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Optimal cure cycle parameters
for minimizing residual stresses
in fiber-reinforced polymer
composite laminates
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Abstract

The curing of a fiber-reinforced composite laminate in an autoclave generally induces residual stresses that may make the

cured laminate curved. Here, we find optimal cure cycle parameters for asymmetric cross-ply laminates that (i) provide

uniform and nearly complete curing of the laminate (i.e., the degree of curve is the same everywhere and equals at least

0.96) within a specified time period and (ii) minimize residual stresses without adversely affecting the transverse effective

elastic modulus of the laminate. We simulate the cure process by using functionalities built in the commercial finite

element software ABAQUS, the cure process modeling software COMPRO and the multi-purpose software MATLAB.

After having satisfactorily compared the presently computed results for the curing of two laminates with either experi-

mental or numerical findings available in the literature, we use a genetic algorithm and the Latin hypercube sampling

method to optimize the cure cycle parameters. It is found that in comparison to the manufacturer’s recommended cure

cycle (MRCC), for a cross-ply laminate with the span/thickness equal to 12.5, one optimal cycle reduces residual stresses

by 47% and the total cure time from the MRCC time of 5 h to 4 h and another optimal cycle reduces the total cure time

to 2 h and residual stresses by 8%. For the same cross-ply laminate with the span to thickness ratio of 125, an optimal

cycle reduces the process induced curvature by 13% in comparison to the MRCC but increases the total cure time from

5 to 7.4 h. The approach presented here can be used by manufacturing engineers to obtain cure cycle parameters for

fabricating composite laminates of desired quality.
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Introduction

A common technique for fabricating fiber-reinforced
polymer composite laminates is curing of resin pre-
impregnated fibers (hereafter written as pre-pregs) in
an autoclave under prescribed temperature and pres-
sure cycles with the cycle parameters determining the
quality of the cured laminate. Purslow and Childs1

experimentally deduced optimal parameters of the
cure cycle by fabricating several test panels until lamin-
ates with desired properties were produced. Holl and
Rehfield2 proposed real-time monitoring of cure cycle
parameters using a control algorithm based on test
results and physics of the process. The information
about the physical state of the resin is collected
during the cure process through sensors embedded in
the laminate, and the cure cycle parameters

(temperature and pressure) are adjusted in real time.
However, as pointed out by Hubert and Poursartip,3

this approach is expensive, and sensors are not only
difficult to embed in a laminate but they also perturb
the cure process and cannot be easily removed from the
cured laminate. An effective and relatively inexpensive
approach for determining cure cycle parameters is pro-
cess modeling.
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A mathematical model of the cure process that
incorporates most, if not all, of the relevant physics
yields a system of partial differential equations as well
as initial and boundary conditions or equivalently an
initial-boundary-value problem (IBVP) that is numer-
ically solved for variables of interest. The validity of the
mathematical model is established by comparing com-
puted results with test observations. The input to the
model includes4 time histories of the autoclave tem-
perature and pressure, material models for the resin
and the fibers and the laminate geometry. The model
output includes time histories of the degree of curve
(DoC) of the resin, residual stresses in the cured lamin-
ate, the laminate shrinkage and thickness, the fiber (or
resin) volume fraction and elastic moduli of the cured
laminate. Effects of cure cycle parameters on the
desired properties of the cured laminate are analyzed,
and values of optimal cycle parameters are deduced
that are verified through experiments.

One of the early process models developed by Loos
and Springer5 consists of three integrated sub-models,
namely, the heat transfer considering internal heat gen-
eration, the resin flow including the laminate consolida-
tion and residual stresses in the laminate. Loos and
Springer5 studied curing of unidirectional fiber-
reinforced flat laminates made of thermosetting resin
matrix and considered one-dimensional (1D) heat trans-
fer in the thickness direction and the resin flow parallel
to the fibers and along the laminate thickness. The tem-
perature distributions and the resin flow determined by
numerically solving the governing equations were found
to agree with the corresponding experimental data.

Bogetti and Gillespie6,7 developed cure models for
thick (up to 7.62 cm thickness) thermosetting compos-
ites, proposed a constitutive relation for characterizing
the material behavior that incorporates chemical
hardening, dependence of the resin viscosity and
moduli on the temperature and the DoC, thermal and
cure shrinkage strains, and assumed fibers to be trans-
versely isotropic about the longitudinal axis and the
matrix to be isotropic. Initially, the uncured resin is
assumed to behave as a viscous fluid. Subsequently,
the resin stiffness increases and it undergoes chemical
shrinkage, and finally when almost fully cured, it
behaves as an elastic solid. The elastic parameters of
fibers are assumed to remain constant throughout the
cure process. The elastic moduli of the transversely iso-
tropic cured composite were deduced by using a micro-
mechanics approach from those of the fibers and the
matrix and their volume fractions. By assuming that the
material response is linear elastic during each time step
and the matrix has different elastic moduli depending
upon its DoC, they computed incremental strains and
stresses during each time step and time histories of the
laminate moduli.

Guo et al.8 experimentally and numerically (using
the finite element method (FEM)) studied curing of
thick thermosetting matrix composite laminates and
suggested that the manufacturer’s recommended cure
cycle (MRCC) be modified to reduce through-the-
thickness temperature gradients in thick laminates
and thereby improve upon the quality of the cured
laminate. Ciriscioli et al.9 experimentally measured
the temperature, the ionic conductivity and the com-
paction (i.e., change in the laminate thickness) in graph-
ite/epoxy laminates and showed that the MRCC gives
temperature overshoot (i.e., temperature at an interior
point in the laminate becomes significantly more than
the surface temperature) and incomplete curing. They
concluded that the MRCC should not be used to fab-
ricate laminates of more than 52 plies for the ply thick-
ness they used. The temperature overshoot introduces
locally high temperature gradients which may adversely
affect the laminate quality. Experimental results of
Ciriscioli et al.9 for the temperature and the thickness
change agreed quantitatively with the corresponding
numerical predictions from Loos and Springer’s
model5 and that for the ionic conductivity agreed quali-
tatively with numerical solutions5 of the resin DoC and
the viscosity equations. Since the ionic conductivity is
related to the DoC and the resin viscosity and no
experimental technique for measuring the latter two
parameters were available, they compared only trends
for the three parameters. Hojjati and Hoa10 developed
a 1D cure model considering heat transfer and resin
flow in the thickness direction and found that either
the temperature overshot in the laminate or the incom-
plete compaction occurred using the MRCCs for thick
laminates. They suggested that the consolidation can be
improved by either bleeding the resin from both the top
and the bottom surfaces of the laminate or by using a
pre-bleeding technique in which first thin modules are
compacted and then thick parts are fabricated by put-
ting together the thin modules. Recently, Esposito
et al.11 experimentally found that the temperature over-
shoot in thick laminates reduces the interlaminar shear
strength and proposed a model relating this reduction
to the temperature of the exothermic peak. Sorrentino
et al.12 experimentally and numerically quantified the
reduction in the interlaminar shear strength due to the
temperature overshoot. They found that a temperature
difference of 75�C between the two bounding surfaces
of the laminate reduces the interlaminar shear strength
by 17%.

White and Kim13 developed a two-stage curing tech-
nique to address problems of thermal spiking and non-
uniform consolidation in thick laminates. In stage 1, a
thin stack of material is partially cured. Subsequently,
another thin stack is placed on top of the first stack
and the assembly is subjected to the stage 1 cure cycle.

774 Journal of Composite Materials 52(6)



This procedure is repeated until the laminate of the
desired thickness is obtained and the final curing
occurs in stage 2. They demonstrated that the staged
curing reduces the void content and does not adversely
affect the interlaminar shear strength and the mode-I
fracture toughness. Kim and Lee14 proposed a cure
cycle with cooling and reheating steps and demon-
strated that it reduces the temperature overshoot in
thick laminates. The slopes of these two sequential
steps were calculated by a trial and error approach.
Oh and Lee15 studied curing of glass/epoxy laminates
using a 3D cure model and the FEM and found optimal
values of the cure cycle parameters with cooling–reheat-
ing steps that minimize the temperature overshoot in
the laminate. However, they did not consider con-
straints on the final DoC and its uniformity.

White and Hahn16,17 developed a model to predict
the cure induced residual stresses in the laminate by
assuming the material to be linearly viscoelastic and
accounting for chemical and thermal strains. By
employing a least squares fit through experimental
data for the graphite/bismaleimide (BMI) composite
laminate, they deduced the major Poisson’s ratio as
an affine function of the DoC and the effective trans-
verse modulus as a quadratic function of the DoC for
the DoC> 0.82. They found that process-induced resi-
dual stresses cause out-of-plane deformations that
resulted in asymmetric laminates being curved. They18

conducted a parametric study for thin asymmetric
laminates to investigate effects of cure cycle parameters
on the process induced curvature and transverse mech-
anical properties and concluded that the curvature (and
hence residual stresses) can be reduced without com-
promising the transverse mechanical properties by
curing the laminate at a lower temperature for a
longer period of time in two-stage cure cycles. In
order to maintain transverse properties while modifying
the cure cycle parameters to reduce the process induced
curvature, the final DoC at any point of the laminate
was not allowed to be less than 0.95. The optimal cure
cycle thus found gave the final minimum DoC of 0.98
and reduced the non-dimensional curvature by 18%
but increased the total cycle time by 3 h in comparison
to the MRCC. However, introducing an intermediate
low temperature dwell in the optimized cure cycle (thus
converting the two-stage cycle to a three-stage cycle)
reduced the curvature by 20% from that induced in
the laminate cured with the two-stage MRCC without
further lengthening the total cycle time.

By employing the cure kinetics model and material
parameters used in White and Hahn’s work,18 Gopal
et al.19 determined an optimal cure cycle to minimize
residual stresses in asymmetric 0�N=90

�
N

� �
cross-ply com-

posite laminates. By considering one input variable at a
time, they investigated effects of rates of the first-stage

heating, the second-stage heating and the cooling on
residual stresses, determined the optimal value for the
three parameters which corresponds to the minimum
in-plane axial stresses, and found an optimal cycle as
a combination of these parameters with the assumption
that there is no interaction among effects of these par-
ameters. Temperatures and dwell times of the first- and
the second-stage cure were not considered as variables
in their study.

Using a design sensitivity analysis, Li et al.20 deter-
mined a cure cycle for thick laminates which minimizes
the cure time and keeps the maximum temperature in
the laminate produced by the exotherm below an allow-
able value. Pantelelis et al.21 used a genetic algorithm
(GA) in conjunction with a 1D process model to obtain
optimal cure cycle parameters for thermoset-matrix
composites that reduce the cure time and satisfy the
constraints on the minimum DoC and the maximum
temperature in the laminate. Using dynamic artificial
neural networks, Jahromi et al.22 found cure cycle par-
ameters to minimize the temperature gradients, maxi-
mize the final DoC and satisfy the constraint on the
maximum allowable temperature. Using a coupled
FEM and GA technique, Vafayan et al.23 determined
the optimal cure cycle parameters for a glass/epoxy
laminate that minimize the cure time, gradients of the
temperature and the DoC in the laminate as well as
satisfy the constraint on the minimum DoC and the
maximum allowable temperature. Pillai et al.24 and
Rai and Pitchumani25 studied optimization problems
of finding cure cycle parameters that reduce the total
cycle time subjected to a set of constraints.

In this work, we numerically analyze curing of ther-
moset-matrix composites with functionalities built in
the commercial software COMPRO for modeling the
cure process, the finite element (FE) software ABAQUS
for obtaining numerical solutions of the corresponding
IBVPs and MATLAB for the GA. The cure model
incorporated in COMPRO uses an integrated sub-
model approach similar to that of Loos and Springer5

for simulating the cure process. The objective of the
present study is to determine optimal parameters of
the cure cycle that provide uniform and nearly complete
curing of the laminate in the minimum time and simul-
taneously minimize the process induced residual stres-
ses without adversely affecting the effective transverse
modulus of the laminate. We use a GA with the Latin
hypercube sampling (LHS) technique for the optimiza-
tion study.

The rest of the manuscript is organized as follows.
A brief description of the cure simulation model built in
COMPRO is provided in the following section. Next,
the efficacy of the simulation model is verified by com-
paring predictions from it with either experimental or
numerical results available in the literature for two
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example problems. Then, the optimization problem is
formulated and results are discussed. Conclusions of
the work are summarized in the final section.

Simulation approach

The curing of a fiber-reinforced laminate, development
of residual stresses in it and the prediction of elastic
moduli of the cured laminate are studied by using the
commercial FE software, ABAQUS, with the commer-
cial software, COMPRO. The software COMPRO has
built-in cure models and is coupled with ABAQUS to
obtain numerical solutions of the IBVPs.

The ABAQUS-COMPRO combination simulates
the cure process in three sequential steps, namely,
thermo-chemical, flow-compaction and stress-
deformation analyses. The three sub-models are one-
way coupled in the sense that results from the
thermo-chemical analysis are employed in the flow-
compaction sub-model, and those from these two sub-
models in the stress-deformation sub-model. In these
analyses, it is assumed that the laminate is void-free,
its plies are perfectly bonded and the material of each
ply is homogeneous and transversely isotropic with the
fiber axis as the axis of transverse isotropy. The effect-
ive thermo-mechanical properties are computed by
using a micro-mechanics approach from those of the
fibers and the matrix and their volume fractions.

The thermo-chemical model considers heat transfer
among the air/fluid in the autoclave, the laminate and
the tool, accounts for the heat generated/absorbed in
the laminate due to exothermic/endothermic chemical
reactions during the cure process, and predicts time
histories of the temperature and the DoC at every
point of the laminate. The inputs to the thermo-chemi-
cal model are values of the mass density, the specific
heat and the thermal conductivity of constituents, the
resin heat of reaction and an experimentally deduced
expression for the rate of the DoC in terms of the tem-
perature and the DoC.

The flow-compaction analysis utilizes results from the
thermo-chemical model to simulate compaction of the
laminate and the resin flow under the applied pressure.
The laminate is idealized as a system of homogeneous,
transversely isotropic and linearly elastic fiber-bed fully
saturated with the resin. This analysis computes the
fiber-bed displacements and the resin pressure from
which other parameters such as the final thickness of
the laminate, the fiber and the resin volume fractions,
and the resin velocity are computed. The inputs to the
flow-compaction model are values of permeabilities,
elastic constants of the fiber-bed and the resin viscosity
as a function of the temperature and the DoC. Here,
values of the temperature and the DoC at a given time
are obtained from the thermo-chemical analysis.

The stress-deformation model computes residual
stresses and strains developed in the laminate. Since
the material of each ply is assumed to be homogeneous,
only residual stresses in a ply and not in a constituent
are predicted. The inputs to this model are values of the
elastic moduli and coefficients of thermal expansion of
the fibers and the matrix, the specific volume shrinkage
of the resin and the experimentally determined relation
between the cure shrinkage and the resin volumetric
strain. Since the resin elastic modulus is specified as a
function of the DoC, its value at a material point is
updated after every time step. The thermo-physical
properties of the fibers are assumed to be independent
of the cure process. The volume fractions of the fiber
and the resin predicted from the flow-compaction ana-
lysis are used in the micro-mechanics equations to com-
pute effective properties of the lamina.

The governing equations with pertinent initial and
boundary conditions for the three sub-models and the
micro-mechanics equations to compute effective prop-
erties of the composite ply are given in Johnston26 and
Hubert.27

Comparison of the presently computed
results with those from the literature

We use the following error norm

ek k0¼

Z d1

d0

 RefðsÞ �  Present sð Þ½ �
2ds

�Z d1

d0

 2
Ref sð Þds

� �1=2

ð1Þ

to quantify the difference between the presently com-
puted solutions for two example problems and their
either numerical or experimental results available in
the literature. In equation (1), d0 and d1 are either
two instants of time or two points in space, and  Ref

( Present) the literature’s (presently computed) solution.
We have depicted in Figure 1 the rectangular

Cartesian coordinate system (x, y, z) and an N-layered
pre-preg stack of length, width and thickness equal to a,
b and H, respectively, with the thickness of each ply
equaling H/N. Thus, x¼ 0 and a, and y¼ 0 and b rep-
resent edge surfaces of the laminate, and z¼H/2 the
mid-surface.

400-Ply 0� graphite/epoxy composite laminate

The first example problem, taken from Costa and
Sousa4 and Carlone and Palazzo,28 involves curing of
a 305� 254� 36.5mm graphite/epoxy composite
laminate made of 400 plies of equal thickness with
fibers in each layer oriented along the x-axis and the
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fiber volume fraction, Vf¼ 0.58. We use the cure-kinetic
and the viscosity models for the epoxy resin, the mater-
ial and the physical properties of the constituents (see
the Appendix, subsection ‘‘Properties of graphite/epoxy

composite’’), the cure cycle and initial and boundary
conditions the same as those used in Costa and
Sousa4 and Carlone and Palazzo.28 In Figure 2, we
have depicted time histories of the autoclave air tem-
perature, T’(t), and the compaction pressure, P’(t), with
their scales shown on the left and the right vertical axes,
respectively.

Thermal histories. The temperature at all surfaces of the
laminate is assumed to equal that of the surrounding
air; thus, effects of the convection and thermal resist-
ances associated with the bagging materials are neg-
lected.4 At time t¼ 0, it is assumed that the laminate
is at 25�C with the DoC¼ 0 at every point.

In Figure 3(a) and (b), we have portrayed the pres-
ently computed time histories of the temperature and
the DoC at centroids of the top and the middle surfaces
of the laminate and those given in Costa and Sousa4

and Carlone and Palazzo.28 We note that the iterative
scheme26 employed in the current work assumes that in
each time step either the temperature or the DoC is
known and the other variable is found until its values
at every point have converged within the prescribed
tolerance of 0.1%. Based on the number of iterations
required to obtain a converged solution, the size of the
next time step is varied between the assigned minimum
and maximum values, �tmin and �tmax, respectively. In
Figure 3, we have compared solutions computed with
(Nx�Ny�Nz, �tmax, �tmin)¼ (24� 18� 6, 60 s,
0.01 s) and (30� 24� 8, 30 s, 0.01 s) where Nx, Ny and
Nz denote, respectively, the number of 3D eight-node
brick elements in the x-, the y- and the z-directions.
With the minimum time step size of 0.01 s, a converged
solution is computed. Results of Costa and Sousa4 and
Carlone and Palazzo28 are also converged solutions
with respect to the domain discretization. The two
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sets of results for the temperature and the DoC are
found to be very close to each other with ek k0 less
than 1.6% and 3.4% for the temperature and the
DoC, respectively. A sharp increase in the DoC rate
(measured by the slope of the curve in Figure 3(b)) at
the start of the first two dwell periods is observed that
causes the temperature inside the laminate becoming
higher than the air temperature in the autoclave.
There is a small difference between temperatures at
the mid- and the top-surfaces for all times during the
cure cycle. For t< 80min, the temperature at the top
surface is a little higher than that at the mid-surface,
but the reverse holds for 80< t< 210min and
250< t< 310min suggesting that exothermic curing of
the resin occurs during the time intervals for which the
air temperature in the autoclave is kept constant.

Laminate compaction. The surface traction equal to the
compaction pressure, P’(t), is prescribed on the top sur-
face of the laminate, displacements at the bottom sur-
face of the laminate are assumed to be zero and the
normal displacement and the tangential tractions are
assumed to be zero on the remaining four edge surfaces.
The resin is allowed to flow out of the laminate only
from the top surface and the resin flux (i.e., velocity
normal to the surface) is taken to be zero at the remain-
ing surfaces. It is equivalent to assuming that the
bottom surface of the laminate is perfectly bonded to
the impermeable, smooth and rigid tool, and station-
ary, impermeable and rigid walls touch the four-edge
surfaces of the laminate. At time t¼ 0, displacements
and the resin pressure in the uncured laminate are
assumed to be zero.

In Figure 4, we have exhibited time histories of the
converged values of the thickness reduction and the
fiber volume fraction, Vf, during the consolidation pro-
cess with their scales given on the left and the right
vertical axes, respectively. The 23.6% and 22.7% reduc-
tions in the final laminate thickness, respectively, pre-
dicted by the present analysis and that reported in
Costa and Sousa4 differ from each other by 4%. We
note that Costa and Sousa4 assumed that the compac-
tion pressure is applied at t¼ 0 while we have con-
sidered a rise time of 10min before the compaction
pressure becomes steady. As the compaction pro-
gresses, the resin flows out of the laminate and hence
Vf increases. The value of Vf at the centroid of the
laminate mid-surface increases from 0.58 at t¼ 0 to
0.715 at the end of the consolidation process, it is
found to be constant through the laminate thickness,
and the maximum variation in values of Vf in the xy-
plane of the laminate is only 0.8%.

Good agreement between presently computed results
and the numerical results of Costa and Sousa4 and
Carlone and Palazzo28 who developed their own

algorithms, observed from plots of Figures 3 and 4,
verifies the correct implementation of the cure model
in the commercial software, COMPRO, used in this
work.

½0
�

4=90
�

4� Graphite/epoxy composite laminate

The second example problem, taken from Kim and
Hahn,29 involves curing of a 152� 25� 1.2mm graph-
ite/epoxy ½0

�

4=90
�

4� cross-ply laminate with Vf¼ 0.6.
Thus, fibers in the top four and the bottom four
layers are parallel to the x- and the y-axis, respectively.
We note that Kim and Hahn29 numerically performed
thermo-chemical analysis and experimentally computed
the transverse modulus of the lamina.

Thermal histories. For the thermo-chemical analysis, we
use the cure-kinetics model, values of thermal and phys-
ical properties of the constituents (see Appendix, sub-
section ‘‘Properties of graphite/epoxy composite’’) and
initial and boundary conditions the same as those used
by Kim and Hahn.29 The temperature at all surfaces of
the laminate is assumed to equal that of the surround-
ing air, T’(t), whose time history is depicted in Figure 5.
At time t¼ 0, it is assumed that the laminate is at 23�C
and is uncured.

In Figure 6, we have portrayed time histories of the
maximum and the minimum temperature, Tmax(t) and
Tmin(t), and of the maximum and the minimum DoC,
cmax(t) and cmin(t), in the laminate. Here, fmax (min)

(t)¼max (min) {f (x, y, z, t), (x, y, z) 2 [0, a]�
[0, b]� [0, H]} with f¼T and c. These results suggest
that the temperature and the DoC are essentially uni-
form in the laminate. Moreover, the final value of the
DoC is 1 implying that the laminate is fully cured. We
have also plotted in Figure 6 the numerical solution of
Kim and Hahn29 for the DoC time history (they found
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it to be the same everywhere in the laminate) that differs
from the present values by ek k0¼ 3.6%. Kim and
Hahn29 did not provide the FE mesh used. The present
converged solution is obtained with a uniform FE mesh
of 150� 25� 6 eight-node brick elements and (�tmin,
�tmax)¼ (0.01, 10) s.

Elastic moduli. In Figure 7, we have displayed evolution
of the computed effective modulus, E2, of the lamina in
the direction transverse to the fibers and the corres-
ponding two independent sets of experimental results.29

In Kim and Hahn,29 two 152� 25� 1.2mm ½90�8� panels
were fabricated and their transverse elastic modulus
found from the tensile test data. For each specimen,
the cure was interrupted at t¼ 35, 95, 117, 177 and
237min, the specimen was cooled to the room tempera-
ture at approximately 3�C/min and the specimens were
tested. In our numerical simulations, we cool down the
specimen to the room temperature and find the corres-
ponding DoC, compute the resin modulus from the

value of the DoC using the relation given in Table 8
and determine E2 of the lamina using the micro-
mechanics equation given in Johnston.26 Thus, we
perform five independent numerical simulations to
compute E2 at the five time instances. The presently
computed effective transverse modulus is close to the
experimental value. The value of E2 of the cured
lamina, 8.94GPa, computed from the present analysis
is only 3% larger than the mean of the elastic moduli,
8.67GPa, of the two specimens found from the test
data. The longitudinal modulus, E1, of the lamina
(computed using the micro-mechanics equation26),
about 125 GPa, remains constant during the cure pro-
cess since it is not a resin dominant property. With
respect to the material principal axes (y1, y2, y3) with
the y1- and the y2-axes being parallel and transverse to
the fiber direction and the y3-axis along the thickness
direction, the remaining effective elastic constants of
the lamina computed using the corresponding micro-
mechanics equations given in Johnston26 are: (E3,
G12, G13, G23, n12, n13, n23)¼ (8.94GPa, 4.36GPa,
4.36GPa, 3.03GPa, 0.25, 0.25, 0.44). At time t¼ 0, E2

of the lamina equals 26MPa. Knowing effective elastic
constants of the laminas, those of the laminate can be
computed using equations given by either Sun and Li30

or Bogetti et al.31 which for the ½0�4=90
�
4� laminate in the

global (x, y, z) coordinate system are found to
be (Ex, Ey, Ez)¼ (67.22, 67.22, 10.63) GPa, (Gxy, Gxz,
Gyz)¼ (4.36, 3.57, 3.57) GPa and (nxy, nxz, nyz)¼ (0.03,
0.39, 0.39). Similarly, effective coefficients of thermal
expansion and thermal conductivities of the lamina26

with respect to the material principal axes, respect-
ively, are ð�11, �22, �33Þ¼ (�2.58� 10�7, 3.54� 10�5,
3.54� 10�5)�C�1 and ðK11, K22, K33Þ ¼ (15.67, 0.53,
0.53) W/m-K. These properties for the laminate in the
global (x, y, z) coordinate system computed using equa-
tions given in Bogetti et al.31 and Johnston26 are
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�xx, �yy, �zz, �xy, �xz, �yz
� �

¼ (2.63� 10�6, 2.63� 10�6,
4.89� 10�5, 0, 0, 0)�C�1 and Kxx, Kyy, Kzz, Kxy,

�
Kxz, KyzÞ ¼ (8.1, 8.1, 0.53, 0, 0, 0) W/m-K.

Residual stresses. In the absence of details of the experi-
mental set-up used in Kim and Hahn’s work,29 we spe-
cify boundary conditions (BCs) shown in Figure 8 on
the laminate boundaries for the stress-deformation ana-
lysis. All bounding surfaces of the laminate are assumed
to be traction-free. The three displacements (ux, uy, uz)
of points located on the intersection of the bottom sur-
face and the surface x¼ 0, i.e., points (0, y, 0), are
assumed to be zero and displacements (uy, uz) in the
y- and the z-directions of points located on the inter-
section of the bottom surface and the surface x¼ a, i.e.,
points (a, y, 0), are assumed to be zero. At time t¼ 0, it
is assumed that the laminate is at 23�C, at rest, and is
stress-free.

We have depicted in Figure 9 through-the-thickness
distributions of the in-plane axial residual stresses,
�xx, �yy
� �

, along the transverse normal passing through
the centroid of the laminate. The distributions of �xx
and �yy are mirror images of each other about the mid-
surface because of the 0� and 90� fibers below and
above it. The maximum magnitude of �xx equals
0.056% of Ex. These residual stresses cause the lamin-
ate to deform into a doubly curved panel with approxi-
mately equal and opposite curvatures induced in the xz-
and the yz-planes; these are depicted in Figure 10(a)
and (b), respectively. The magnitude of the curvature
in the xz- plane, �x, computed using equation (2)

�x ¼ 2 h= l2=4þ h2
� �

ð2Þ

from the geometry of the deformed shape equals
3.65m�1. Here l and h are, respectively, the cord
length and the laminate rise shown in Figure 10(a).
Similarly, the magnitude of the curvature in the
yz- plane, �y, equals 3.67m�1. Since the panel length
in the y-direction is considerably less than that in the
x-direction (b¼ a/6), the deformed cross-section of the
panel in the yz-plane looks flat even though the radii of
curvature in both planes are nearly the same.

In Figure 11, we have depicted the variation of the
transverse displacement, uz, along the lines, y¼ b/2 and
x¼ a/2. The second-order polynomials fitted through
(uz, x) and (uz, y) points by the least squares method
with R2

¼ 1 are uz ¼ �1:83x
2 þ 0:275xÞm

�
and

uz ¼ 1:84y2 � 0:0461yþ 0:0108
� �

m which give the
curvatures, �x ¼ �

@2uz
@x2
¼ 3:66m�1 and �y ¼ �

@2uz
@y2
¼

3:68m�1. These values of �x and �y differ only by
0.3% from their corresponding magnitudes computed
using equation (2).

Comparison of the experimental and the computed process

induced curvatures. We now analyze curing of the
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laminate with a¼ 254mm, b¼ 25.4mm and H¼
1.2mm that has been experimentally studied by
Madhukar32 using the cure temperature cycle depicted
in Figure 12. The computed and the experimental final
shapes of the cured laminate, depicted in Figure 13, are
identical to each other, with the computed non-dimen-
sional curvature, �� ¼ � H ¼ 42:48� 10�4, differing by
1.9% from the experimental value, ��¼ 42� 10�4 (mean
of six test results).

Effects of heat convection and compaction pressure. In order
to analyze effects of the heat convection and the con-
solidation pressure, we restudy the problem analyzed in
subsections ‘‘Thermal histories’’ through ‘‘Residual
stresses’’ but now assume that for all surfaces of the
laminate the convection heat transfer coefficient,
hc¼ 30 and 10W/m2

�K, and the compaction pressure,
P0 ðtÞ, is given by equation (3).

P0 tð Þ ¼

0:07tMPa, 0 � t � 10 min

0:7MPa, 10 � t � 290 min

0:7� 0:07 t� 290ð ÞMPa, 290 � t � 300 min

8><
>:

ð3Þ

In Figure 14, we have depicted time histories of the
temperature and the DoC at the centroid of the lamin-
ate mid-surface for the prescribed temperature BCs,
i.e., temperature equal to the air temperature, and
hc¼ 30 and 10W/m2

�K. For the three cases, the tem-
perature and the DoC time histories at all points in the
laminate are found to be essentially identical as indi-
cated by nearly the same values of fmax and fmin (f¼T
and c) in the laminate. The temperature and the DoC
time histories for the prescribed temperature BC and
the convective heat transfer boundary condition using
hc¼ 30W/m2

�K are identical. For hc¼ 10W/m2
�K,

slight temperature overshoots are observed at the
start of the two dwell periods and the DoC time history
differs from that for the prescribed temperature BC by
ek k0¼ 1%. However, the final value of the DoC¼ 1 for
the three cases.

The curvatures induced in the laminate for hc¼ 30
and 10W/m2

�K and subjected to the compaction pres-
sure given by equation (3) are found to be ��¼ 43.82
and 43.43, respectively, which differ from 43.79 for
the prescribed temperature BC and no compaction
pressure by 0.07% and 0.8% only. Thus, for the prob-
lem studied, consideration of heat convection and the
compaction pressure has negligible effects on the output
parameters.

Cure cycle optimization

We now optimize the curing process for the graphite/
epoxy ½0�4=90

�
4� composite panel, analyzed in subsection

‘‘½0
�

4=90
�

4� graphite/epoxy composite laminate’’, for
which the computed results agreed well with the experi-
mental findings.29,32 We take values of all parameters to
be the same as those used in subsection ‘‘½0

�

4=90
�

4� graph-
ite/epoxy composite laminate’’, neglect effects of the
compaction pressure and consider convective heat
transfer with hc¼ 30W/m2

�K for all surfaces of the
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laminate. We first identify the output parameters to be
optimized, constraint conditions and the cure cycle
variables. Next, we deduce by using the LHS method,
response functions relating each output parameter to
the input variables. Finally, we formulate the optimiza-
tion problem and solve it using a GA.

Identification of output parameters

The goal is to optimize parameters of the cure cycle
depicted in Figure 5 in order to (i) minimize the process
induced curvature in the laminate, (ii) minimize the
total cycle time, tcycle, (iii) maximize the effective trans-
verse modulus of the lamina, E2, and (iv) achieve com-
plete and uniform curing of the laminate, i.e., obtain
the DoC, c¼ 1, at every point in the laminate.

We recall that the effective transverse modulus, E2,
of the lamina is computed using the micro-mechanics
equation26 from the moduli of the fibers and the matrix
and their volume fractions. Since the resin modulus
varies with the DoC (see Table 8), E2 is a function of
the DoC, c. The variation of E2 with c, displayed in
Figure 15, reveals that E2 is a monotonically increasing
function of c. Thus, the maximum value, 8.94GPa, of
E2 is obtained for c¼ 1. Hence, by requiring that c¼ 1
at every point in the laminate, we ensure that E2 is
maximum. We note that the effective moduli of the
laminate, (Ex, Ey, Ez)¼ (67.22, 67.22, 10.63) GPa, are
also maximum when E2 has the maximum value of
8.94GPa. Thus, objectives of the optimization problem
are to minimize the non-dimensional curvature, ��, and
the total cycle time, tcycle, and obtain c¼ 1 everywhere
in the laminate.

Identification of input variables

We describe the cure cycle depicted in Figure 5 by seven
input variables (T1, T2, t1, . . . , t5), shown in Figure 16.
The range of each variable, i.e., the design space, used
in the optimization study is listed in Table 1.

Deduction of response functions

We normalize the seven input variables, Xi (i¼ 1,
2, . . . , 7), using equation (4) by their extreme values
listed in Table 1. Thus, in the normalized space,
0 � X̂i � 1; i ¼ 1, 2, . . . , 7.

X̂i ¼
Xi � Xmin

i

Xmax
i � Xmin

i

ð4Þ

We generate random input vectors ðX̂1, X̂2, . . . , X̂7Þ

using the LHS technique33,34 in conjunction with
MATLAB. In the LHS technique, the number, n, of
samples (experiments) to be constructed is predefined

by the user and is independent of the number of input
variables. The range of each input variable is divided
into n segments of equal length. Thus, for constructing
n samples of m input parameters, n points are randomly
selected in the m-dimensional space to satisfy the Latin-
hypercube requirement. Statistically, a square grid con-
taining sample points in a 2D domain is a Latin square
if and only if there is only one sample point in each row
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Figure 16. Schematic depiction of parameters of the cure

temperature cycle.

Table 1. The range of cure cycle parameters used in the opti-

mization study.

Parameter

(units) Symbol

Minimum

value

Maximum

value

T1 (�C) X1 80 140

T2 (�C) X2 145 215

t1 (min) X3 5 60

t2 (min) X4 10 120

t3 (min) X5 5 60

t4 (min) X6 10 240

t5 (min) X7 5 60
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and column. A Latin-hypercube is a generalization of
the Latin-square to m-dimensional space. In this study,
m¼ 7, and we take n¼ 120 and 180. Thus, we perform
two independent sets of 120 and 180 numerical experi-
ments (simulations), and for each simulation, we com-
pute values of c at every point in the laminate and the
non-dimensional curvature, ��.

The computed maximum and minimum values, cmax

and cmin, of the DoC are found to be essentially equal
to each other implying that each cure cycle provides
uniform final curing of the laminate.

We fit a complete polynomial of degree 2 using the
least squares method to the ( ��, X̂) and (c, X̂) data
points. That is,

Yi X̂
	 

¼ a

ðiÞ
0 þ

X7
k¼1

a
ðiÞ
k X̂k þ

X7
j¼1

X7
m¼j

a
ðiÞ
jmX̂jX̂m i ¼ 1, 2ð Þ

ð5Þ

where Y1 and Y2 are �� and c, respectively, and values of
the 36 coefficients in equation (5) for n¼ 120 and 180
for the two output functions are given in Table 9. The
R2 values of the fit for �� and c obtained with n¼ 120
(180) are 0.96 (0.95) and 0.85 (0.85), respectively.

In order to verify the accuracy of model fits obtained
from 120 and 180 simulations, we randomly generate 10
new samples of the normalized input vector, X̂, that are
different from those used for deducing the model fits.
This is ensured by having non-zero Euclidean distance
of the new sample points from those used to find values
of coefficients in equation (5). For these 10 samples, the
% difference between the values of �� and c from the
model fits and the simulations are listed Table 2. The
maximum difference of 4.7% (1.2%) for n¼ 120 (180)
implies that formula (5), especially for n¼ 180, provides
good estimates of �� and c for all values of X̂.

Henceforth, we use equation (5) with coefficients
derived from results of 180 simulations. Even though
values of coefficients in equation (5) for n¼ 120 and 180
listed in Table 9 differ noticeably from each other,
results predicted by the two fits are nearly the same as
evidenced by values reported in Table 2.

Formulation of the optimization problem

The optimization problem reduces to finding the nor-
malized vector of cure cycle variables,
X̂ ð0 � X̂i � 1; i ¼ 1, 2, . . . , 7Þ, that minimizes the
non-dimensional curvature, ��(X̂), and the total cycle
time, tcycle (X̂), and satisfies the constraint, c (X̂)¼ 1
with ��(X̂) and c (X̂) given by equation (5), and

tcycle X̂
	 

¼
X7
i¼3

Xmin
i þ X̂i X

max
i � Xmin

i

� �h i
ð6Þ

As mentioned in subsection ‘‘Identification of output
parameters,’’ the maximum value, 8.94GPa, of E2 for
the lamina occurs when c¼ 1. This value is reduced by
less than 3% (see Figure 15) for c¼ 0.96. Hence, rather
than imposing the constraint c (X̂)¼ 1, we require that
the minimum DoC in laminate must exceed a specified
value, c’, i.e., c (X̂)� c’, and analyze the problem for
different values of c’2 0:96, 1½ �.

We recall that a multi-objective optimization prob-
lem may not have a unique solution but has a set of
Pareto optimal solutions.35 A Pareto optimal solution
cannot be improved for an objective function without
worsening the solution of at least one other objective
function. In other words, while selecting one Pareto
optimal solution over another to achieve gain in one
objective function, there is always some sacrifice in at
least one other objective function. Thus, it may be dif-
ficult to decide which Pareto optimal solution(s) to
choose for a given problem. To overcome this, we con-
vert the two-objective optimization problem into a
single objective problem by moving the total cycle
time to the set of constraints and require that it not
exceed the allowable time, t’, i.e., tcycleðX̂Þ �t’, and ana-
lyze the problem for different values of t’� 540min. We
note that the total cycle time for the maximum values
listed in Table 1 of the input variables X3 through X7

does not exceed 540min.
In order to solve the single objective optimization

problem of finding the input vector X̂
	
in the solution

space 0 � X̂	i � 1 i ¼ 1, 2, . . . , 7ð Þ so that ��(X̂
	
) is the

minimum, c (X̂
	
)� c’ and tcycleðX̂

	
Þ �t’, we consider

c’¼ 0.96, 0.98, 0.995 and t’¼ 120, 180, . . . , 540min
resulting in 24 cases for the optimization problem.
We realize that the total cycle times t’¼ 120 and

Table 2. Difference (%) between the values obtained from

simulations and those found from equation (5).

Sample
n¼ 180 n¼ 120

�� c �� c

1 0.48 0.80 0.23 0.63

2 1.03 1.91 0.87 0.79

3 1.50 2.06 0.72 0.66

4 1.10 2.87 0.36 0.45

5 1.55 4.65 1.41 0.72

6 0.49 1.44 0.36 0.94

7 0.25 1.48 0.92 0.00

8 0.87 2.27 0.51 1.39

9 2.10 3.83 0.12 1.00

10 0.69 0.45 0.09 0.23

Maximum 2.10 4.65 1.41 1.39

Mean 1.00 2.18 0.56 0.68
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180min are very short. However, we use them to see
how they affect output parameters of the cured lamin-
ate. We use a GA included in MATLAB to solve the
optimization problem.

Brief description of GA. GAs are based on the concept that
unfit species extinct and the strong ones pass their genes
to future generations through reproduction. A typical
GA has the following steps36,37:

(i) Population initialization. The algorithm begins by
generating a random initial population which is a
collection of solution vectors, called individuals,
satisfying the constraints and the bounds on the
variables.

(ii) Computation of fitness scores. The objective func-
tion is evaluated for each member of the current
population, and its value is scaled to obtain the
fitness score of the individual so that the individual
with the lowest value of the objective function (the
most fit) has the highest fitness score and that with
the highest value of the objective function (the least
fit) has the lowest score.

(iii) Selection of parents. A group of individuals, called
parents, is selected from the current population for
mating based on their fitness scores (individuals
with higher fitness score have greater chance of
being selected than those with lower fitness value).

(iv) Generation of children. The children are generated
from parents by three methods, namely, elitism,
crossover and mutation; these children replace
the present population and form a new generation.
The individuals in the current generation that have
the best fitness scores are passed to the next gener-
ation without any alteration and are called elite
children. The crossover children are generated by
combining entries of the vectors, called genes, of a
pair of parents whereas the mutation children are
generated by making random changes to a single
parent. The elitism ensures that the best solution(s)
from a population is preserved and the algorithm
does not regress. The crossover enables the algo-
rithm to extract the best genes from individuals
and combine them to produce children that are
potentially superior to their parents. The mutation
enhances the diversity of the population which in
turn increases the chances of generating individuals
with better fitness values.

(v) Checking for stopping criteria. The steps (ii)
through (iv) are repeated until a prescribed stop-
ping criterion has been met.

We use the Augmented Lagrangian GA38,39 to solve
the optimization problem with non-linear constraints
that are satisfied within a tolerance of 10�6. We

employ a rank-based roulette wheel selection strategy40

to select parents for mating in which the probability of
an individual being selected depends upon its fitness
rank relative to the entire population rather than the
actual value of the objective function, thereby eliminat-
ing the effect of spread in values of the objective func-
tion. With np equaling the size of the population, and
ne, nc and nm the number of the elite, the crossover and
the mutation children, respectively, in the population
(neþ ncþ nm¼ np), we specify ne¼ 2 and nc¼Cf

(np� ne) with the crossover fraction, Cf¼ 0.8, following
the MATLAB guidelines. We stop the algorithm when
the average change in the best value of the objective
function (corresponds to that of the fittest individual
in a generation) for 50 consecutive generations is less
than 10�10.

Analysis of the optimization results

Effect of the algorithm variables on results. Before sol-
ving the optimization problem for 24 cases, for one case
(c’¼ 0.995 and t’¼ 300min) we analyze the effect on the
best (minimum) value of the objective function (the
non-dimensional curvature) of the (i) population size,
np, (ii) number of elite individuals, ne, in the population,
and (iii) randomization of the initial population.

Variations of the best value of �� with np and ne
depicted in Figure 17(a) and (b), respectively, reveal
that optimal values of np and ne are 500 and 2, respect-
ively, although the best value of �� varies by less than
1.2% over the ranges of np and ne considered.
Henceforth, we use np¼ 500 and ne¼ 2.

The algorithm randomly generates the initial popu-
lation and the final result may not be exactly the same if
the same problem is resolved. Hence, we solved the
same problem five times using the algorithm, and
found the five results to be identical implying that the
random generation of the initial population has no
effect on the results.

Results for optimal cure cycles. The optimal cure
cycles obtained from the algorithm for the 24 cases,
i.e., for the three values of c’ and the eight values of
t’, are depicted in Figures 18(a) to 18(c), and labeled as
C1 through C24. The best values of �� and of tcycle sat-
isfying the constraint tcycle� t’ are listed in Table 3. The
value reported in the column ‘‘Diff.’’ is the relative dif-
ference between the values of �� for the laminate cured
with the optimal cycle and that with the MRCC. The
final value of the DoC equals c’ for all cases studied.
We note that for tcycle¼ 300min of the MRCC, c¼ 1,
E2¼ 8.94GPa and ��¼ 43.75.

Results reported in Table 3 are depicted in Figure 19
as plots of �� vs. tcycle for the three values of c’; the filled
black circle represents the value of �� for the MRCC.
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These results indicate that for a given prescribed lower
limit of the DoC, the curvature induced in the laminate
decreases with an increase in the overall cycle time. The
cure cycles depicted in Figure 18 suggest that in order
to obtain the prescribed minimum value of the DoC in
less time, the laminate should be cured at higher tem-
peratures T1 and T2. However, it increases the laminate
curvature, ��, as evidenced by results listed in Table 3. In
order to reduce �� while maintaining the minimum pre-
scribed value of the DoC, the laminate should be cured
at lower temperatures T1 and T2 for a longer period of

time resulting in larger values of the overall cycle time.
These results agree with those of White and Hahn19

who found that by decreasing the cure temperature T2

from 182�C (which is in the MRCC) to 165�C and by
increasing the corresponding dwell time from 4 to 7 h,
the curvature induced in the BMI laminate is reduced
by 18%, and the DoC of the laminate equaled 0.98.

The eight cure cycles for c’¼ 0.995 (C1 through C8)
provide E2¼ 8.9GPa which is only 0.35% less than its
maximum value, 8.94GPa, obtained with the MRCC.
The cycle C1 cures the laminate in 120min; however,
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it increases �� by 8.4% over that for the MRCC. The
total times of the cycle C4 and the MRCC are equal;
however, �� for the cycle C4 is 6.4% less than that for
the MRCC. The curvature induced in the laminate
cured with either cycle C7 or cycle C8 is 9.4% less
than that for the MRCC, but these cycles require
50% more curing time.

The eight cure cycles for c’¼ 0.98 (C9 through C16)
provide E2¼ 8.81GPa which is 1.4% less than its max-
imum value. In comparison to the MRCC, cycles C10
and C11 save 2 h and 1 h, respectively, and reduce the
curvature by 3.3% and 5.4%, respectively. Cycles C15
and C16 are identical to each other and reduce the
curvature by 11% but require 56% more time than
the MRCC.

The eight cure cycles (C17 through C24) for c’¼ 0.96
provide E2¼ 8.68GPa which is 2.8% less than its max-
imum value. The �� for cycle C17 is about the same as
that for the MRCC, but it saves 3 out of 5 h of the
curing time. The cycle C19 (C20) reduces �� and the

cure time by 7.2% (7.6%) and 1 (0) h, respectively.
The cycles C23 and C24 are nearly the same and
reduce �� by 12.5% but increase the total cycle time
by about 48% over that for the MRCC.

Recalling that solutions of the optimization problem
are based on equation (5), we compare them with those
obtained using the software ABAQUS coupled with
COMPRO. For the 24 optimal curing cycles, results
for c and �� obtained from model fits and simulations
are found to have the average difference of 1% and
0.6%, respectively, and for each cycle, cmax¼ cmin,
i.e., the laminate is uniformly cured.

In Figure 20, we have compared through-the-thick-
ness distributions of the in-plane axial residual stress,
�xx, along the transverse normal passing through the
laminate centroid cured with the MRCC and cycle C24.
The maximum magnitude of the residual stress, �xx, for
cycle C24 is less than that for the MRCC with the aver-
age difference ek k0¼ 11%, which is close to the reduc-
tion in the curvature reported in Table 3. Thus, changes

Table 3. The optimum value of the non-dimensional curvature obtained from the optimized cure cycles satisfying tcycle� t’ and

c� c’.

Cycle

label

c’¼ 0.995

Cycle

label

c’¼ 0.98

Cycle

label

c’¼ 0.96

t’ (min)

tcycle

(min) �� % Diff.

tcycle

(min) �� % Diff.

tcycle

(min) �� % Diff.

120 C1 120 47.43 8.41 C9 120 44.90 2.63 C17 120 43.44 �0.70

180 C2 180 42.98 �1.76 C10 180 42.29 �3.34 C18 180 41.28 �5.64

240 C3 240 41.47 �5.20 C11 240 41.39 �5.39 C19 240 40.61 �7.19

300 C4 300 40.93 �6.45 C12 300 40.56 �7.30 C20 300 40.43 �7.60

360 C5 360 40.40 �7.67 C13 360 39.44 �9.85 C21 360 38.64 �11.69

420 C6 420 39.70 �9.27 C14 420 39.25 �10.30 C22 420 38.38 �12.28

480 C7 438 39.66 �9.36 C15 468 38.96 �10.96 C23 435 38.28 �12.51

540 C8 447 39.65 �9.36 C16 469 38.96 �10.96 C24 445 38.28 �12.51

Note. Here t’ is the maximum allowable cycle time and c’ is the minimum desired DoC. For the MRCC, ��¼ 43.75, tcycle¼ 300 min.
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in the curvature, reported in Table 3, for optimal cure
cycles are good indicators of the change in the residual
stresses in comparison to those for the MRCC.

Optimal cure cycles for a thick laminate. We now
study the optimization problem for the curing of the
½0�N=90

�
N� laminate studied above but change N from 4

to 40 which corresponds to the change in H from 1.2 to
12mm. Through-the-thickness distributions of the resi-
dual stress, �xx, at points (a/2, b/2, z) for the two lamin-
ates cured with the MRCC depicted in Figure 21 reveal
that the maximum magnitude of the residual stress
induced in the 12-mm-thick laminate is about 7%
more than that for the 1.2-mm-thick laminate. We
note that the MRCCs for the two laminates are the
same. Although not exhibited here, the through-the-
thickness distribution of �yy is found to be the mirror
image of that for �xx about the mid-surface for the two
laminates. Moreover, �xx and �yy are found to be uni-
form in the xy-plane of the laminate except for points
situated in the vicinity of the edges x¼ 0 and a distant
from the edge by less than 5% of the edge-length.
However, the maximum difference in magnitudes of
�xx at two points in the xy-plane of the laminate is
found to be at most 14% for the two laminates; this
maximum difference occurs on the bottom surface of
the laminate in the region x/a� 0.05. Furthermore,
unlike the thin laminate, the thick laminate remains
flat. Hence, rather than considering the non-dimen-
sional curvature as the objective function, we take
�max
xx ¼ max abs �xx a=2, b=2, zð Þ½ �, 0 � z � H

� �
as the

objective function for the thick laminate and find the
optimal cure cycle that minimizes �max

xx , provides uni-
formly cured laminate, and satisfies constraints (i) c� c’
everywhere in the laminate, and (ii) tcycle� t’.

Following the same procedure as that for the 1.2-
mm-thick laminate and taking n¼ 180, values of the
36 coefficients in equation (5) are given in Table 10
with the R2 values of the least squares fit for �max

xx

and cmin equaling 0.94 and 0.83, respectively. It is
found that, unlike for the thin laminate, all 180 cure
cycles do not give uniform curing of the thick laminate
and the maximum difference between the values of cmax

and cmin equals 1.83%. Although this difference is
small, for the optimization problem we specify the con-
straint cmin� 0.995, thereby ensuring the complete and
the uniform curing of the laminate; the latter due to the
reason that the maximum possible difference between
cmax and cmin is negligible (�0.5%). The other con-
straint is tcycle� t’. We consider t’¼ 120, 180, and
240min. These values of t’ are smaller than the total
cycle time, 300min, for the MRCC.

We verify the accuracy of model fits given by equa-
tion (5) by comparing in Table 4 results for �max

xx and
cmin obtained from the model fits with those computed

from simulations for randomly generated 10 samples of
X̂ that are different from those used for deducing the
model fits. The results reported in Table 4 indicate that
the maximum (mean) of 10 sets of results for differences
between the values of �max

xx and cmin found from the
simulations and equation (5) are 2.4% (1.1%) and
2.9% (0.9%), respectively, thereby implying that pre-
dictions from model fits are reasonably accurate.

We have depicted in Figure 22 optimal cure cycles
C25, C26 and C27 obtained for the 12-mm-thick lamin-
ate corresponding to the three values of t’.

The optimum values of the objective function, �max
xx ,

for cycles C25, C26 and C27 are listed in Table 5. The
column ‘‘Diff.’’ has the % difference between values of
�max
xx for the laminates cured with the optimal and the

MRCC cycles with the latter equaling 169MPa. The
values of tcycle and cmin for each of three cycles are
equal to t’ and 0.995, respectively. The effective

Table 4. Percent difference between the

values obtained from simulations and that

found from equation (5).

Sample �max
xx cmin

1 2.43 0.16

2 0.46 0.68

3 0.04 0.49

4 0.87 2.86

5 1.85 0.25

6 1.25 0.85

7 1.17 0.77

8 1.75 0.03

9 0.07 1.40

10 1.30 0.96

Maximum 2.43 2.86

Average 1.12 0.85
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transverse modulus of the lamina, E2, achieved with the
three cure cycles is 8.9GPa which is only 0.35% less
than its maximum value, 8.94GPa, obtained with the
MRCC. We note that the effective elastic moduli of the
0�40=90

�
40

� �
laminate, (Ex, Ey, Ez), computed using

micromechanics equations30,31 equal (67.22, 67.22,
10.63) corresponding to the maximum value of E2,
8.94GPa, of the lamina and are the same as those for
the 0�4=90

�
4

� �
laminate. In comparison to the MRCC,

cycles C25, C26 and C27 reduce �max
xx by 11%, 33%

and 46%, respectively, and the total cycle time by 3, 2
and 1 h, respectively. Since solutions of the optimiza-
tion problem are based on results predicted from model
fits given by equation (5), we verify their accuracy by
comparing values of cmin and �max

xx for the three cure
cycles with those obtained from the simulations. The
two sets of results are found to differ from each other at
most by 0.5% and 6.2% for cmin and �

max
xx , respectively.

We have compared in Figure 23 through-the-thick-
ness distributions of the residual stress, �xx, at points
(a/2, b/2, z) for the 12-mm-thick laminate cured with
the MRCC and cycles C25, C26 and C27. The residual

stresses, �xx for cycles C25, C26 and C27 are less than
that for the MRCC by ek k0¼ 8%, 28% and 47%,
respectively.

Conclusions

The curing of fiber-reinforced composite laminates has
been studied using a process model, and optimal cure
cycles for asymmetric laminates have been found using
a GA in conjunction with the LHS method. Equations
governing the cure process are solved by using the finite
element method in the space domain and the implicit
backward Euler method in the time domain, and results
are verified by comparing them with either experimen-
tal or numerical results available in the literature. All
computations have been performed with commercial
software COMPRO, ABAQUS and MATLAB with
in-built material models and solution algorithms.
These optimal cycles minimize residual stresses, uni-
formly cure the laminate in the minimum total cure
time and satisfy the constraint of the minimum value,
0.96, of the DoC. With the effective transverse modulus
of the lamina being a monotonically increasing function
of the DoC, it has the maximum value consistent with
the prescribed DoC. For a moderately thick laminate of
aspect ratio (span/thickness) 12.5, in comparison to the
MRCC, one of the optimal cycles reduces residual
stresses by 47% and the total cure cycle time from 5
to 4 h. For a thin laminate of aspect ratio 125, one
optimal cure cycle reduces the cure-induced curvature
by 13% but increases the total time to 7.4 h from 5h
needed for the MRCC. Another optimal cycle reduces
the total cure cycle time to 2 h without affecting the
DoC by curing the laminate at higher temperatures
but increases the induced curvature by 8% from that
produced by the MRCC. Thus, one can find optimal
cure cycles to meet the desired objectives.
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Table 5. The optimum value of �max
xx obtained from the opti-

mized cure cycles satisfying tcycle� t’ and cmin� 0.995.

t’ (min) Cycle label �max
xx % Diff.

120 C25 150.23 11.11

180 C26 112.46 33.46

240 C27 92.05 45.53

Note. Here, t’ is the maximum allowable cycle time. For the MRCC,

�max
xx ¼ 169 MPa, tcycle¼ 300 min.
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Appendix

Properties of graphite/epoxy composite

For the epoxy matrix, the heat of reaction,
Hr¼ 4.74� 105J/kg, and the cure rate is given by4,28

dc

dt
¼

B1 þ B2cð Þ 1� cð Þ 0:47� cð Þ, c � 0:3

B3ð1� cÞ, 1 � c4 0:3


ð7Þ

where

Bi ¼ Aie
�

�Ei
RT ð8Þ

Here Ai is a constant, �Ei the activation energy,
T the temperature in K, and R¼ 8.31 J/mol-K the uni-
versal gas constant. Values assigned to various para-
meters in equation (7) are given in Table 6.

In Table 7, we have listed values of material para-
meters for the graphite/epoxy composite constituents
used for the thermo-chemical analysis. The fibers are
assumed to be transversely isotropic about the longitu-
dinal axis and the matrix to be isotropic. Resin proper-
ties listed in Table 7 are assumed not to vary with the
temperature and the DoC.

The resin viscosity is assumed to vary with the tem-
perature and the DoC as follows4,28:

� ¼ �1 exp
U

RT
þ Zc

� �
ð9Þ

where �1¼ 7.93� 10�14Pa�s, U¼ 9.08� 104J/mol,
and Z¼ 14.1 for the 3501-6 resin.

The permeabilities of the resin impregnated fiber-bed
are given by the following Kozeny–Carman
equation.4,28

Sxx ¼
r2f

4Qxx

1� Vf

� �3
V2

f

and

Syy ¼ Szz ¼
r2f

4Qzz

Va=Vf

� �1=2
�1

h i3
Va=Vf þ 1

ð10Þ

Table 6. Parameters for the epoxy resin

kinetics model.

Parameter (units) Value

A1 (min�1) 2.10� 109

A2 (min�1) �2.01� 109

A3 (min�1) 1.96� 105

�E1 (J/mol) 8.07� 104

�E2 (J/mol) 7.78� 104

�E3 (J/mol) 5.66� 104

Table 7. Material parameters for fibers and resin.28

Property graphite fiber epoxy resin

Mass density, � (kg/m3) 1790 1260

Specific heat, Cp (J/kg-K) 712 1260

Thermal conductivity,

K (W/m-K)

Kl¼ 26, K2¼ 2.6 0.167
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in which the fiber radius rf¼ 4 mm, the modified Kozeny
constants, determined experimentally, are (Qxx, Qzz)¼
(0.7, 0.2), and the value of Va determined experimen-
tally is 0.8.

The fiber-bed elastic constants in the material prin-
cipal axes (y1, y2, y3) with the y1-axis being the axis of
transverse isotropy are given by27

Efb
1 ¼ 117GPa, Efb

2 ¼ Efb
3 ¼ 7.92MPa, Gfb

12 ¼ Gfb
13 ¼

Gfb
23¼ 2.64MPa, �fb12 ¼ �

fb
13¼ 0.

As pointed out by Hubert,27 during the consolida-
tion of the laminate, the coupling between the longitu-
dinal and the transverse strains is found to be negligible
and hence, Poisson’s ratios �fb12 ¼ �

fb
13 are assumed to be

zero.
The mechanical properties of the graphite fibers and

the epoxy resin are listed in Table 8.
As pointed out by White and Kim41 neglecting the

cure dependency of Poisson’s ratio of the epoxy resin
has very little effect on the development of either
Young’s or the shear modulus during cure and thus
the accuracy of the computed residual stresses. Hence,
Poisson’s ratio has been assumed to be constant.

Table 9. Coefficients of the least squares fit for the non-

dimensional curvature, ��, and the , c.

n¼ 120 n¼ 180

Coefficient �� c �� c

a0 36.1857 0.7422 34.4374 0.6641

a1 �1.4685 0.0499 �0.1366 0.1195

a2 22.2057 0.3359 26.4160 0.4755

a3 1.5653 0.0477 �3.3648 �0.0848

a4 �4.1035 �0.0132 �5.4003 �0.0096

a5 �3.7583 0.0164 �2.5902 0.0843

a6 13.1165 0.4136 17.3864 0.5386

a7 �0.8323 �0.0031 2.7155 0.0852

a11 5.1984 0.0379 4.2362 �0.0073

a12 �6.1622 �0.0479 �9.1867 �0.1145

a13 �2.7347 �0.0094 �0.2589 0.0718

a14 �0.3826 �0.0055 2.0864 0.0604

a15 3.3886 �0.0226 2.7587 �0.0461

a16 �1.6462 �0.0421 �3.7861 �0.1204

a17 �0.9024 �0.0073 �0.5307 �0.0247

a22 �6.2945 �0.1300 �7.5665 �0.1887

a23 �0.7302 �0.0212 0.8659 0.0314

a24 �1.3322 0.0138 �1.0696 0.0130

a25 �4.4137 �0.0250 �5.1635 �0.0533

a26 �7.1244 �0.2159 �10.5731 �0.3145

a27 0.3968 0.0182 0.5045 0.0129

a33 �0.3648 �0.0117 �0.4239 �0.0326

a34 0.9244 0.0301 0.0854 0.0047

a35 �1.5445 �0.0482 1.9439 0.0486

a36 �1.2930 �0.0347 1.8803 0.0589

a37 0.7984 0.0234 0.2603 0.0052

a44 0.3504 �0.0275 1.1750 �0.0167

a45 3.2530 0.0619 1.6104 �0.0061

(continued)

Table 8. Mechanical properties of fibers and resin.

Property Graphite fiber41 Epoxy resin7

Young’s modulus (GPa) E1¼ 207, E2¼ E3¼ 20.7 Er ¼ ð1� cÞ E0
r þ c E1r ,

E0
r ¼ 3:447 x 10�3, E1r ¼ 3:447

Poisson’s ratio n12¼ n13¼ 0.2, n23¼ 0.3 nr¼ 0.35

Shear modulus (GPa) G12¼G13¼ 27.6 Gr¼ Er/2(1þ nr)

Coefficient of thermal expansion (�C�1) a11¼�9� 10�7,

a22¼ a33¼ 7.2� 10�6
a¼ 5.76� 10�5

Total specific volume shrinkage – vT
sh ¼ 0:03

The resin volumetric strain – ev ¼ c vT
sh

Table 9. Continued

n¼ 120 n¼ 180

Coefficient �� c �� c

a46 �0.2140 �0.0013 0.1834 �0.0058

a47 0.0814 0.0062 0.3155 0.0052

a55 2.1816 0.0364 1.6255 0.0061

a56 �1.6800 �0.0431 �2.5070 �0.0704

a57 0.3495 0.0136 �1.2736 �0.0297

a66 �5.1284 �0.1773 �7.1425 �0.2235

a67 0.6996 0.0121 �0.8241 �0.0179

a77 0.3535 �0.0255 �1.4301 �0.0458
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Coefficients of model fits for the output parameters
of the optimization study

The values of 36 coefficients in equation (5) for model
fits for the non-dimensional curvature and the DoC
obtained with n¼ 120 and 180 are given in Table 9.

The values of 36 coefficients in equation (5) for
model fits for �max

xx and cmin are listed in Table 10.

Table 10. Coefficients of the least squares fit for �max
xx and cmin.

Coefficient �max
xx (MPa) cmin

a0 107�3396 0�7616

a1 �8.8549 0�0641

a2 85�3424 0�4048

a3 �11.1745 �0.0500

a4 �30.1225 �0.0437

a5 �28.3194 0�0405

a6 45�8053 0�3828

a7 131�2704 0�0630

a11 14�6480 �0.0001

a12 �37.7132 �0.0950

a13 �9.7805 0�0545

a14 6�6804 0�0647

a15 23�2118 �0.0328

a16 �8.5059 �0.0835

a17 2�8845 �0.0021

a22 �26.3671 �0.1685

a23 �3.2888 0�0204

a24 �9.6963 0�0131

a25 �22.0528 �0.0452

a26 �36.7483 �0.2561

a27 26�3145 0�0069

a33 4�5424 �0.0234

a34 �1.5752 �0.0005

a35 10�4587 0�0330

a36 3�9244 0�0385

a37 4�5996 �0.0054

a44 6�6545 �0.0006

a45 8�7501 0�0029

a46 2�8917 0�0154

a47 11�5804 0�0012

a55 9�8958 0�0163

a56 �9.1496 �0.0407

a57 �2.0563 �0.0178

a66 �14.6906 �0.1614

a67 �0.9078 �0.0034

a77 �102.7189 �0.0427
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