of the thermal expansion or
contraction and of the chemical shrinkage is crucial
to properly describe cure strains. Various methods
can be found in the literature to characterize their vari-
ations during curing. For example, some authors have

used thermo-mechanical analysis on pre-cured sam-
ples.3,4 This method gave satisfying results but is lim-
ited to post-gel measurements. Garstka et al. developed
a device made of two heating plates to measure the
through-the-thickness strain of a cross-ply laminate.5

Plunger (PVT)-type dilatometers are also often used
and developed6,7; they provide a dilatometric measure-
ment for the complete curing process. However, the
pressure used to conduct the test may affect the meas-
urements. One last example of the various methods
existing in the literature is the use of Fibre Bragg
Grating sensors.8–10 Those sensors, placed directly inside
the composite part, allow to monitor strains during the
industrial curing process. However, this method is limited
to post-gel measurements. In this paper, an experimental
method is developed to measure the thermal and chemical
strains during the composite cure, even at the early stages
of the crosslinking, using TMA.

Another challenging step of material behaviour char-
acterization is the study of thermo-mechanical proper-
ties. Because of the low capability of resins to withdraw
stresses before gel, the thermo-mechanical behaviour of
polymeric composites during cure is hard to measure.
The mechanical constitutive model of these materials is
often approximated using post-cure measurements, but
various authors have tried to set up experimental meth-
ods to measure the mechanical behaviour of composites
during curing. Crasto and Kim used a rheometer to per-
form torsion tests during the curing of a graphite/epoxy
prepreg.11 Johnston applied the same kind of method to

Figure 2. Different types of distortions of composite parts.

Figure 1. Compensated mould method.



measure the development of the mechanical properties
of a carbon/epoxy prepreg.12 Various authors have
measured the thermo-mechanical behaviour of compos-
ites on pre-cured samples by dynamic mechanical
analysis (DMA),12–17 thus limiting the tests to post-
gel behaviour. To fully characterize the development
of mechanical properties during cure, a new experimen-
tal method is developed in this study. The data
obtained are then used to define a new mechanical con-
stitutive model inspired from the CHILE (Cure
Hardening Instantaneous Linear Elastic) model.18

In the study presented here, significant characteriza-
tion work is done to identify the thermo-kinetic,
thermo-chemical and thermo-mechanical behaviours
of the material throughout its cure. Various new experi-
mental methods are put in place to measure the devel-
opment of material strains and properties during cure.
First of all, the thermo-kinetic behaviour is fully char-
acterized. Then, the thermal and chemical cure strains
are measured on uncured samples using thermo-
mechanical analysis. Finally, the mechanical behaviour
of the prepreg is studied. An experimental method is set
up to measure the development of mechanical proper-
ties throughout the cure and a new constitutive model is
developed. Based on this characterization work, a
robust FEA model is implemented using FORTRAN
user subroutines. The main outputs of the model are
the complete thermo-kinetic state of the material (tem-
perature, cure degree, temperature of glass transition),
the mechanical moduli of the material and cure strains
and stresses development during cure. Cure strains can
be separated according to their origins: thermal, chem-
ical or mechanical. Finally, the model is compared to
experimental measurements for validation. These valid-
ations are done using cure degrees, glass transition and
temperature monitoring, and post-cure measurements
of distortions.

Material and experimental methods

Material and manufacturing

The research presented in this paper focuses on lami-
nated structures made of a carbon/epoxy prepreg IMA/
M21EV provided by Hexcel. The IMA/M21EV prepreg
has the particularity of being toughened with thermo-
plastic nodules as illustrated in Figure 3. The nodules
modify the properties of the material in its thickness.
The composite obtained is thus fully orthotropic and
does not have transversely isotropic properties.

The composite parts are manufactured through an
autoclave process with a two-dwell cycle achieving
180�C at its highest dwell. INVAR moulds treated with
FREKOTE 700C and protected with an FEP releasing
film are used to manufacture the composite parts.

This study is performed for primary structural parts
that usually need to be assembled by bonding. During
the bonding process, the composite part undergoes
a new cure cycle. In this study, the cycle is identical
to the first one, so most of the characterization and
simulation works presented here take the material
behaviour during, not one, but two consecutive cure
cycles into account.

Differential scanning calorimetry

A TA Instruments differential scanning calorimeter
(DSC) Q100 was used to measure the heat flow released
during cure and the specific heat capacity evolution.
The heat flow measured was used in order to study
the influence of time and temperature on the crosslink-
ing and on the physicochemical state of the resin.
Dynamic and isothermal tests were run to characterize
the kinetics and the glass transition temperature behav-
iour of the material. Samples in sealed aluminium pans
filled with 23� 0.5mg for the M21EV/IMA were used
for all tests. Dynamic tests were performed with various
heating ramps between 1�C/min and 20�C/min, starting
at �50�C and going up to 350�C. Isothermal tests were
also performed at various temperatures and during dif-
ferent periods. At the end of each isothermal dwell, a
dynamic test was run with a heating ramp of 10�C/min.
Each type of test was repeated at least three times. The
DSC was calibrated with indium samples.

To enrich the DSC tests and to obtain the heat cap-
acity behaviour law of the M21EV/IMA, modulated
DSC tests were conducted using a heating ramp of
10�C/min. For these, the apparatus was calibrated
with sapphire and indium. An amplitude of �1�C and
a frequency of 60s were used. All DSC tests are per-
formed according to the standard ISO 11357.

Laser flash analysis

An experimental method was developed to obtain laser
flash analysis (LSF) measurements during the curing of
prepreg samples by means of a Netzsch LFA 457
MicroFlash. The sample support was protected by a

Figure 3. Image of the thickness of an M21EV/IMA laminate

obtained by optical microscope.



releasing agent (FREKOTE 700C). A 2�C/min ramp
was imposed with isothermal dwells of 3min at 25�C,
50�C, 75�C, 100�C, 125�C, 150�C, 175�C, 200�C, 225�C
and 250�C. During each dwell, three measurements of
diffusivity were made. Each uncured sample was sub-
mitted to this cycle twice in order to decorrelate the
influence of cure degree from that of temperature on
measurements. The first cycle allows to measure the
variation of diffusivity for the uncured material and
during cure. During the second cycle, the resin is fully
cured, and the behaviour of the diffusivity for a cured
material can be obtained. The tests measured the diffu-
sivity of the material and the conductivity could then be
deduced using equation (1)

�ð�,T Þ ¼ að�,T Þ � Cpð�,T Þ � �ð�,T Þ ð1Þ

where � is the thermal conductivity, a is the diffusivity,
Cp is the specific heat capacity and � is the density of
the material.

Thermal mechanical analysis

Various thermal mechanical analyses (TMAs) were
conducted on a Netzsch TMA 402 F3 Hyperion
device in the aim of identifying the thermal expansion
and the chemical shrinkage behaviour of the M21EV/
IMA. For this purpose, an experimental method was
developed. The M21EV/IMA being fully orthotropic,
the measurements had to be made in every ply direction
to obtain the thermo-chemical strain behaviour of the
M21EV/IMA. To measure the strains in the thickness
of the prepreg, samples of 3� 10� 10mm were cut
from an uncured quasi-isotropic compacted laminate
of 16 plies. To also obtain the thermo-chemical strains
in each planar direction, samples of 6� 8� 8mm were
cut from a unidirectional compacted laminate of
40 plies. The samples were placed between two layers
of releasing film and positioned inside the TMA.
A force of 1mN was used to avoid any crushing of
the samples during the cure. Three sets of experiments
were performed:

. Isothermal dwells during which only the chemical
strain acted. The samples were heated at 20�C/min
from 20�C to 150�C. The isothermal dwell was main-
tained for 6 h.

. Slow ramps involving thermal and chemical strains.
Once the chemical shrinkage effect had been sub-
tracted from the total strain measured, the remaining
strain was due only to the thermal effect. The various
CTE were thus obtained from these measurements.
A heating ramp of 1�C/min was used up to 300�C
and cooled down to 20�C at the same rate. The cycle
was repeated twice for each sample.

. Finally, a complete cure cycle was applied to validate
the thermo-chemical behaviour identified.

Usual TMA measurements were also made on uni-
directional cured samples to confirm the rubbery and
vitreous CTEs and to ensure the consistency with
results for uncured samples. The cured samples were
subjected to a ramp of 2�C/min starting at 20�C and
ending at 300�C. Cooling down took place at the same
rate and the process was repeated twice for each
sample. The specimens were tested in each of the
three directions to obtain the thermo-chemical behav-
iour for all ply orientations.

Dynamic mechanical analysis

To characterize the mechanical behaviour of our mater-
ials, a Metravib DMAþ 100 DMA instrument was used.
The usual method consists of loading the material at
various iso-frequencies while applying a thermal ramp.
When the cured material deteriorates with rising tem-
perature, the mechanical properties fall to a low value.
The experimental data are then used to identify the par-
ameters of the mechanical constitutive model. However,
even though the mechanical behaviour of materials
during cure can be extrapolated from those results, the
uncured properties are not fully characterized. A cured
thermosetting epoxy will never return to its initial state.
To be able to identify the constitutive mechanical law on
the actual behaviour of the uncured material, tests must
be achieved on uncured specimens. An experimental
methodology was set up to measure the development
of mechanical properties using a DMA, not on precured
samples, but on fully uncured samples.

Firstly, uncured samples of 0.6� 10� 40mm of
[þ45/�45/þ45] laminates were tested dynamically.
The clamps of the DMA were protected by FEP release
film. The samples being soft, the tensile dynamic stress
was fixed for a displacement at 3� 10�6 m. The tests
were performed with an applied iso-frequency of 1Hz.
Three kinds of tests were performed: thermal ramps of
1�C/min and 2�C/min from 20�C up to 220�C, one cure
cycle followed by a thermal ramp of 2�C/min from
20�C up to 300�C, and two cure cycles followed by a
thermal ramp of 2�C/min from 20�C up to 300�C.

Secondly, uncured quasi-isotropic samples of
3� 10� 10mm were tested by applying dynamic com-
pression. Once again, the apparatus was protected by a
releasing film. A compression static effort of 10N and a
dynamic effort of 2N were applied. The tests were per-
formed with an iso-frequency of 1Hz. The sample was
subjected to two cure cycles followed by a thermal
ramp of 2�C/min from 20�C up to 300�C.

Finally, usual tests were performed on cured samples
to check the consistency of the results. Cured samples



were cut from a unidirectional laminate and tested in
the three directions. The tests were performed at 1Hz
and with a dynamic displacement of 3� 10�6m. A ther-
mal ramp of 2�C/min from 20�C/min up to 300�C/min
was applied.

Experimental results

Thermo-kinetics

As mentioned before, the main properties of the epoxy
matrix, and therefore of the composite, depend on the
state and cure degree of the resin, so it is compulsory
to be able to simulate its chemical and thermal state
during the cure. The crosslinking reaction being exo-
thermic, there is a strong dependence between tempera-
ture and degree of cure. This is modelled by the heat
equation derived from Fourier’s law and from the con-
servation of energy principle (see equation (2))

�c Cpc
�T

�t
¼ div �c Tð Þ � gradTð Þ þ �m �Htot Vm

d�

dt
ð2Þ

where �c is the density of the composite, Cpc is its spe-
cific heat capacity, �c is the thermal conductivity tensor
of the composite, �m is the density of the resin, �Htot is
the total enthalpy of the resin, Vm is the volume frac-
tion of matrix in the material, T is the temperature and
d�=dt is the crosslinking rate.

A thermo-kinetic model is then needed to predict the
temperature and the degree of cure of the material at
any point of the parts and at any time during the cure.
Associated laws and parameters must be identified.

Kinetics. Two kinds of kinetic models can be used: phe-
nomenological models and mechanistic models.
Phenomenological models describe the cure reaction
in an empirical way. They ignore the details of reaction
involved for each component of the material. In con-
trast, mechanistic models accurately follow every chem-
ical reaction contributing to the cure of the resin. They
are extremely complex models in which the work
required to characterize and identify parameters is con-
siderable.15 Therefore, phenomenological models are
largely preferred for the study of the M21EV type of
epoxy resins.15,19–22. Usual phenomenological models
for these thermosets are the Bailleul model15 and the
modified Kamal Sourour model.19–21 Relying on Paris’s
comparison of these models21,23 on M21E, the modified
Kamal Sourour model was used. The behaviour law is
described by equations (3) and (4)

d�

dt
¼ k1 þ k2 � �

mð Þ �max � �ð Þ
n

ð3Þ

ki ¼ Ai � exp �
Eai

R � T

� �
and i ¼ 1, 2 ð4Þ

where � is the cure degree, d�=dt is the crosslinking
rate, �max is the maximum cure degree and m and n
are constants. k1 and k2 are the apparent reaction
rates of the crosslinking, they increase with the tem-
perature following the Arrhenius relationship described
in equation (4). Ai is a pre-exponential constant, Eai is
the activation energy and R is the universal gas
constant.

Maximum cure degree. To determine its maximum cure
degree behaviour, samples of M21EV/IMA were sub-
jected to DSC isothermal analysis following the method
described in the ‘Experimental methods’ section.
Residual enthalpies obtained were compared to the
�Htot of the complete cure reaction. Measured on ther-
mal ramp of 10�C/min, the total enthalpy of reaction
�Htot has a value of 144.3� 2.3 J/g for the prepreg.
Using the volume fraction of fibre, the enthalpy of
the neat resin should be 429.6� 7.0 J/g. This value is
in line with the measurements done by C. Paris et al.23

obtained a total enthalpy of 424 J/g for the neat resin
M21. Maximum degrees of cure were obtained for vari-
ous isotherms, using equation (5). A polynomial law
was chosen to describe the evolution of the maximum
degree of cure

�max ¼ 1�
�Hresi

�Htot
ð5Þ

Kamal Sourour parameters. The various parameters of the
modified Kamal Sourour law were identified thanks to
a Matlab algorithm. The algorithm identifies the par-
ameter values that minimize the gap between experi-
mental results and the Kamal Sourour law. The main
Matlab functions used are lsqnonln associated with a
multistart. lsqnonln is a non-linear least-square solver
and multi-start can launch the algorithm from a multi-
tude of initial values. This method is used to avoid any
local minimum and to ensure that the parameters iden-
tified are those corresponding to the global minimum
between experimental results and the Kamal Sourour
law. The algorithm was applied to all isothermal and
dynamic DSC tests presented in the ‘Experimental
methods’ section. The Matlab algorithm identified m,
n, k1, k2 for various isotherms. Confrontations of
model results with experimental data are illustrated in
Figures 4 and 5. Despite some deviations for high heat-
ing rates, the precision of the modified Kamal Sourour
model identified is sufficient here. Indeed, the highest
heating rate of the industrial curing cycle used in this
research project is 1.5�C/min and the accuracy of the
model at these rates is satisfactory.



Glass transition. To describe the evolution of glass tran-
sition during the cure of an epoxy resin, one of the
models most frequently used in the literature15,20–22 is
the Di Benedetto model. This model, developed by Di
Benedetto and modified by Pascault and Williams,24–27

is described by equation (6). Parameters of the Di
Benedetto law are identified, thanks to a GRG non-
linear solver on Excel with a 10,000 multistart. The
solver minimizes the square gradient

�
Texp
g � Tsim

g

�2
:

Tg � Tg0

Tg1 � Tg0
¼

p � �

1� 1� pð Þ � �

p is an adjustable parameter, and Tg1 and Tg0 are the
glass transition temperatures of the completely reacted
and un-cured resin, respectively.

Thermal properties

Specific heat capacity. The specific heat capacity,
noted Cp, represents the energy needed to heat up a

unit mass of a material by 1�C (or Kelvin). A mixture
law was used to describe the evolution of Cp (see equa-
tion (7)). The behaviour of the Cp for the uncured and
cured resin was identified by various dynamic measure-
ments by modulated DSC, as described in the experi-
mental methods section. Cpcured Tð Þ and Cpuncured Tð Þ
behaviours could be fitted linearly for both materials
as described by equations (8) and (9)

Cp �,Tð Þ ¼ Cpcured Tð Þ � �þ Cpuncured Tð Þ � ð1� �Þ ð7Þ

Cpcured Tð�CÞð Þ ¼ 2:439 � Tþ 598:7 ð8Þ

Cpuncured Tð�CÞð Þ ¼ 1:990 � Tþ 725:0 ð9Þ

Diffusivity and conductivity. The diffusivity of the pre-
preg was measured by LSF. The conductivity, noted �,
was then calculated using equation (1). Once again,
measurements were made at various temperatures on
cured and uncured samples. To describe the evolution

Figure 5. Comparison between differential scanning calorimeter dynamic measurements and model predictions of the cure degree.

Figure 4. Comparison between differential scanning calorimeter isothermal measurements and model predictions of the cure degree.



of conductivity during the cure, a mixture law was used
(see equation (10)). Again, a linear law could be defined
to describe �cured Tð Þ and �uncured Tð Þ behaviours

� �,Tð Þ ¼ �cured Tð Þ � �þ �uncured Tð Þ � ð1� �Þ ð10Þ

Thermo-chemical strains

Cure strains have three main origins: thermal, chemical
and mechanical. Thermal strains are due to the CTE
involved during the cure. Such strains are directly
linked to the temperature increment (see equation
(11)). Chemical strains, on the other hand, are due to
chemical shrinkage of the resins that occurs during
crosslinking. This shrinkage can be modelled using
equivalent expansion coefficients linked to the incre-
ment of cure degree (see equation (12)). The equivalent
CTE is named coefficient of chemical shrinkage (CCS).
Both coefficients are dependent on the chemical state of
the resin as described by equations (13) and (14)

�"therm ¼ CTE ��T ð11Þ

�"chem ¼ CCS ��� ð12Þ

CTEi ¼
CTE

supTg

i T � Tgð�Þ and i ¼ 1, 2, 3

CTE
infTg

i T5Tgð�Þ and i ¼ 1, 2, 3

(

ð13Þ

CCSi ¼
CCSbf gel

i �5�gel and i ¼ 1, 2, 3

CCSaf gel
i � � �gel and i ¼ 1, 2, 3

(
ð14Þ

where Tg is the glass transition temperature and �gel is
the cure degree at which the gelation occurs, and
i¼ 1,2,3 are the three main directions of a prepreg ply
as illustrated in Figure 6.

As explained before, the thermo-chemical strains
were studied through TMA measurements on cured

and uncured samples. Isothermal dwells, slow ramps
and complete cure cycles were applied to prepreg sam-
ples. The results obtained for the isothermal dwells are
illustrated in Figure 7. The strain, driven only by the
chemical shrinkage, is plotted versus the cure degree.
The cure degree was obtained using the modified Kamal
Sourour model identified and the temperature measured
during the test. As expected, the behaviour of the chem-
ical shrinkage follows a bilinear law as a function of
the cure degree. A slope change can be observed with
the gelation of the resin. The chemical shrinkage is thus
described by two CCS, before and after gel, as defined in
equation (14). Following the same pattern, the thermal
expansion and contraction was identified on slow ther-
mal ramps. The computed chemical strain was subtracted
from the total strain measurements, leaving only the ther-
mal effect. As expected, its behaviour follows a linear law
as a function of the temperature with a slope change at
the glass transition temperature (see equation (13)).

Finally, the thermo-chemical strains were measured
on a complete cure cycle, as illustrated in Figure 8.
During the heating ramps, the resin passed through
its viscous and rubbery states. The main effect impact-
ing the strains during the ramps was the thermal
expansion linked to the CTE

supTg

i , as illustrated in
Figure 8(a). During the cooling down phase, a change
of slope could be observed with the glass transition.
There was no thermal effect over the two isotherms
and the chemical shrinkage could be observed. The
strain plotted as a function of the cure degree in
Figure 8(b) illustrates the different slopes before
and after gelation. The CTE and CCS obtained on
the various ramps and isotherms of the cycle are con-
cordant with the other results obtained on cured and
uncured samples.

Mechanical constitutive law

CHILE

Various mechanical constitutive models exist to
describe the mechanical behaviour of epoxy resins.
They can be divided into three main categories: thermo-
elastic, instantaneous elastic and viscoelastic. An epoxy
resin, as studied here, has a viscoelastic time and tem-
perature dependent behaviour. However, those models
are time consuming, costly and need a large amount of
characterization work. The model most often used to
avoid these costs is the CHILE model. The properties
of the epoxy resins considered evolved during the cure
simulation but kept supposedly linear elastic behaviour
at any given instant. Initially developed by Bogetti and
Gillespie28 in 1992, the model was then modified by
Johnston et al.18 In this version of the model, now fre-
quently used, the authors added a temperatureFigure 6. Illustration of directions of a prepreg ply.



dependency for the elastic constants of the resin. The
CHILE model is defined by equations (15) and (16)

E ¼

E1 if T�5T�C1,

E1 þ
T��T�

C1

T�
C1
�T�

C2
� ðE1 � E2Þ if T�C1 	 T�5T�C2,

E2 if T�4T�C2

8><
>:

ð15Þ

T� ¼ Tg � T ¼
�Tg � �

1� 1� �Tg
� �

� �
� ðTg1 � Tg0Þ þ Tg0 � T

ð16Þ

E1 is the un-relaxed modulus, it corresponds to the cure
state of the modulus at T
 Tg; E2 is the relaxed modu-
lus at T� Tg; T� is the difference between resin

Figure 8. M21EV/IMA strain measured by thermal mechanical analyses during a cure cycle: (a) strain (T), (b) strain (a) and

(c) strain (t).

Figure 7. M21EV/IMA strain measured by thermal mechanical analyses during a 150�C isotherm.



temperature and the instantaneous resin glass transi-
tion temperature. Replacing Tg with the Di Benedetto
model developed before yields equation (16). T�C1 and
T�C2 are the critical values of T� at the end and at the
beginning of vitrification.

Modified versions of Johnson’s CHILE model were
proposed by Khoun29 and Curiel and Fernlund30 to
come closer to the modulus development during cure.
Those modifications gave the mechanical constitutive
equation (17)

E ¼

E1 ifT�5T�C1,

E1 þ
T��T�

C1

T�
C1
�T�

C2
� E1 � E2ð Þ ifT�C1 	 T�5T�C2,

E2 þ
T��T�

C2

T�
C2
�T�

C3
� E2 � E3ð Þ ifT�C2 	 T�5T�C3,

A � expð�K � T�Þ ifT�C3 	 T�5T�C4,

E4 ifT�4T�C4

8>>>>>>><
>>>>>>>:

ð17Þ

where E1, E2, E3, E4, T
�
C1, T

�
C2, T

�
C3, T

�
C4, A and K are

fitting constants.

DMA measurements. As explained before, DMA meas-
urements were made on cured and uncured laminates of
M21EV/IMA. To identify the parameters of the
CHILE model, the DMA results were plotted as a func-
tion of T� (see equation (16)). The modulus evolution is
illustrated in Figure 9 and the two CHILE models pre-
sented in equations (15) and (17) are compared.

The modified CHILE model used by Khoun is better
suited to the M21EV/IMA mechanical behaviour.
However, as expected for a thermosetting resin based
material, the modulus of the material had different
behaviours during and after cure. This change of behav-
iour is not described by either of the two CHILE models
presented here. To get closer to the measured behaviour
of the M21EV/IMA, a new mechanical constitutive
model was developed.

The behaviour can be divided into three domains, as
illustrated in Figure 10. In domain 1, the material
leaves its prepreg ‘B stage’. The linearization of epoxy
matrix chains induces a modulus decrease. Then,
during domain 2, crosslinking begins and the mechan-
ical properties start to develop. At the end of the cure
(domain 3), the composite possesses its cured mechan-
ical properties. Once this state has been reached, the
thermosetting resin will never return to its initial
state. A new model is then developed to describe
these three steps. Behaviour laws and parameters are
thus identified thanks to a MATLAB optimization
algorithm following the modified CHILE model
described in equation (17) for each of the three steps.
The comparison between the DMA measurements and
each CHILE model presented are illustrated in Figure
11. This figure shows the results obtained for a two
cycle test followed by a thermal ramp. The best fit is
obtained with the new CHILE model developed, which
separates the behaviour before, during and after cure.

Model construction and validation

Global architecture of the model

The FEA model developed was implemented on
Abaqus through FORTRAN user subroutines. The
model can be divided into two modules as described
in Figure 12. The thermo-kinetic module relies on a
HETVAL subroutine. HETVAL allows the thermo-
kinetics to be resolved and updates the cure degree,
cure rate, heat flux, and glass transition. A USDFLD
subroutine is used to define the cure degree and the
temperature as fields, which are then used to com-
pute the specific heat capacity and conductivity of the
material during cure. Material properties computed by
the thermo-kinetic module are used as input for the
strain and stress module. This module is built on two

Figure 9. Comparison between experimental measurements and CHILE simulations of the M21EV/IMA transverse modulus

behaviour: (a) CHILE and (b) modified CHILE. CHILE: Cure Hardening Instantaneous Linear Elastic model.



subroutines and relying on equations (18) to (20)

�"totij ¼ �"thermij þ�"chemij þ�"mech
ij ð18Þ

��ij ¼ Jijkl ��"
mech
kl ð19Þ

"nþ1ij ¼ "
n
ij þ�"nij ð20Þ

where �"totij is the total incremental strain composed by
the incremental thermal strain �"thermij , the incremental
chemical strain �"chemij and the incremental mechanical
strain �"mech

ij . ��ij is the incremental stress component,
Jijkl is the material Jacobian matrix component and
n denotes the time increment.

A UEXPAN subroutine computes the thermal and
chemical strains, whereas a UMAT subroutine com-
putes the development of the moduli during cure and

the associated Jacobian matrix. Using these two sub-
routines, the strain and stress module is able to com-
pute cure strains, stresses and displacements. The
model is developed to be able to separate the strain
according to its origin (thermal, chemical or mechan-
ical). The model works in 2D and in 3D.

Thermokinetics validation

Kinetics and glass transition validation. DSC measurements
were done at various steps of the cure cycle to validate
Tg and cure degree simulations. Comparison between
experimental and simulation results for Tg are illu-
strated in Figure 13. It can be seen that the thermo-
kinetics model accurately predicts the cure degree and
glass transition evolution during the two consecutive
cure cycles.

Thermokinetics validation on thick parts. To validate the
thermo-kinetics model on thick parts, a unidirectional

Figure 11. Comparison between experiment and simulation for the M21EV/IMA transverse modulus development during cure.

Figure 10. The three domains of the modified Cure Hardening Instantaneous Linear Elastic model developed.



laminate of 200 plies was instrumented with thermo-
couples and cured in an oven. The thermocouples
were placed as illustrated in Figure 14:

. TC 1–2: between the first and the second ply at the
centre of the part

. TC 49–50: between the 49th and the 50th ply at the
centre of the part

. TC 100–101 C: between the 100th and the 101st ply
at the centre of the part

. TC 100–101 B: between the 100th and the 101st ply
at the edge of the part

Figure 13. Comparison between experimental data and the FEA simulation of Tg evolution during two consecutive cycles.

Figure 12. Global architecture of the FEA model.



. TC 150–151: between the 150th and the 151st ply at
the centre of the part

. TC 199–200: between the 199th and the 200th ply at
the centre of the part

Two thermocouples were added to this instrumenta-
tion, one on the mould and another on the top of the
composite part. Curing was simulated by applying
experimentally measured temperatures at the top and

Figure 14. Experimental instrumentation of the thick laminate: (a) experimental set-up and (b) final part picture.

Figure 15. Comparison between thermal monitoring and cure simulation at the core of the thick laminate: (a) overshoot simulation

during the first isothermal dwell, (b) TC 100–101 C versus simulation, (c) TC 49–50 versus simulation and (d) TC 150–151 versus

simulation.



at the bottom of the structure. This method was justi-
fied since the cure process is controlled using those two
thermocouples.

To reduce computation time and cost, only one
quarter of the plate was modelled using symmetry con-
ditions. At this step of the validation process, the aim
was to verify the accuracy of the thermo-kinetic model
alone. The composite part is thus meshed using DC3D8
elements. The thickness of the composite part is meshed
with 20 elements, as illustrated in Figure 15(a).

The maximum error obtained when comparing the
simulation with the experimental data measured by the
thermocouples was 1.4%. It was measured during the
overshoot of the first dwell of the cure cycle, at the core
of the part. Figure 15 compares the data collected by
the thermocouple TC 100–101 C, located at the core of
the part, the thermocouple TC 150–151 and the
thermocouple TC 49–50 with the simulation results at
the corresponding nodes.

Final model validation

In order to validate the model, post cure distortion meas-
urements were performed on various generic samples.

Three kinds of corners were tested: [9020], [020], and
[þ45/�45/þ45/�45/þ45/�45/þ45/�45/þ45/�45]s. Two
kinds of asymmetrical plates were also manufactured.
The first was made of 20 plies of 300� 150mm and the
second of 20 plies of 150� 150mm.

Post-cure distortions are measured by stereocorrela-
tion using a speckle pattern. Two set of cameras Pike F-
505B/F505-C provided by Allied Vision are used for
measurements. The 3D profile of each specimen is
reconstructed using VIC3D software.

To validate the model, the experimental measure-
ments by stereocorrelation are compared with the simu-
lated distortions. The various parts are meshed using
C3D20T quadratic elements. The thickness of the parts
is meshed with one element per ply. When allowed by
the geometry of the part and the orientations of the
plies, symmetry conditions are used to reduce the
model cost. The simulation is divided in two steps:
one step for the cure cycle of the composite part and
one step for the demoulding of the part. The Invar
mould is also modelled as illustrated in Figure 14. In
the current model, the mechanical interaction between
the mould and the composite part is ignored and a
frictionless contact is used at the interface.

Figure 17. Confrontation between experimental distortion and simulated distortions for all generic cases: (a) plates and (b) corners.

Figure 16. Asymmetrical plate model and mesh.



The experimental measurements are compared with
the simulated distortions in Figure 17. For the corners,
the comparison was made on the spring-in value, and,
for the plates, it concerned the warpage. The results
presented in Figure 14 show that the model predicts
the distortions with satisfactory accuracy. Of course,
distortion distribution on each part is also compared
with simulation, as illustrated in Figure 18.

In addition, the model developed allows strain simu-
lations to be separated according to their origins: ther-
mal, chemical or mechanical. The simulation thickness
strain development during the cure of asymmetrical
plate 1 is illustrated in Figure 19. The figure also
shows the evolution of residual transverse stresses
during the cure. As expected, at the beginning of the
cure, stresses remain low, essentially because of the
low modulus of the resin. After gel, stresses start to
develop with the growth of the mechanical properties
of the material. The main residual constraints finally
appear after vitrification, during the cooling-down
phase of the cycle.

Conclusion and prospects

The FEA model developed allows the distortions
induced during the autoclave curing of M21EV/IMA
laminates to be followed and simulated. The model
established is made of various coupled modules describ-
ing the thermo-kinetic, thermo-chemical and thermo-
mechanical behaviour of the material throughout the
cure cycle. It is operational in 2D and 3D and can sep-
arate the strains according to their origins: thermal,
chemical or mechanical. The model predicts the distor-
tions of simple generic samples with a satisfactory
accuracy. The next step of the model validation will
be to compare the simulation results for large compos-
ite panels.

In the simulation tool developed, the influence of the
mould on distortions is currently ignored. With the use
of an INVAR mould, a releasing agent and an FEP
release film, the impact of the mould interaction on
the final distortions is not too great. However, for eco-
nomic reasons, it could be very interesting to use a steel

Figure 19. Simulation of development of thickness strains and transverse stresses at the centre of asymmetrical plate 1: (a) thickness

strains and (b) transverse residual stresses.

Figure 18. Confrontation between simulated and experimental distortion for asymmetrical plate 1: (a) simulation and (b)

stereocorrelation.



or aluminium mould but these materials have CTEs
that are much higher than those of the composite.
The tool/part interaction will then have an important
influence on the residual deformations of the parts.
A more developed model is thus needed, to take account
of the anisotropy of friction coefficient and also the vari-
ation of the shearing stress limit with the degree of com-
posite cure. For this purpose, a model inspired from the
work of Fiorina et al.31,32 is being developed.
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