N

N

Shape evolution of carbon epoxy laminated composite
during curing
Yasir Nawab, Frédéric Jacquemin, Pascal Casari, Nicolas Boyard, Vincent
Sobotka

» To cite this version:

Yasir Nawab, Frédéric Jacquemin, Pascal Casari, Nicolas Boyard, Vincent Sobotka. Shape evolution
of carbon epoxy laminated composite during curing. 15th International ESAFORM Conference on
Material Forming, 2012, Nuremberg, Germany. pp.1145-1150, 10.4028 /www.scientific.net /KEM.504-
506.1145 . hal-01008888

HAL Id: hal-01008888
https://hal.science/hal-01008888
Submitted on 13 Jul 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-01008888
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Shape evolution of carbon epoxy laminated composite during curing

Yasir Nawab'%?, Frédéric Jaquemin®®, Pascal Casari %° Nicolas Boyard'*,
Vincent Sobotka'®

'Université de Nantes, CNRS, Laboratoire de Thermocinétique de Nantes, UMR 6607, La
Chantrerie, rue Christian Pauc, BP 50609, 44306 Nantes cedex 3 — France

2Université de Nantes, Institut de Recherche en Génie Civil et Mécanique, UMR CNRS 6183, 37
boulevard de I'Université, BP406, 44600 Saint-Nazaire, France

2yasir.nawab@univ-nantes.fr, ® frederic.jacquemin@ univ-nantes.fr, ° pascal.casari@ univ-
nantes.fr, ¢ nicolas.boyard@univ-nantes.fr, ° vincent.sobotka@ univ-nantes.fr,

Keywords: Carbon/epoxy laminates, Non-linear geometrical behaviour, Laminate theory,
Thermal/Chemical curvature

Abstract. The laminated composites undergo chemical deformation on cross-linking and thermal
deformation while cooling, during the fabrication process. In thin laminates, due to large
displacements and complex shape evolution, these deformations can only be explained by using a
nonlinear strain-displacement relationship. In the present article, the thermal and chemical
deformations occurring in carbon/epoxy laminates are calculated together for the first time by
considering a non-linear geometrical approach, in order to understand the evolution of shape and
hence residual stresses induced during the fabrication process.

Introduction

Thermoset laminated composite undergoes residual strains and stresses during the curing cycle
due to mismatched coefficients of thermal expansion and chemical shrinkage of the constituents.
These residual deformations and stresses depend mostly on the shrinkage behaviour of the polymer
matrix as fibres have no chemical and very small thermal shrinkage. Matrix chemical shrinkage is a
direct consequence of cross-linking of molecules while curing. Resulting residual stresses can lead
to dimensional instability, warpage, ply cracking, delamination and fibre buckling. Hyer [1] was the
pioneer among many authors [1-4] to quantify and calculate the thermal deformations in the
laminated composites. Not many of the authors estimated or measured the residual stresses/
deformation in the laminated composite caused by chemical shrinkage as they assumed that part is
in stress free state until the complete cure. Bogetti and Gillespie [5] showed that during a curing
cycle, the composite undergoes chemical residual stress in addition to thermal stress. Modelling of
shape of the part, and total residual stress ¢ as a function of temperature T and degree of cure a can
be done by taking into account the chemical shrinkage, as well as thermal expansion/contraction by
using an advanced form of Hooke’s law (1).
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Where ¢ is the residual strain which is calculated from the displacements. The rigidity matrix C,

coefficient of thermal expansion (CTE), and coefficient of chemical shrinkage (CS) depend linearly

or not on the degree of cure (o) and temperature (T). The coefficient of chemical shrinkage CS can

be written mathematically as CSZM, where e; is the initial thickness. Ae is the change in

e,Aa
thickness for Aa increment of the degree of cure. By using the above formulation, Abou Msallem
[6] simulated the residual stresses and strains by assuming linear displacement-strain relationship.



Since in thin laminates, the displacements are very large with respect to thickness and evolution
of the shape is complex, the linear strain-displacement relationship is not able to predict correctly
the strain and hence the final shape of the laminated piece [7]. Therefore, a nonlinear relationship is
required for this purpose.

In the present article, chemical deformations induced in the laminates are calculated for the first
time by using nonlinear strain-displacement relationship. This calculation is coupled with a self-
consistent model, which provides the thermo-physical properties of laminate, evolving with the cure
of resin. Thermal deformation is calculated as well, and then the possible evolution of the shape of a
composite part during the curing cycle is presented.

Calculation of Strains

Two approaches, i.e. linear approach or classical laminate theory, and non-linear one are found
in literature for the calculation of strains in the laminated plate. Linear approach based on a linear
strain-displacement, is not able to predict correctly the deformation [7] in a laminated piece. For
example, room temperature shape of [0/90] non-symmetric laminates predicted by linear theory is a
‘saddle’ like, but in reality, it is cylindrical. This difference was explained by assuming a non-linear
strains-displacement relationship [8].

The equations of strains are simplified by many authors [2, 4, 7]. Gigliotti [7] solved the
displacement equations by using polynomial like Timoshenko’s polynomial. It is one of the
simplest ways that involves only five unknowns, but this method gives only the good results for
[0/90] laminates. Dano and Hyer [4] used richer equations having 28 unknown coefficients, to solve
the equations of strains for angle ply as well as cross- ply laminates.

To calculate the deformation curvatures and stability of the deformed shape, a minimization of
energy approach is used. The total potential energy (E) of laminated plate is given as follows:

1
Eo = Ecijgij (2)

Here Gj; and € are the stress and strain matrices respectively. By Lagrange- Dirichlet theorem, if
total potential energy (E) is differentiated and value of first derivative is zero, then object will be
in a state of equilibrium. In addition, this equilibrium will be stable if second derivative of total
energy is positive. Evaluation of total energy at any instant by using this minimization of energy
approach gives as by-product the curvatures of laminated plate subjected to chemical shrinkage and
thermal expansion/contraction. The bending curvatures are denoted by ‘a’ and ‘b’ whereas ‘c’
denotes to twist curvature.

Material and Methods

Carbon/epoxy laminated composite piece [0,/90,] having dimensions 190x190x1 (mm®) and 57%
fibre volume fraction is considered for this study. Following classical thermal cycle is used for
curing of the part:

1. Heating from room temperature (20°C) to curing temperature 180°C at rate of 3°C/min
2. Maintaining at 180°C for 120 min.
3. Cooling to room temperature at 3°C/min.

Deformations during curing cycle. Fig.1. shows the graph of temperature and the corresponding
degree of cure, during the curing cycle. The degree of cure is calculated by using a kinetics law [9].
The gel point ol of the studied epoxy resin was found equal to 0.52+/- 0.01[6].

In the first step of the thermal cycle, the resin undergoes chemical shrinkage and thermal
expansion, but as the gel point is not reached yet so material is not so stiff to undergo chemical
deformation. During the second step, the resin undergoes cross-linking resulting into the chemical
shrinkage of matrix and development of mechanical properties. Since provided temperature is



constant and due to small thickness of the part, exothermy of cross-linking does not impact the
temperature, the temperature remains constant and the chemical shrinkage is the only prominent
phenomenon in this step, which causes the chemical deformation once the material passes the gel
point. The chemical deformation zone is highlighted in the fig. 1. In the third step, the cured part is
cooled from curing temperature to room temperature resulting into a thermal deformation. The
thermal deformation zone can also be observed in the Fig.1.
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Fig. 1. Degree of cure and temperature variation during the thermal cycle

Self-consistent model for estimation of effective properties. The deformation induced in a
composite piece depends on the mechanical properties of constituents, and the mismatched
coefficients of thermal expansion and chemical shrinkage. Since the properties of composite are
developing during curing, the calculation of chemical deformations is a little tricky.

Self-consistent models based on the mathematical formalism proposed by Kroner [10] and
Eshelby [11] constitute a reliable method to predict the micromechanical behaviour of
heterogeneous materials, i.e. composites. In the present study, an advance form of this model [6] is
used to calculate the effective properties of composite i.e. coefficients of thermal expansion
(CTE,,CTE,), coefficients of chemical shrinkage(CS;,CS;), Young’s modulus(E;,E;) and shear
modulus (Gj,) during and after curing by using the properties of fibres (Table 1) and matrix.

Table 1. Mechanical and thermo-mechanical properties of fibres

Property Value Property Value
E,[GPa] 230 G,[GPa] 27.6
E,, E5[GPa] 20.7 CTE, [K™] -0.38% 107
V12, V13 0.2 CTE,[K"] 20x10°°
G,;[GPa] 6.89 CS,.CS, 0

For the cured resin : Young modulus E = 1.37 GPa, Poisson’s ratio v = 0.35, coefficient of thermal

expansion CTE™ =44.9x10° K, and coefficient of chemical shrinkage CS™=0.019[9]. The
effective estimated properties of cured composite are presented in Table 2.

Table 2. Effective properties of cured carbon/epoxy ply (57 vol% fibre).

CTE,[K]

CTE, [K]

CSy (%)

CS, (%) | Gi2[GPa]

E, [GPa]

E, [GPa]

V12

0.21x10°

29.8x 10°°

-1.17x 1072

-0.67 6.40

131.2

5.63

0.25




Determination of Thermal Deformation

Thermal curvatures induced in a [0/90] carbon/epoxy laminated plate, on cooling from curing
temperature 180°C to room temperature, are calculated by a minimization of energy approach.
Since the piece is thinner (e = Imm) so it was assumed that there are no temperature gradients. The
composite was supposed to be fully cured before cooling, so Ao was equal to zero in this step.
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Fig. 2. Thermal curvatures of [0/90] carbon/epoxy laminate

If it is assumed that the chemical deformation is zero before the start of the thermal deformation
zone, then the curing temperature 180°C will be the thermal stress free temperature (Tf), and the
thermal deformation at this point will be zero. Gigliotti’s equations, being simple equations, are
used to calculate the strain fields during cooling. Fig. 2 shows the calculated thermal bending
curvatures (a and b). On solving the energy equation (2), a saddle shape (a = -b) is observed in the
beginning. This pair of curves splits into three possible pairs of branches from the bifurcation point
(B): a saddle shape (dashed curves), and two cylinders (a >0, b=0 or vice versa) with axis along x or
y-axis. On verifying the three solutions by calculating the energy derivatives, it founds that saddle
shape solution is not stable energetically after the bifurcation point. So experimentally, only the
cylindrical solutions are possible. Gigliotti [7] presented the similar results on a carbon/epoxy
laminated part. The twist curvature ‘c’ in [0/90] laminates is zero, but in angle-ply laminates, it has
a certain value in addition to bending curvatures. Curvatures of the angle-ply laminates were
calculated by using relatively richer Hyer’s strain equations [4]. These results are not presented here
due to shortage of space.

Determination of Chemical Deformations

As discussed earlier, the chemical shrinkage is an important factor, which has not been taken into
account yet, for the calculation of residual strains and stresses. In this section, calculation of the
evolution of composite properties as a function of degree of cure, and for a given fibre volume
fraction is estimated by using self-consistent model, and then chemical curvatures are calculated by
using these properties.

The properties of fibres, which were used for the estimation of composite properties, are given in
the Table 1. Since there is no chemical reaction in fibres during curing cycle, their properties are
independent of cross-linking, but properties of the resin are dependent on cure kinetics. Young’s
modulus of the resin is not significant upto a= 0.8, but from this point it increases sharply to reach a
value of 1.37 GPa in the fully cured state[6]. The Poisson’s ratio v™ of the resin is 0.35 [6].



The cure shrinkage of the resin was determined experimentally and was found varying linearly
with the degree of cure. The slope of cure shrinkage versus the degree of cure graph gave the
coefficient of chemical shrinkage (CS™) of the resin, which was found equal to -0.019 [9] . By using
the properties of fibres and resin, the effective properties of composite during cross-linking were
calculated for 57% volume fraction of the fibres.

Once the chemical and mechanical properties of composite part during the curing were
estimated, the energy equation was solved to get the curvatures due to chemical shrinkage. The
chemical curing region of the thermal cycle can be divided into two steps:

1. Heating step: temperature increases from room temperature to 180°C but no thermal or
chemical deformations are expected as properties of composite plies, i.e. Young’s modulus,
coefficients of chemical shrinkage (CS; and CS,) are negligible.

2. Isothermal step: the temperature is constant, so there is no thermal deformation, but due to the
chemical shrinkage of resin, a chemical deformation is expected to appear.

Fig. 3 shows the estimated chemical curvatures while curing of [0/90] laminate with 57% fibre
volume fraction. As the properties of resin are negligible until the gel point (cte=0.52), no chemical
curvatures are observed until this point.

When the curvatures start to appear, their magnitudes are not significant. Starting from ol to
0=0.8, two bending curvatures (a, b) with equal but opposite magnitude are observed. This means
that piece will deform in the saddle like shape, but at a=0.875 these curves separated into three
pairs. So a=0.875 is the bifurcation point for this specific composite. From this point, there are
three possible solutions. On verifying the stability of solutions by a minimization of energy
approach, the central pair (dashed curves) is found unstable. Therefore, in reality, a cylinder along x
or y-axis can be observed. Curvatures of these cylindrical shapes increase with increasing the
degree of cure until the fully cured state. As explained earlier, the mechanical properties of resin are
negligible until 0=0.8 and it is not able to cause shrinkage in the ply. However, from this point, the
properties evolve sharply and resin can induce shrinkage in ply. That is why, most of the
deformation is observed after this point. The twist curvature ‘c’ is found zero.
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Fig. 3. Chemical curvatures of composite [0/90] as function of degree of cure

Conclusion

In this study, thermal and chemical deformations in a [0/90] carbon/epoxy laminated composite
are predicted during the fabrication cycle, considering a non-linear displacement-strain relationship.
Effective properties of composite, required for these calculations, were estimated from the
properties of matrix and fibres by using a self-consistent model. It is observed that chemical



deformations begin to appear from the gel point. These deformations are so significant that they
cannot be neglected. This study is an effort to understand the curing process. A work is in progress
to establish an experimental setup for the experimental quantification of these deformations.
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