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Abstract
Process induced distortions prediction is a major issue for structural parts like self-reinforced panels.
They may cause important displacements for parts of large dimension and compromise the quality of
the assembly. Development of numerical process models is necessary to avoid the expensive and timeconsuming trial-and-error approach. Various numerical models exist to predict those distortions.
However, regarding co-bonded integrated structures, the influence of the adhesive film on final
distortions is often ignored. The aim of this study is to simulate process induced distortions for cobonded integrated structures and to understand the contribution of the adhesive film on those
distortions. To do that, Finite Element Analysis (FEA) simulations are used. To be able to set up the
FEA, thermal and mechanical properties are characterized for the epoxy-carbon fiber prepreg
M21EV/IMA and the epoxy adhesive film FM300-M. Various models and parameters associated are
determined and used to describe thermal and mechanical behaviour of both materials. Those models
and properties are then employed to implement a FEA on ABAQUS using FORTRAN subroutines.
The numerical model simulates process induced distortions during an autoclave cycle for co-bonded
parts. Using this model, we aim to define stringer foot specimen geometry and lay-up to enable an
experimental/numerical comparison.

1. Introduction
During their cure, composite parts are submitted to several multi-physical phenomena. Those
phenomena may cause residual constraints and deformations which will modify the final geometry of
the part. The part obtained has always some differences compared to the initial mould. Those
variations of geometry are a main issue for parts of large dimensions were the displacements caused
by small deformations can be large. Those deformations can also compromise the quality of the
assembly of co-bonded integrated structures.
It is possible to compensate the deformations by modifying the initial mould. However, the trial and
error iteration process to do so can be costly and time consuming. Therefore, efficient simulation
methods are needed to avoid this costly process and to be able to produce directly the right
compensated mould.
It is possible to classify the parameters responsible for deformations among two main groups :
intrinsic and extrinsic parameters [1]. Intrinsic parameters are directly linked to material properties or
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geometry. The main intrinsic parameters are the difference of dilatation coefficient between fibres and
matrix and thus between each ply depending of their orientation or the chemical shrinkage caused by
the reticulation of the resin. Extrinsic parameters on the other hand are linked to external causes like
the interaction with the tool or the conditions of the process used for the cure.
Distortions are then caused by complex and diversified parameters and phenomena. In the case of cobonding other considerations must be taken in account. The adhesive has a different composition from
the composite. Its kinetics and mechanical behaviours are different. Without fibers its thermal and
chemical shrinkage are more important. The adhesive film may then have an influence on the final
distortions of the assembled part. Its behaviour and its capacity to transfer deformations between the
various parts of an assembly must then be understood to simulate properly the distortions of the final
part.
The materials used in this study are the M21EV/IMA prepreg provided by Hexcel and FM300-M
adhesive film. Both materials have an epoxy matrix.

2. Thermo-chemical model
2.1. Kinetic of reaction: modified Kamal Sourour model
Kinetic models can be divided in two main groups: phenomenological and mechanistic models.
Phenomenological models describe the kinetic behaviour of materials in an empirical way.
Mechanistic models describe every chemical reaction, are complex and need a very long and complete
characterization and identification of parameters. In our study we decided to privilege the easier to use
phenomenological models.
For the study of the M21 resin family two main autocatalytic phenomenological models are used in the
literature : the Bailleul model [2] and the modified Kamal Sourour model [3], [4]. In our case the
modified Kamal Sourour model presented in the following equations (Eq. (1) and Eq. (2)) was used.
𝑑𝛼
= (𝑘1 + 𝑘2 ∙ 𝛼 𝑚 )(𝛼𝑚𝑎𝑥 − 𝛼)𝑛
𝑑𝑡
𝑘𝑖 = 𝐴𝑖 ∙ exp(−

𝐸𝑎𝑖
)
𝑅∙𝑇

(1)
(2)

𝛼 is the degree of cure, m and n the partial orders of reaction, 𝐸𝑎𝑖 the activation energies and 𝑘𝑖 the
reaction constants.
This model is applied to the M21EV/IMA prepreg and the FM300-M epoxy adhesive. To characterize
the kinetic behaviour of the materials we performed DSC and MDSC measurements using a DSC TA
instrument Q100.
In a first step, the parameters of the law describing the evolution of the maximum degree of cure 𝛼𝑚𝑎𝑥
must be identified. The 𝛼𝑚𝑎𝑥 for various degrees of cure are obtained measuring the residual enthalpy
by dynamic DSC after isotherms at various temperatures and applying the following equation (Eq. 3).
𝛼𝑚𝑎𝑥 = 1 −

Δ𝐻𝑟𝑒𝑠𝑖
Δ𝐻𝑡𝑜𝑡

(3)

Δ𝐻𝑟𝑒𝑠𝑖 is the residual enthalpy and Δ𝐻𝑡𝑜𝑡 is the total enthalpy.
A polynomial law is found suitable to describe the behaviour of 𝛼𝑚𝑎𝑥 for both materials. The
confrontation with our experimental data is available in the Fig.1.
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Figure 1. Maximum degree of cure for various isotherms
Various dynamic and isothermal DSC measurements are then proceeded to determine the other
parameters of the Kamal Sourour law. A Matlab algorithm using lsqnonlin, a nonlinear least-squares
solver, is used to extract the six remaining parameters from the experimental data obtained by DSC.
The confrontation between the results of the simulations of the polymerization rates using the
parameters identified and some of our isothermal and dynamic DSC measurements is available in Fig.
2, Fig. 3 and Fig.4.
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Figure 2. Comparison between experimental measurements and simulations of the M21EV/IMA
kinetic behaviour for various isotherms
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Figure 3. Comparison between experimental measurements and simulations of the FM300-M kinetic
behaviour for various isotherms
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Figure 4. Comparison between experimental measurement and simulation of the M21EV/IMA kinetic
behaviour at 1 K/min

2.2. Temperature of glass transition: Di Benedetto model
The temperature of glass transition depends of the polymerization degree of the thermoset. To describe
the evolution of this transition temperature we used the Di Benedetto model developed by Pascault and
Williams [5] (Eq. (4) and (5)).
𝑇𝑔 − 𝑇𝑔0
𝜆∙𝛼
=
𝑇𝑔∞ − 𝑇𝑔0 1 − (1 − 𝜆) ∙ 𝛼
𝑇𝑔 =

(4)

𝜆∙𝛼
∙ (𝑇𝑔∞ − 𝑇𝑔0 ) + 𝑇𝑔0
1 − (1 − 𝜆) ∙ 𝛼

(5)

𝑇𝑔∞ and 𝑇𝑔0 are the glass transition temperatures for the respectively fully cured and uncured polymer,
𝛼 is the degree of cure and 𝜆 is a constant that needs to be identified.
Once again DSC and MDSC measurements are performed on both materials using a DSC TA
instrument Q100. 𝑇𝑔∞ , 𝑇𝑔0 and 𝑇𝑔 for various degrees of cure are measured. 𝜆 is identified using GRG
2
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nonlinear excel solver to minimize (𝑇𝑔𝑒𝑥𝑝 − 𝑇𝑔𝑠𝑖𝑚 ) with a multistart of 100000. Confrontations
between simulation results and experimental measurements are shown in Fig. 5 for both materials.
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Figure 5. Comparison between experimental measurement and simulation of the M21EV/IMA (a) and
FM300-M (b) glass transition temperature evolution during the cure
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Thermo-chemical simulation results

Once the various parameters of the kinetic laws are identified those behaviour laws are implemented
on a FEA simulation on Abaqus. The thermo-chemical behaviour laws are implemented thanks to
various FORTRAN subroutines.
In the Fig. 6 a FEA simulation of a stringer-foot specimen inspired from the work of Bertolini et al. [6]
is shown. The specimen is made of M21EV/IMA co-cured with FM300-M adhesive and the FEA
simulation uses the thermo-chemical model developed above. As it can be seen in Fig. 7 presenting the
results of the simulation, the adhesive is polymerizing far more quickly than the M21EV. Its behaviour
is then expected to be quite different from the M21EV and may induce distortions. Moreover, the
temperature of the second step of the cure is exceeding the 𝑇𝑔∞ of the FM300-M, this is also going to
induce differences of behaviour between the two materials.

Figure 6. 3D and 2D FEA simulation results for co-cured M21EV/IMA laminates with FM300M
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Figure 7. FEA simulation results for co-cured M21EV/IMA laminates with FM300M

3. Mechanical simulation
3.1. CHILE constitutive law
To describe the mechanical behaviour of our materials we used a Cure Hardening Instantaneous
Linear Elastic (CHILE) model. This model developed by Johnston [7] is initially inspired from the
work of Bogetti et Gillespie [8] in 1992. In this model the elastic properties can evolve during the
simulation of the cure, but at each time step the material behaviour is linear elastic. The constitutive
CHILE model is described by the following equations (Eq. (6) and Eq. (7)).
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𝐸𝑟0
𝐸𝑟 = 𝐸𝑟0 +
{

6

∗
𝑇 ∗ < 𝑇𝐶1

∗
𝑇 ∗ + 𝑇𝐶1
∗
∞
0
𝑇 ∗ < 𝑇 ∗ < 𝑇𝐶2
∗
∗ (𝐸𝑟 − 𝐸𝑟 ) 𝐶1
𝑇𝐶2 − 𝑇𝐶1

𝐸𝑟∞

𝑇 ∗ = 𝑇𝑔 − 𝑇 =

(6)

∗
𝑇 ∗ > 𝑇𝐶2

𝜆∙𝛼
∙ (𝑇𝑔∞ − 𝑇𝑔0 ) + 𝑇𝑔0 − 𝑇
(1
1 − − 𝜆) ∙ 𝛼

(7)

∗
∗
𝐸𝑟∞ is the relaxed modulus at T >> Tg and 𝐸𝑟0 is the unrelaxed modulus at T << Tg. 𝑇𝐶1
and 𝑇𝐶2
are T*
critical values at the beginning and at the end of vitrification.

The CHILE constitutive law is implemented in Abaqus thanks to an UMAT subroutine.

3.2. Thermal and chemical expansion
Thermal and chemical expansion behaviour are implemented in the FEA model using an UEXPAN
FORTRAN subroutine. The coefficient of thermal expansion (CTE) is acting with the temperature
increment and the coefficient of chemical shrinkage (CCS) is acting with the degree of cure increment
(Eq. 8). The chemical shrinkage coefficient used was obtained in the literature [9] and the CTE was
measured thanks to a TMA Perkin Elmer. The CTE is implemented as dependant of the state of the
resin (visquous, rubbery or glassy) (Eq. 9).
𝐸𝑋𝑃𝐴𝑁 = 𝐶𝑇𝐸 ∙ dT + CCS ∙ dα

(8)

𝐶𝑇𝐸𝑖𝑙 ,
𝛼 < 𝛼𝑔𝑒𝑙 𝑎𝑛𝑑𝑇 ≥ 𝑇𝑔 (𝛼)
𝑟
𝛼 ≥ 𝛼𝑔𝑒𝑙 𝑎𝑛𝑑𝑇 ≥ 𝑇𝑔 (𝛼)
𝐶𝑇𝐸𝑖 = {𝐶𝑇𝐸𝑖 ,
𝑔
𝐶𝑇𝐸𝑖 ,𝑇 < 𝑇𝑔 (𝛼)

(9)

With i=1,2,3 corresponding of each orientation of orthotropic CTE. 𝛼𝑔𝑒𝑙 is the degree of cure at the
onset of gelation.

3.3.

Thermo-mechanical simulation results

The thermo-mechanical model developed is implemented on Abaqus. The results of the CHILE
formulation for the evolution of the modulus are compared with DMA measurements made by Ch.
Paris for a M21 based prepreg [3] (Fig. 8). This material behaviour is supposed to be very similar to
the M21EV. To get closer from the real behaviour of the material the CHILE model will soon be
modified to have two sloping domains instead of one.
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Figure 8. Confrontation between FEA simulation of the modulus evolution (a) and experimental
values obtained from the literature [3] for M21/T700 (b) during a DMA test
Finally, the model coupling the thermo-chemical and the mechanical models developed in this study is
implemented. Some of the results obtained for an asymmetric laminate are illustrated on the Fig. 9.
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Figure 9. FEA simulation results for asymmetric M21EV/IMA laminate

4. Conclusions
In this study a methodology has been developed to simulate the distortions induced during the curing
of bonded parts by autoclave. The model obtained takes account of temperature and degree of cure
gradients induced during curing and their impacts on thermal expansion, chemical shrinkage and
mechanical properties of the laminate and the adhesive. This model must now be enriched with a
simulation of the interaction between the tool and the composite part. To do so a model strongly
inspired from the work of L. Mezeix et al. [10, 11] will be coupled with the thermo-mechanical model
developed in this article.
The final model will be confronted with experimental measures of deformations on stringer foot
specimen with and without adhesive. This last step will allow to quantify more accurately the
influence of the adhesive on distortions and to validate the model.
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