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This paper addresses the multi-objective optimisation of the cure stage of composites manufacture. The
optimisation aims to minimise the cure process duration and maximum temperature overshoot within
the curing part by selecting an appropriate thermal profile. The methodology developed combines a finite
element solution of the heat transfer problem with a Genetic Algorithm. The optimisation algorithm
approximates successfully and consistently the Pareto optimal front of the multi-objective problem in
a variety of characteristic geometries of varying thickness. The results highlight the efficiency opportuni-
ties available in comparison with standard industrial cure profiles. In the case of ultra-thick components
improvements of up to 70% in terms of overshoot and 14 h in terms of process time, compared to conven-
tional cure profiles for ultra-thick components, can be achieved. In the case of thick components reduc-
tion up to 50% can be achieved in both temperature overshoot and process duration.
� 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The continuous expansion in utilisation of thermosetting com-
posites and their adoption as a high performance solution in large
complex structures has generated an increased impetus for min-
imising process costs whilst maximising product quality. The cure
stage of composites manufacture involves a number of challenges
related to the complex physics governing the cure process and its
irreversible character. The trade-off between process cost and the
likelihood of process failure due to excessive exothermic phenom-
ena is inherent to the cure of thick thermosetting composites. Fast
production necessitates processing at relative high temperature,
whilst the autocatalytic character of the curing reaction and the
exponential increase in exothermic reaction rate as a function of
temperature creates a strong non-linearity manifested as temper-
ature overshoots. Currently, the industry adopts conservative and
generic cure profiles which, especially in the cure of thick compo-
nents, tend to favour very low probabilities of exothermic failure
and naturally correspond to longer process duration and higher
manufacturing cost.

The selection of cure profiles in order to minimise the cure time
and hence process costs has been investigated in the literature in
the context of single objective optimisation studies [1–6]. In these
investigations considerations related to part quality, such as tem-
perature overshoot or excessive thermal gradient, have been incor-
porated through the use of constraints. Improvements in cure
process duration reach about 30% in the case of thick components
[1–3] and 50% in the case of ultra-thick components [4–6]. Simi-
larly, single objective cure profile optimisation studies focusing
on the minimisation of residual stresses and shape distortion sub-
ject to constraints with respect to cure process duration and/or
temperature overshoot have shown potential improvement reach-
ing up to 30% [7–12]. A comprehensive treatment of the problem
requires simultaneous consideration of the different objectives
related to quality and cost. This has been carried out in the litera-
ture by combining objectives in a weighted sum in a single process
performance metric [13,14]. However, the selection of weights
implies a relative prioritisation between the different objectives
leading to cure profiles based on a single objective optimisation
setting governed by this selection. Consequently, this approach,
as well as pure single objective optimisation treatments incorpo-
rating constraints, achieve a limited exploration of the multi-
dimensional objective space within the choices made in setting
up the problem. The non-linear nature of the phenomena involved
in the cure process and the competitive nature of cost and quality
generate a complex trade-off that needs to be explored fully to
exploit potential efficiency opportunities offered by available pro-
cessing strategies.

The present paper addresses the cure profile selection problem
in a full multi-objective optimisation setting. The two objectives
considered - cure duration and temperature overshoot – are min-
imised simultaneously using a multi-objective Genetic Algorithm
(GA) approximating the efficient frontier of the optimisation prob-
lem. The methodology developed combines the GA with a finite
element (FE) model of the cure process and is applied to the case
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Table 1
Parameter values for the cure kinetics and glass transition temperature material sub-
models of the RTM6 epoxy resin system [18,19].

Parameters Values Units

A1 17,580 s�1

A2 21,525 s�1

Ad 6.48 � 1018 s�1

E1 70,500 J�mol�1

E2 59,050 J�mol�1

Ed 136,800 J�mol�1

m 1.16
n1 1.8
n2 1.32
b 0.467
Tg0 �11 �C
Tg1 206 �C
k 0.435

Table 2
Parameter values for the specific heat and thermal conductivity material sub-models
for the materials of the study [3,21,22].

Parameters Values Units

Afcp 0.0023 J g�1 �C�2

Bfcp 0.765 J g�1 �C�2

Arcp 0.0025 J g�1 �C�2

Brcp 1.80 J g�1 �C�2

Drcp �0.25 J g�1 �C�2

Crcp 1.10 �C�1

r 16.5 �C
Alf 0.0074 Wm�1 �C�2

Blf 9.7 Wm�1 �C�2

Btf 0.84 Wm�1 �C�2

aKr 0.0008 Wm�1��C�2

bKr �0.0011 Wm�1 �C�2

cKr �0.0002 Wm�1 �C�2

dKr �0.0937 Wm�1 �C�1

eKr 0.22 Wm�1 �C�1

fKr 0.12 Wm�1 �C�1
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of thick and ultra-thick characteristic composite component
geometries.

2. Cure simulation

The coupled thermo-chemical phenomena taking place during
the cure have been modelled using the finite element solver Marc�

[15]. Three-dimensional isoparametric 8-nodes brick composite
elements (Marc� element type 175) for heat transfer analysis were
utilised [16]. Time dependent prescribed temperature boundary
conditions have been implemented using the FORCDT user subrou-
tine and natural air convection boundary conditions have been
applied using the UFILM user subroutine [17]. The sub-models
for cure kinetics, specific heat capacity and thermal conductivity
were implemented using the UCURE, USPCHT and ANKOND user
subroutines [17].The materials utilised were HexForce� G1157
pseudo unidirectional carbon fabric and HexFlow� RTM6 epoxy
resin both by Hexcel Composites.

The cure kinetics model proposed by Karkanas and Partridge for
the epoxy resin of this study has been used to simulate the cure
kinetics [18,19]. The reaction rate depends on temperature and
degree of cure as follows:

da
dt

¼ k1ð1� aÞn1 þ k2ð1� aÞn2am ð1Þ

where k1 and k2 are reaction rate constants, a is the degree of cure
and m, n1 and n2 are reaction orders. The rate constants are defined
as follows:

1
ki

¼ 1
ki;c

þ 1
kd

i ¼ 1;2 ð2Þ

where ki;c are Arrhenius functions of temperature for the chemical
reaction and kd is a diffusion rate constant, which describes the
deceleration of reaction as the instantaneous glass transition of
the curing material approaches the cure temperature, expressed
as follows:

kd ¼ Ade
�Ed
RT

� �
e

�b
f

� �
ð3Þ

kiC ¼ Aie
�Ei
RT

� �
i ¼ 1;2 ð4Þ

Here Ai, Ad are pre-exponential factors, b is a fitting parameter,
Ei, Ed are the activation energies for chemical reaction and diffusion
respectively, T is the temperature, R is the universal gas constant
and f the equilibrium fractional free volume, which for the epoxy
system of this study is as follows:

f ¼ wðT � TgÞ þ g ð5Þ
Here w and g are constants and Tg is the instantaneous glass

transition temperature following the Di Benedetto equation [20]:

Tg ¼ Tgo þ ðTg1 � TgoÞka
1� ð1� kÞa ð6Þ

where Tg1 and Tgo are the glass transition temperature of the fully
cured and uncured material respectively and k is a fitting parame-
ter. The parameters of the cure kinetics model are reported in
Table 1 [18,19].

The specific heat of the composite is calculated using the rule of
mixtures:

cp ¼ wf cpf þ ð1�wf Þcpr ð7Þ
where wf is the weight fraction of the fibre. The specific heat capac-
ity of carbon fibres (cpf ) has a linear dependence on temperature,
whilst the specific heat of resin (cpr) depends on both temperature
and degree of cure as follows:
cpf ¼ Afcp T þ Bfcp ð8Þ

cpr ¼ ArcpT þ Brcp þ
Drcp

1þ eCrcp ðT�Tg�rÞ ð9Þ

Here Af cp , Bfcp are the slope and the intercept of the linear depen-
dence of fibre specific heat capacity on temperature, Arcp , Brcp are
constants expressing the linear dependence of the specific heat
capacity of the uncured epoxy on temperature and Drcp , Crcp and
r are the strength, width and temperature shift of the step reduc-
tion in specific heat capacity occurring at resin vitrification. The
coefficient values of the specific heat capacity sub-model for both
resin and fibre are reported in Table 2 [3].

The longitudinal (K11) and transverse direction (K22, K33) ther-
mal conductivities of the composite can be approximated as fol-
lows [3,22]:

K11 ¼ v f Klf þ ð1� v f ÞKr ð10Þ

K22 ¼ K33 ¼ v f Kr
Ktf

Kr
� 1

� �
þ Kr

1
2
� Ktf

2Kr

� �

þ Kr
Ktf

Kr
� 1

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

f � v f þ
Ktf

Kr
þ 1

� �2

2Ktf

Kr
� 2

� �2

vuuuut ð11Þ

The thermal conductivity of the carbon fibre in the longitudinal
direction (Klf ) and transverse direction (Ktf ) can be expressed as
follows [21,22]:

Klf ¼ Alf T þ Blf ð12Þ



Table 3
Design parameter ranges.

Thick Ultra-thick

Parameters Ranges Parameters Ranges

T1 (�C) 135–175 T1 (�C) 80–110
T2 (�C) 175–215 T2 (�C) 110–150
Dt1 (h) 0.5–5 T3 (�C) 150–190
r (�C/min) 1–4 Dt1 (h) 2–5

Dt2 (h) 3–12
r(�C/min) 1–4

128 G. Struzziero, A.A. Skordos / Composites: Part A 93 (2017) 126–136
Ktf ¼ Btf ð13Þ
where Alf , Blf are the slope and the intercept of the linear function
and Btf a constant. The thermal conductivity for the epoxy resin
RTM6 (Kr) is a function of degree of cure and temperature and is
expressed by the following relation [3]:

Kr ¼ aKrTa2 þ bKrTaþ cKrT þ dKra2 þ eKraþ f Kr ð14Þ
where aKr , bKr , cKr , dKr , eKr and f Kr are coefficients of the polynomial
function. The parameters of the thermal conductivity constitutive
model for the materials of this study are reported in Table 2
[3,21,22].

The thermochemical model and its constitutive laws have been
used to simulate the cure of the materials involved in this study
and validated successfully against experimental results in previous
work [3,18,19,23].

3. Multi-objective optimisation method

The multi-objective problem has been set up in order to min-
imise both process time and maximum temperature overshoot
within the model through optimising the cure profile. A Genetic
Algorithm developed for multi-objective optimisation [24] has
been adapted, tested and implemented in C++ to solve the prob-
lem. In the case of thick components, a two dwell cure profile
has been considered and parameterised using four parameters;
the temperature of the first and second dwell (T1, T2), the duration
of the first dwell (Dt1) and the ramp rate (r). In the case of ultra-
thick components, the complexity of the cure profile was increased
by incorporating a third dwell. The cure profile has been parame-
terised using six parameters; the temperature of the first, second
and third dwell (T1, T2, T3), the duration of the first and second
dwell (Dt1, Dt2) and the ramp rate (r). The general form of the cure
profiles for the two cases is illustrated in Fig. 1. The ranges of pos-
sible values for each parameter utilised in the optimisation are
reported in Table 3 for the two cases. It should be noted that the
duration of the final dwell is not considered as a design parameter
in the optimisation. This is due to the definition of cure process
duration as the time at which the minimum degree of cure
throughout the curing component reaches a threshold set at 88%
for the resin system of this study. When this threshold is reached
throughout the component, the cure is considered complete and
the simulation of the process is interrupted. The 88% threshold
has been chosen as this is the maximum degree of cure that the
epoxy resin of this study reaches during an isothermal Differential
Scanning Calorimetry (DSC) test at 180 �C [25].

A total of six test cases have been considered. The components,
which are illustrated in Fig. 2, have been selected with an increas-
ing level of complexity and are a flat panel, an L-shape and a T-
joint. Two thicknesses were considered for each geometry type,
24 mm (thick case) and 60 mm thickness (ultra-thick case). It
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Fig. 1. General cure profile: (a) Standa
should be noted that the distinction between thick and ultra-
thick components is not explicit or universal. In the aerospace field
parts with thickness greater than 50 mm can be considered as
ultra-thick whereas thickness well below 10 mm correspond
broadly to thin components. Components with thickness well over
10 mm can be considered as thick. Typical dimensions are based on
[26–28]. In the case of the flat panel the solution is one dimen-
sional due to symmetry; however, a 3-D model is utilised with
in-plane dimensions of 50 � 50 mm in the 24 mm thick case and
120 � 120 mm in the 60 mm thick case. The height and width of
thick L-shape are 150 mm and 60 mm respectively in the case of
the 24 mm thick component and 350 mm and 120 mm respec-
tively in the case of the ultra-thick (60 mm) component. The height
and width of the T-joint are 120 mm and 100 mm for the 24 mm
case and 300 mm and 250 mm for the 60 mm case.

In the geometries shown in Fig. 2 the upper boundary is sub-
jected to forced air convection and the lower boundary to a pre-
scribed temperature condition following the cure profile. The
ambient temperature applied to the air convection condition is
identical to the cure profile and the surface heat transfer coefficient
is set to 50W/m2 �C, representing the conditions in an autoclave or
fan oven [29]. The results of optimisation are set against conven-
tional cure profiles. In the case of thick components two standard
cure profiles have been investigated. The first one is the currently
recommended conventional profile for HexFlow� RTM6 which
comprises a single dwell at 180 �C for 2 h [30]. The second profile
corresponds to the cure cycle described in previous recommenda-
tions [31] and also used in a number of studies [32,33] which com-
prises a dwell at 160 �C for 1 h and 15 min and a dwell at 180 �C for
2 h. For ultra-thick components the conventional profile comprises
three dwells at 100 �C for 4 h, at 120 �C for 10 h and at 150 �C for
5 h and heating up segments at 1 �C/min [23].

The six models have been implemented using 3-D analysis;
however, the behaviour of the temperature field is one dimen-
sional in the case of the flat panel and two dimensional in the case
of the T-joint and the L-shape. This is achieved by using one layer
of elements in the constant profile in-plane direction (depth direc-
tion in Fig. 2), which alongside the implied zero heat flux boundary
condition on the corresponding boundaries results in an infinite
(b)
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Fig. 2. Case studies: (a) L-shape; (b) Flat panel; (c) T-joint.
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length in this direction. An equivalent situation is achieved in the
case of the flat panel in the other in plane direction by using one
element across the width of the model, which essentially results
in a 1-D solution using 8 elements, comprising 36 nodes, across
the thickness. The L-shape models incorporate 1008 elements
and 2176 nodes and the T-joint models comprise 2871 elements
and 6008 nodes representing the 2-D heat transfer using 16 and
32 elements across the thickness of the components respectively.
The lay up for the flat panel is [0/90/90/0]s, for the L-shape
[0/±45/90/90/±45/0]s, and the T-joint is [0/90/0/90/0]s. All the
models incorporate an initial temperature condition applied to
all nodes set at 80 �C and an initial degree of cure of 2% applied
to all the elements. The assumption of a 2% value for the initial
degree of cure is consistent with the analysis of calorimetric data
and the corresponding curve fitting step during development of
the cure kinetics model.

An interface linking the GA with the FE solver has been imple-
mented in C++. The interface operates on a template solver input
file which is read and modified at designated locations. The optimi-
sation interface functionality is depicted in Fig. 3. At each iteration
of the algorithm, the GA generates a set of four or six parameters
depending on the case under investigation. The interface reads
the template file and generates a new file by copying the template
line by line and modifying the parameters values in lines corre-
sponding to the GA prescribed boundary condition input. Subse-
quently, a script is run to execute a Marc

�
analysis with the

modified input file. The finite element solution uses subroutine
UPSTNO [17] to read the temperature and degree of cure at each



Fig. 3. GA-FE solver interface.
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node in the model at each increment and variables storing the
maximum temperature overshoot calculated as the difference from
the instantaneous cure profile boundary temperature and the min-
imum current degree of cure are updated at each increment of the
simulation. Once the simulation is completed, when the minimum
degree of cure in the model reaches 88%, the interface writes the
maximum temperature within the model and the process time
on two separate text file. The interface opens the text files, reads
the values and sends them to the GA. Table 4 reports the GA
parameters used for optimisation in the thick and ultra-thick cases.

The GA has been tested against four standard benchmark prob-
lems for multi objective optimisation to assess its reliability,
robustness and repeatability. The four test cases include the Schaf-
fer problem, the Fonseca problem and two problems by Zitzler
[34–36] allowing the evaluation of the GA performance for convex
and non-convex landscapes. The results of these tests showed that
the current GA approximates the Pareto set at speeds comparable
to or better than standard implementations [37–39], whilst its
results are reproducible and robust to variations of the initial
population.

The efficiency of the GA has also been evaluated by comparing
its results with the outcome of an exhaustive search. The 24 mm
thick L-shape case has been chosen for the comparison. The
exhaustive search has been carried out by dividing the four dimen-
sional parameter space of the optimisation problem into an
equidistant grid comprising 19,008 points. This has been achieved
by considering all combinations generated by dividing the ranges
Table 4
GA parameters used for cure optimisation.

GA input Thick case Ultra-thick case

Max Number of generations 50 50
Individuals per population 60 100
Individuals per reproduction 48 80
Elite individuals 4 8
Size of Pareto set 30 40
Mutation probability 0.005 0.005
Cross-over probability 0.5 0.5
listed for the four parameters of the optimisation problem in
Table 3 into 12 segments for dwell temperatures and dwell dura-
tion variables and 11 segments for the heating rate parameter. A
standard desktop computer equipped with 4 processors takes
30 days to complete the exhaustive search. The GA needs 780 eval-
uations to complete the analysis and takes around 30 h in the same
system. Fig. 4 shows the comparison between the final Pareto front
of the GA and the results of the exhaustive search. The Pareto front
includes all the optimal solutions presented in objective space.
Each solution is characterised by a unique and specific cure profile
corresponding to a unique set of parameters. The GA reaches a Par-
eto set that slightly outperforms the exhaustive search due to the
effective finer resolution of the algorithm compared to the regular
grid of the full search. Therefore, the efficiency savings offered by
the GA exceed 96% of the computations effort required for an
exhaustive search of equivalent outputs.

Fig. 5 illustrates a cross-section of the design space for a first
dwell temperature of 135 �C and duration of 30 min showing the
dependence of the two objectives on the second dwell temperature
and ramp rate. The surface plots highlight the competitive nature
of the two objectives and the non-linear character of their interac-
tion. A higher ramp rates reduces process time but increases the
overshoot temperature as a consequence of a more violent reac-
tion. Higher second dwell temperatures reduce the process dura-
tion and have a limited influence on the magnitude of the
overshoot as this is occurring during the first dwell. Fig. 6 depicts
a cross-section of the design space for a second dwell temperature
of 175 �C and first dwell duration of 30 min showing the depen-
dence of the two objectives on the first dwell temperature and
ramp rate. The plots are indicative of the non-trivial relation
between parameters and objectives. A minimum overshoot tem-
perature is reached for a second dwell temperature in the 155–
160 �C range. In this case the first dwell temperature has the role
of advancing the reaction as much as possible to minimise exother-
mic effects in the second dwell forward, without generating signif-
icant overshoots in the first dwell. Therefore there is a small
window of parameters combination that can lead to an optimal
exploitation of the chemical potential of the resin in the first dwell
and as a consequence to a minimum overshoot temperature.
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Fig. 5. Design space analysis for a first dwell temperature of 135 �C and duration of 30 min: (a) temperature overshoot as a function of second dwell temperature and ramp
rate; (b) process time as a function of second dwell temperature and ramp rate.

Fig. 6. Design space analysis for a second dwell temperature of 175 �C and first dwell duration 30 min: (a) temperature overshoot as a function of first dwell temperature and
ramp rate; (b) process time as a function of first dwell temperature and ramp rate.
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Fig. 8. Optimisation results for the ultra-thick case.
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4. Results and discussion

Figs. 7 and 8 illustrate the results of multi-objective optimisa-
tion for the thick and ultra-thick components together with their
respective standard profile solution. The Pareto front is in the form
of an L-shape curve in all cases. This highlights the competitive
nature of the minimisation problem addressed. The L-shape
implies a division of the objective space into two different regions.
An horizontal region where overshoot temperature is highly priori-
tised and significant improvements in process time can be
achieved with small changes in overshoot temperature and a ver-
tical region where cure time is assigned higher importance and sig-
nificant improvements in overshoot temperature with small
changes in process time are achieved. It should be noted that these
regions do not necessarily correspond to clustering of design
parameters, i.e. it is possible that neighbouring points in the objec-
tive space arise from significantly different locations in the param-
eter space. Furthermore, the L-shape corner point constitutes an
interesting engineering design point as moving towards it allows
reducing simultaneously process time and overshoot temperature.
The solutions found by applying the recommended cure profiles
are in the region of high process time and low overshoot tempera-
ture pointing out the conservative nature of current process
designs. It should be noted that for the resin of this study degrada-
tion occurs over 300 �C [40] and also that the model does not take
into account degradation of the resin. Therefore results corre-
sponding to very high temperature overshoots show the magni-
tude of process failures but do not necessarily constitute an
accurate evaluation of maximum temperature for these extreme
scenarios.

Table 5 lists the standard results for the nine different cases. It is
important to highlight that in the ultra-thick case the recom-
mended cure profile did not meet the 88% degree of cure target
to end the cure process but stopped at 85%. Table 6 reports the gen-
erations at which convergence to the final Pareto occurs for each
case showing that the optimisation problem becomes more chal-
lenging as the thickness and geometrical complexity increase.
Fig. 7 allows a comparison of the optimisation results with the
standard profiles solutions for the 24 mm components. The one
dwell standard cure profile results in very high overshoot temper-
ature making the two dwell standard profile preferable. Conse-
quently, the following discussion focuses on the comparison with
the two dwell standard cure profile. In the case of the flat panel
Fig. 7. Optimisation results for the thick case.
significant improvements can be achieved by adopting a process
design in the corner region of the Pareto front with a time reduc-
tion of about 50% and temperature overshoot reduction of about
45%. This is accomplished by shortening the first dwell to 45 min,
increasing the ramp rate to 3.8 �C/min, lowering the first dwell
temperature to 157 �C and increasing the second temperature to
205 �C. Solutions in the horizontal region of the front are charac-
terised by lower first dwell temperatures (around 140 �C), second
dwell temperatures higher than 200 �C, longer first dwell duration
(90 min) and higher ramp rate (about 3.5 �C/min). In the case of the
L-shape solutions in the corner region are characterised by first
dwell duration of about 50 min and second dwell higher than
200 �C with a ramp rate of about 3 �C/min. By selecting these
parameter values the overshoot temperature and cure duration
are reduced by about 50%. In the horizontal zone the ramp rate is
higher than 3 �C/min, whilst the first dwell temperature is about
140 �C and the first dwell duration is in the 100–140 min range.
In the case of the T-joint solutions in the corner region of the Pareto
front allow improvements of 50% in process time and 55% in over-
shoot temperature by selecting a higher second dwell temperature
(about 200 �C), a lower duration of the first dwell of about 33 min
and a higher ramp rate of around 3 �C/min. Solutions in the hori-
zontal regions have a first dwell temperature in the 135–140 �C
range and a duration of 102 min, a second dwell between 195
and 200 �C and a ramp rate of about 2 �C/min. In all three cases
solutions in the vertical region involve faster reaction mainly due
to either a shorter first dwell (30 min) which forces the cure to
be carried out at a high temperature second dwell (about 205 �C
in this region) or a higher first dwell temperature in the 170–
175 �C range resulting in fast reaction and completion of the cure
during the first dwell. Although these solutions are part of the the-
oretical Pareto front of optimal designs their practical importance
is limited given that they correspond to extreme overshoot
temperatures.

The comparison of the optimisation solutions with the conven-
tional cure profile for ultra-thick (60 mm) components is presented
in Fig. 8. The corner of the Pareto set for the flat panel corresponds
to improvement of about 70% in overshoot temperature reduction
and a reduction in process time of about 13 h. This is achieved by
increasing the first dwell temperature to 110 �C, reducing the sec-
ond dwell temperature to 115 �C and increasing the third dwell
temperature to 190 �C in comparison to the conventional cure pro-
file. The duration of the first and second dwell is about 50% shorter
than in the conventional profile. The horizontal region of the front



Table 5
Standard cure profile results.

Two dwell cure (24 mm) One dwell cure (24 mm) Three dwell cure (60 mm)

Cure time (s) Overshoot (�C) Cure time (s) Overshoot (�C) Cure time (s) Overshoot (�C)

Flat panel 8041 45 4338 96 72,600 59
L-shape 8469 37 4239 87 72,600 51
T-joint 8032 55 4527 106 72,600 63

Table 6
Convergence of the GA.

Model Convergence generation

Flat panel 24 mm 10
L-shape 24 mm 13
T-joint 24 mm 15
Flat panel 60 mm 18
L-shape 60 mm 21
T-joint 60 mm 25
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comprises solutions with a lower third dwell temperature of about
160 �C. In the L-shape case, solutions in the corner of the front allow
reduction in process time of about 13 h and a reduction in temper-
ature overshoot of about 60% by using first, second and third dwell
temperatures of 110 �C, 120 �C and 190 �C respectively. In the hor-
izontal region the dwell temperatures are similar to those of the
conventional profile, whereas the duration of the first two dwells
increases by about 80 min in total, resulting in milder reaction at
the beginning of the final dwell. In the case of the T-joint solutions
the corner region of the Pareto front correspond to improvements of
about 70% in overshoot and reduction in process time of about 14 h
by increasing the first and third dwell temperatures in comparison
to the conventional profile to about 110 �C, and 190 �C respectively
and by reducing the first and second dwell duration by about 2 and
3 h respectively.

As it can be observed in Figs. 7 and 8 the optimisation converges
to similar final Pareto sets for components of the same thickness.
Furthermore, similar sets of process parameters lead to similar
outcomes in terms of the two objectives. This indicates that the
thickness plays a crucial role in the outcome of the cure process,
whilst the geometrical details have a weaker influence. Therefore,
the thickness can be considered as the driving variable defining the
limit of potential improvements, especially in the case of thick
components that might be subject to a temperature overshoot risk.

The results obtained with the optimisation methodology prove
the wide margin of potential improvements offered by a better
exploitation of the design space. A detailed analysis of the cure
process and its evolution can provide a picture of how these bene-
fits are brought about. The 24 mm thick L-shape component has
been chosen for this analysis. Three candidate individual solutions
have been selected for the purpose of this analysis: (i) the standard
cure profile; (ii) a solution within the corner region of the Pareto
set and; (iii) a solution in the horizontal region of the front. Table 7
reports the specific details of these three process designs. Figs. 9–
11 illustrate the evolution of temperature, reaction rate and degree
of cure at five locations across the thickness. Also, the two dimen-
sional distribution of the degree of cure at the increment where the
minimum requirement for cure completion is reached is illus-
Table 7
Candidate individual parameters.

Individual T1 (�C) T2 (�C) Dwell duration (s) Ram

Standard 160 180 4500 1
Corner 161 215 3000 3.1
Horizontal 141 194 6350 3.1
trated. The standard cure profile results in a range of final degrees
of cure (0.903–0.960) through the thickness. The corner design
point results in a more uniform distribution (0.903–0.920) by
increasing the second dwell temperature to 215 �C, decreasing
the first dwell duration to 3000 s and increasing the ramp rate to
3.1 �C/min. This set of parameter values generates a controlled
temperature overshoot of 22 �C. This results in a slightly lower
maximum degree of cure and a milder gradient of temperature
through thickness which contributes to a more uniform degree of
cure distribution. The design in the horizontal region of the Pareto
set uses a first dwell temperature of 135 �C and a first dwell dura-
tion of 8600 s resulting in a small temperature and temperature
gradient and therefore a virtually uniform degree of cure distribu-
tion through thickness (0.899–0.906). The standard profile and the
corner solution (Figs. 9 and 10) show qualitative similarities in the
evolution of the cure process. In both of them the overshoot occurs
in the first dwell, whilst they have a similar peak reaction rate. The
corner solution manages to reduce the overshoot by moving up to
the second dwell as soon as the peak of the overshoot has occurred
and the very fast part of the reaction has been completed. This
results in a significant time saving compared to the standard pro-
file which continues within the first dwell while the risk of over-
shoot is minimised beyond the peak reaction point and an
additional saving as the tool temperature increases right after the
overshoot making the temperature more uniform resulting in a
weaker temperature lag and more uniform degree of cure. The evo-
lution of the cure is markedly different in the very low temperature
overshoot solution corresponding to the horizontal region of the
Pareto set (Fig. 11). The long first dwell at a relatively low temper-
ature ensures maximum progress of the reaction (about 60%) with
very low overshoot. This is followed by the ramp and second dwell
to complete the cure at higher temperature with the occurrence of
a small overshoot. This results in negligible overall exotermic
effects combined with a high level of uniformity in degree of cure
through thickness with a variation lower than 1%.

The effect of a change in the convection coefficient on the final
Pareto front has been investigated for the thick and ultra-thick flat
panel cases. The convection coefficient in an autoclave process is in
the range of 30–100W/m2 �C [29]. The two extremes of this range
have been selected and optimisations for the thick and for the
ultra-thick flat panel cases have been run and compared with the
result obtained with a convection coefficient of 50 W/m2 �C.
Figs. 12 and 13 illustrate the comparison of the three Pareto fronts
obtained for the thick and ultra-thick flat panel cases respectively.
Fig. 13 shows a magnification of the corner region for the ultra-
thick case in order to make the influence of convection coefficient
visible. The behaviour is qualitatively the same. Increasing the con-
vection coefficients leads to slightly better Pareto fronts in terms of
both process time and temperature overshoot. However, the
p rate (�C/min) Process time (s) Temperature overshoot (�C)

8469 37
4451 22
8050 14
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Fig. 9. Behaviour across the thickness for the standard cure profile for the 24 mm thick L-shape case: (a) temperature profile; (b) rate of reaction; (c) degree of cure; (d) final
degree of cure contour map.
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Fig. 10. Behaviour across the thickness for point in the corner of the Pareto set for the 24 mm thick L-shape case: (a) temperature profile; (b) rate of reaction; (c) degree of
cure; (d) final degree of cure contour map.
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Fig. 11. Behaviour across the thickness for point in the horizontal segment of the Pareto set for the 24 mm thick L-shape case: (a) temperature profile; (b) rate of reaction; (c)
degree of cure; (d) final degree of cure contour map.

Fig. 12. Optimisation results for the flat panel thick case for different convection
coefficients. Fig. 13. Optimisation results for the flat panel ultra-thick case for different

convection coefficients.
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change is relatively small especially when compared with the
influence of thickness which is the dominant parameter.
5. Conclusions

The optimisation methodology presented in this paper leads to
efficient designs of the cure stage of composites manufacture. The
methodology can successfully approximate the optimal Pareto
front for a variety of geometries involving an increasing level of
complexity. The set of multiple optimal solutions obtained can
be prioritised and ranked based on the risk preferences and cost/
process performance benefit ratio associated with an application.
The present setting allows the two objectives to be considered
independently and enables exploration of the design space to be
made without implying their relative benefits a priori. Although
it is expected that within a specific application legacy information
implies a relative importance between the different objectives,
unconditioned multi-objective optimisation can uncover new effi-
ciency opportunities. The findings highlight the inefficiency of
standard cure profiles, which tend to be highly conservative with-
out making the evolution of the cure process riskless. A systematic
use of multi-objective optimisation can lead both to direct cost
benefits due to reduced process duration and to indirect improve-
ments as the lower process risk associated with part rejection or



136 G. Struzziero, A.A. Skordos / Composites: Part A 93 (2017) 126–136
remanufacturing costs. Analysis of the optimisation outcomes indi-
cates two potential strategies for maximising the efficiency of the
process whilst minimising risks: (i) adopting a first dwell duration
that allows moving to the ramp and second dwell as soon as the
peak overshoot occurs, which results in very short duration, while
maintaining an acceptable overshoot; or (ii) adopting a relatively
low dwell temperature combined with a duration that allows max-
imisation of the degree of cure under riskless conditions and heat-
ing up once the material state makes the reaction at elevated
temperature safe. It should be noted that both strategies also offer
a relative benefit in terms of uniformity of the degree of cure dis-
tribution across the thickness of the component. The analysis pre-
sented here does not take into account residual stress and
distortion effects. It is expected that in a full multi-objective set-
ting incorporation an objective related to process stress can offer
a more comprehensive representation of the trade-off and compro-
mises linked to composites cure.

Further verification of the benefits offered requires incorpora-
tion of process uncertainty within the analysis presented here. It
is expected that optimisation using deterministic simulation
exploits fully the design space leading to solutions that can be rel-
atively unstable to departures from the nominal process scenario.
Deviations due to variations in tooling thermal conditions or resin
chemical state and behaviour can potentially increase temperature
overshoots especially in the case of designs that do not eliminate
risks fully, such as solutions in the corner region of the Pareto front.
The combination of multi-objective optimisation with stochastic
simulation can lead to full exploitation potential benefits in cure
design without compromising robustness of the process.
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