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Curing is an important and time consuming step in the fabrication of thermoset
matrix composite products. The use of embedded resistive heating elements pro
supplemental heating from within the material being cured has been shown in pre
studies (Ramakrishnan, Zhu, and Pitchumani, 2000, J. Manuf. Sci. Eng.,122, pp. 124–
131; and Zhu and Pitchumani, 2000, Compos. Sci. Technol.,60, 2699–2712.) to offer
significant improvements in cure cycle time and cure uniformity, due to the inside
curing. This paper addresses the problem of determining the temperature and elec
current cycles, as well as the placement configuration of the conductive mats, for
optimal curing of composites using embedded resistive heating elements. A conti
search simulated annealing optimization technique is utilized coupled with a nume
process simulation model to determine the optimal solutions for selected process
straints. Optimization results are presented over a range of material systems and dif
numbers of conductive mats to assess the effects of materials reactivity on the o
number of conductive mats.@DOI: 10.1115/1.1527903#

Keywords: Composites Fabrication, Optimal Cure Cycles, Heat Transfer, Resin Tra
Molding, Resistive Heating
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1 Introduction
Fabrication of thermosetting-matrix composites is acco

plished by subjecting the resin-fiber mixture to a prescribed te
perature cycle in order to initiate and sustain an irreversible cr
linking exothermic chemical reaction in the resin, called cure. T
cure process causes the initial mixture to be transformed in
rigid component whose structural integrity is retained upon
withdrawal of the external temperature variation. The magnitu
and time duration of the imposed temperature variation, refe
to as the cure cycle, is an important process parameter affec
the temperature distribution and the progress of the crosslin
reaction ~measured in terms of a degree of cure! within the
composite.

Initially during the cure process, the temperature of the ou
layers of the composite which are exposed to the cure tempera
cycle increases more rapidly than that of the inner layers, an
the process progresses, the exothermic cure reaction may brin
temperatures of the inner layers to exceed those of the outer
ers. Moreover, the heat released during the cure reaction may
to excessively rapid rate of temperature increase, or the temp
ture within the material exceeding an allowable maximum val
Maintaining spatial homogeneity in the temperature and degre
cure distribution within the matrix, and maintaining the exother
induced maximum temperature and temperature gradient w
allowable limits constitute the principal constraints governing
total time of the cure process.

Determination of cure cycles that lead to minimum cure time
practice has relied on trial-and-error or empirical procedure wh
either simulations based on numerical models or experimenta
als are carried out for several candidate cure cycles~Pillai et al.
@3#; Loos and Springer@4#; Han et al.@5#; Bogetti and Gillespie
@6#; Ciriscioli et al. @7#!. This approach does not warrant the be
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possible process parameters, and, in turn, leads to subop
manufacturing times and cost. A rigorous approach to determin
the optimal cure cycle was reported by Rai and Pitchumani@8#, in
which an optimization problem was formulated over a numeri
process model and solved using a nonlinear programming sch
The results were reported for a wide range of resin materials
process constraints. It was shown that the constraints on temp
ture and cure homogeneity fundamentally limit the magnitude
the temperature ramps in the optimal cycles. This constitute
fundamental limitation of the curing of composites using perip
eral heating.

The foregoing limitation may be alleviated via an inside-o
curing strategy, where the inner layers are also subjected to a
source that allows them to cure in synchronization with the ou
layers. Such a strategy provides for temperature and cure ho
geneity through the composite cross section during the cure
cess, and in turn offers the potential to significantly reduce
cure time. One approach toward realizing volumetric inter
heating is the use of microwave energy~Lee and Springer@9#;
Thostensen and Chou@10#!. This approach provides improvemen
to conventional curing; however, the problem of differential cu
ing persists since the microwave energy attenuates with thickn

The objective of inside-out curing may also be realized throu
the use of conductive carbon fibers as resistive heating elem
embedded within the cross-section of the composite being cu
Ramakrishnan et al.@1# and Zhu and Pitchumani@2# investigated
the approach numerically and experimentally for several resis
heating configurations and demonstrated improved tempera
and cure homogeneity, and significant savings in the cure ti
The investigation focused on a prescribed cure temperature c
while varying the steady current supplied to the resistive hea
elements. It may be envisioned that significant enhancement to
process could be realized through the use of a time varying
rent cycle, whereby the current supplied may be better tailore
accelerating the process. In this case, process design calls fo
termination of the optimal temperature and current variations d
ing the process, which is the focus of the present study.
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Specifically, this paper considers the problem of determin
the optimal cure temperature and current cycles so as to minim
the fabrication time while simultaneously satisfying constraints
~a! the maximum material temperature,Tmax, ~b! the maximum
temperature gradient,Ṫmax, ~c! the maximum temperature differ
ence across the material,DTmax, and~d! the minimum degree of
cure desired in the product,emin . The decision variables consist o
the magnitude and duration of each stage of the temperature c
prescribed in the peripheral heating, the magnitudes and durat
of the stages of the electrical current cycles in the resistive hea
elements, and the location of the heating elements within the la
nates. The optimization problem is solved using a simplex sea
based simulated annealing algorithm, combined with a numer
process simulation model to obtain both objective function a
constraints information. The optimization results are presented
selected process constraints on three different resin systems.

The paper is organized as follows: The process model deve
ment is presented in Section 2, followed by the formulation of t
optimization problem in Section 3. Section 4 discusses the o
mization results along with the parametric studies.

2 Process Model
Figure 1 shows a schematic description of a process config

tion with embedded resistive heating elements. The configura
consists of a lay-up of resin saturated fiber layers placed betw
two tooling plates. Interspersed among the fiber layers are disc
layers of conductive-fiber mats, placed at specific locations ac
the thickness, where electrical current is passed through to
duce resistive heating along those discrete planes within the c
section. Peripheral heating with prescribed temperature cycl
applied from the bottom plate, while the top plate surface is
posed to the surrounding allowing heat transfer throu
convection.

Heat transfer takes effect from the cure temperature cycle
posed on the bottom plate as well as from resistive heating
ments embedded in the cross-section. The cure reaction proc
simultaneously with the heating of the material, and the exoth
mic nature of the cure reaction generates heat which in turn h
to accelerate further reaction. The dominant physical phenom
in the process are~a! heat transfer associated with the heati
from the bottom plate as well as volumetric heating due to
resistive heating at the conductive mats including the exother
cure reaction, and~b! the chemical reaction leading the cur
process.

Mathematical models for the process are formulated from
ergy conservation and chemical kinetics considerations. The
ergy transfer is assumed to be predominantly one-dimensio
through the thickness of the layers~y-direction in Fig. 1!, since the

Fig. 1 A curing process configuration with embedded resis-
tive heating elements
Journal of Heat Transfer
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surface and resistive heating are uniform along the length-w
plane of the layers. The governing equations may be writ
as @2#:

]@~rC! iT#

]t
5

]

]y S ki

]T

]y D1fiCR0HR~12v i !
]e

]t
1giwcS I

AD 2

;

i 5B,F,C,T;

fB5fT50, fF5fC51; gB5gF5gT50, gC51 (1)

whereCR0 is the initial concentration of the reactive resin,HR is
the heat of reaction due to cure,I is the current flowing through
conductive layers with cross-sectional areaA, (rC) i andki are the
volumetric specific heat and the thermal conductivity of thei th

material, and the subscripti denotes the different material region
in the problem domain as follows:B is the base plate,F is the
resin-saturated reinforcement fiber layers,C is the resin-
impregnated conductive layers, andT is the top plate. The fiber
volume fraction in thei th material is denoted asv i and has sig-
nificance only for i 5F and C. The termsfi and gi are binary
variables~having value of 0 or 1! and signify the presence o
absence of the internal heat generation due to exothermic ch
cal reaction and the resistive heating at specific spatial locati
respectively. In the base plate and top plate regions,fB5fT5gB
5gT50 which denotes the absence of internal heat generat
implying a purely conductive heat transfer. In the resin-satura
reinforcement fiber layers region,fF51 while gF50 which re-
flects the presence of exothermic cure reaction in the region. S
larly, in the region of the resin-saturated conductive mats,fC
5gC51 the presence of heat generation resulted from chem
reaction and resistive heating combined. The termsT, t, andy are,
respectively, the temperature, time and the distance from the
tom plate along the vertical axis. The electrical resistivity of t
resin-saturated conductive mats,wC , is evaluated based on th
relation between electrical resistivity and thermal conductivity
cording to Lorenz law@11#,

wC

wCF
5

kCF

kCI
(2)

wherewCF and kCF respectively denote the electrical resistivi
and thermal conductivity of the pure conductive fiber mater
while kCI denotes the in-plane thermal conductivity of the res
saturated conductive mat. In this study, the conductive mats
considered to be of the plain weave architecture, where the va
of the in-plane and transverse thermal conductivities,kCI andkC ,
are obtained using the mosaic model proposed by Ning
Chou @12,13#.

The rate of cure reaction,]e/]t, appearing in the energy equa
tion, Eq. ~1!, is modeled using an empirical expression followin
the approach adopted in the literature@4,5#. The kinetics of an
autocatalytic cure reaction is often described in terms of
Arrhenius type rate equation as follows:

]e

]t
5FK10 expS 2

E1

RTD1K20 expS 2
E2

RTD emG~12e!n (3)

wheree is the degree of cure, defined as the fraction of the ini
resin concentration,CR0 , that has reacted, such thate50 corre-
sponds to unreacted initial mixture, whilee51 denotes comple-
tion of the cure reaction. The coefficientsK10 and K20 are fre-
quency factors,E1 and E2 are activation energies, andR is the
universal gas constant, whilem and n are empirical exponents
Equation ~3! models the cure of many practical resin system
including all of the resin systems used in this study. The ex
values of the corresponding kinetic parameters are presented
in this paper.

The governing equations, Eqs.~1! and ~3!, are solved simulta-
neously, subject to the following initial and boundary condition
FEBRUARY 2003, Vol. 125 Õ 127

: http://www.asme.org/about-asme/terms-of-use



h

p
d
t

b

t
,
e
w

n

i

t
e
t

t
m

n

r

s of
ting
part

ul-
ent
on-

the

ti-

m,
re-

Downloaded From
The initial temperature is set to be at the room temperature,T0 ,
while initially, the resin is completely unreacted, corresponding
e50. These conditions are stated as:

T~y,0!5T0 , ~0<y< l B1 l L1 l T!

e~y,0!50, ~ l B<y< l B1 l L! (4)

where l B , l L , and l T are the thickness of the base plate, t
laminate, and the top plate, respectively as shown on Fig. 1.
temperature at the bottom of the base plate corresponds to
prescribed temperature cycle, while convective heat transfer
curs at the exposed surface of the top plate. These boundary
ditions can be expressed as:

T~0,t !5TB~ t ! (5)

2kT

]T

]y
~ l B1 l L1 l T ,t !5 hT T~ l B1 l L1 l T ,t !2T0 (6)

A numerical simulator was created based on the model
sented above. The governing equations along with their boun
conditions were solved using an implicit one-dimensional fini
difference scheme with a control volume formulation@14,15#. The
mesh consisted of 50–59 numerical grids along they-direction,
depending on the number of embedded conductive mats,nC ; the
time stepDt was determined such that the mesh Fourier num
aDt/Dx2 based on the thermal diffusivitya of every material in
the domain, was less then unity. The stopping criterion for
numerical simulation was based on one of two factors namely
sections of the laminate attained a desired minimum degre
cure, or the end of the specified cure temperature cycle
reached; the corresponding time was the cure time for the proc
In addition to the cure time,tcureand the minimum degree of cure
emin , the process model also yielded the values for the maxim
temperature,Tmax, the maximum temperature gradient,Ṫmax, and
the maximum temperature difference,DTmax, within the laminate
during the process. These values were used as the constrai
the optimization problem described in the following section. T
numerical simulator, therefore, constituted the basis of the opt
zation problem.

3 The Optimization Problem
The objective of the optimization is to determine the tempe

ture cycles, current cycles, and the location of the conduc
mats, for minimizing the time for curing composites using emb
ded resistive heating elements. The optimization is subjec
physical constraints on the temperature-related parameters an
degree of cure during the process. The cure temperature cycle
expressed as a series of piecewise linear segments, as pres
schematically in Fig. 2. A temperature cycle is represented by
end point temperaturesTi of each stage and the respective sta
durationst i . In this study, the temperature cycles consist of fo
stages, which provide for a reasonably accurate representatio
cure temperature schedules yet maintaining the number of d
sion variables sufficiently small to minimize computational effo
for the optimization. Additional stages may be introduced albei
the computational expense associated with the increased nu
of decision variables in the optimization.

The cure temperature cycle is represented in the optimiza
problem in terms of 8 decision variables: the end-point tempe
tures of the four stagesT1 , T2 , T3 , T4 , and their corresponding
stage time durationst1

T , t2
T , t3

T , and t4
T . On the other hand, the

current cycles are expressed as a series of three piecewise co
segments, as shown in Fig. 2, and are represented in terms o
stage currentsI 1 , I 2 , I 3 , and the respective stage durationst1

I ,
t2
I , t3

I . However, the cure process requires that both tempera
and current cycles complete at the same time:( i t i

T5( j t j
I . To

achieve this requirement, the last stage duration of the cur
cycle,t3

I , is chosen to be a dependent variable whose value ca
128 Õ Vol. 125, FEBRUARY 2003
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calculated in terms of the other stage durations, ast3
I 5( i t i

T2(t1
I

1t2
I ). Thus, in the optimization problem,t3

I is not included as a
decision variable, and the current cycle is represented in term
5 decision variables. Additionally, decision variables represen
the locations of the conductive elements were also considered
of the design problem in this study. For a configuration with m
tiple embedded conductive elements, the study allows for differ
current cycles to be prescribed in each conductive element. C
sequently, the number of decision variables is 816nC , which
increases with the number of embedded conductive elements,nC .

The objective function to be minimized is the cure timetcure
and the optimized variables are the parameters that comprise
temperature cycleTj (t j

T), j 51, . . . ,4, thecurrent cycleI k(tk
I ), k

51, . . . ,3, and thelocations of thenC conductive mat~s! yi* , i
51, . . . ,nC . Thus, the optimization may be written mathema
cally as:

Minimize
Tj ~ t j

T!,I k~ tk
I !,yi*

tcure (7)

subject to

g15Tmax2Tcrit<0 (8)

g25Ṫmax2Ṫcrit<0 (9)

g35DTmax2DTcrit<0 (10)

g45ecrit2emin<0 (11)

where the subscripts max, min, and crit refer to the maximu
minimum, and critical values, respectively. The temperatu
related constraints@Eqs.~8!–~10!# pertain to limiting the residual/

Fig. 2 Illustration of „a… the three-stage piecewise constant
cure current cycle and „b… the four-stage piecewise linear curve
temperature cycle considered in the study
Transactions of the ASME
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thermal stresses induced during processing, as well as to m
taining temperature and property homogeneity across the sec
Constraint Eq.~11! ensures curing of composite to a desired mi
mum degree,ecrit .

The optimization problem represented by Eqs.~7!–~11! was
solved using the Nelder-Mead simplex method@16# combined
with a simulated annealing technique to improve the effectiven
of the search@17#. The simplex method is an algorithm that pe
forms continuous search for selecting a new point during an o
mization iteration which guarantees objective function impro
ment. A simplex is defined as a convex hull ofN11 vertices in an
N-dimensional space, representing theN decision variables tha
govern the objective function evaluation. The vertices are rank
from best to worst, based the corresponding objective func
evaluations, and the best vertex is defined as the primary ve
Since a primary vertex represents a set of decision variables w
corresponds to the lowest objective function evaluation, the fi
ing of a new primary vertex constitutes an improvement to
objective function evaluation. Thus, the algorithm searches fo
new simplex by replacing the worst vertex by a potential n
primary vertex, through a set of predefined simplex moveme
which include reflection, expansion, and contraction, illustrated
Fig. 3~a! for a two-dimensional simplex. The primary moveme
is the reflection of the worst vertex, while expansion and contr
tion are secondary movements dependent on the result of th
flection. If the reflection results in a new vertex that is better th
the current primary vertex~i.e., has a lower objective function
value!, an expansion of the reflected simplex will follow, reco
nizing that a further movement of the new vertices in the direct
of the reflection might lead to a much better vertex. If the refl
tion of the worst vertex does not lead to a new vertex that is be
than the current primary vertex but still better than the next wo
vertex, the new simplex is accepted. However, if the reflection
the worst vertex does not result in a vertex that is better than
next worst vertex, contraction of the original simplex is execu
to reduce its size. Additional details on the Nelder-Mead al

Fig. 3 Schematic diagram of simulated annealing optimization
combined with simplex search algorithm
Journal of Heat Transfer
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rithm, including parameter selection for the various movem
and tie-breaking rules~if two vertices of equal objective function
value are evaluated!, may be found in Ref.@18#.

In the Nelder-Mead method, the decision to accept or re
each movement is made based solely on the criterion of redu
the objective function value. This could potentially result in t
entrapment of the solution in a local minimum. However, if t
Nelder-Mead method were combined with a simulated annea
technique, the moves in the design exploration will be subject
probabilistic acceptance criterion~the Metropolis equation!,
which offers a better opportunity to arrive at a global minimu
The optimization approach in the present application, theref
uses a combined Nelder-Mead simplex method and simulated
nealing algorithm, as discussed below.

Simulated annealing is an optimization technique which mim
the physical process of annealing~slow cooling! of metals@19#, in
which the molecules are free to move at high temperatures, bu
the annealing temperature slowly decreases, the molecular m
ment becomes increasingly restricted before finally settling do
to a configuration of the lowest energy state. Relating to the o
mization problem, the molecular configuration represents the
cision variables, while the energy state represents the objec
function to be minimized. Starting at high temperature in the
nealing schedule, an initial trial simplex undergoes reconfigu
tions based on the movements defined in the Nelder-M
method. Each reconfiguration of the simplex is accepted base
an associated probabilityp, given by the Metropolis criterion@20#

p5minS expF2
En112En

kTa
G ,1D (12)

whereTa is the annealing temperature,k is the Boltzmann con-
stant,En is the objective function corresponding to the prima
vertex prior to reconfiguration, andEn11 is the objective function
corresponding to the new primary vertex in the reconfigured
tential simplex. If En11,En , the probability of acceptance i
unity, as per Eq.~12!, which implies that a reconfiguration resul
ing in a lower objective function value is always accepted.
addition, Eq.~12! also allows for an occasional acceptance of
uphill move ~i.e., En11.En), based on the corresponding pro
ability, p. The probability of accepting an uphill move is greater
higher annealing temperatureTa , while asTa decreases the prob
ability becomes progressively smaller.

A simplex reconfiguration following the foregoing procedure
defined as a walk. At every annealing temperature,Ta , a certain
number of walks are executed before the temperature decre
according to the prescribed annealing schedule. Thus, the an
ing schedule and the number of walks at each temperature co
tute parameters of the simulated annealing optimization. The o
all integration of the simulated annealing algorithm with t
Nelder-Mead simplex method is presented in Fig. 3~b!. Initially, at
higher annealing temperature, the simplex undergoes reconfig
tion at a higher probability according to Eq.~12!, which in turn
allows the simplex to explore more of the design domain. As
number of steps increases, the cumulative effect of the var
simplex movements reduces the size of the simplex, and simu
neously, the annealing temperature also decreases, which red
the probability of simplex reconfiguration. Near the end of t
schedule, the low annealing temperature causes the probabili
accepting an uphill move to be extremely low. The simplex mo
ments continue until the algorithm reaches a stopping criter
which is either the annealing schedule has been completed~in
terms of a specified maximum number of walks!, or the simplex
reduces to a pre-determined infinitesimal size. The maxim
number of walks can be determined in proportion to the num
of decision variables@17#, or by trial runs to yield an expected rat
of convergence. At the stopping point, the decision variable val
corresponding to the primary vertex of the simplex constitute
optimum solution.
FEBRUARY 2003, Vol. 125 Õ 129
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The Nelder-Mead simplex method combined with simulated
nealing is designed to solve non-linear unconstrained optim
tion. Since the optimization problem in hand has several c
straints, gk @Eqs. ~8!–~10!#, those constraints are incorporate
using a penalty method@21# into an augmented objective functio
to be minimized, such that the optimization problem becom
unconstrained:

Minimize
Tj ~ t j

T!,I k~ tk
I !,yi*

tcure1(
k

lk max~gk,0! (13)

wherelk are the penalty coefficients, whose values were sele
for each constraint equationgk such that if the constraint was no
satisfied the constraint penalty contributed,lkgk is equal to 100
times the expected value of the optimal cure time. If the constr
gk is satisfied, max(gk,0) evaluates to zero, sincegk is negative,
and constraintgk does not contribute to the penalty.

As described previously, the number of decision variables in
optimization problem varies depending on the number of cond
tive mats,nC . For example, optimization of a process with o
embedded carbon mat would require 14 decision variables: 8 v
ables representing temperature cure cycles, 5 variables repre
ing one current cycle, and one variable for the location of the m
Thus, the simplex is formed in a 14-dimensional space, and c
sisted of 15 vertices. The initial guess on the values of the d
sion variables corresponds to one of the vertices of the simp
and the other 14 vertices are created by adding scaled basis
vectorsbe(n)—whereb is a scaling factor, such that the hype
surfaces of the simplex are linearly independent of each other.
numerical process simulator is invoked to determine the a
mented objective function corresponding to each vertex at ev
step of the optimization procedure. At the completion of the op
mization algorithm, the primary vertex of the final simplex repr
sents the optimal decision variables, and the corresponding ob
tive function evaluation represents the optimal cure time,tcure* .

4 Results and Discussion
The optimization approach presented in the previous sec

was validated in two parts: First, the numerical simulation mod
which forms the core of the framework, was validated with e
perimental data on a variety of resistive heating configuratio
The validation results are presented in Ref.@2# and are not re-
peated here. Secondly, the optimization framework utilizing
process model was validated using the results presented in
@2#. In their study, the process consisted of a fixed cure temp
ture cycle, and a steady current was used for the resistive hea
Parametric investigations were conducted by varying the num
of embedded heating elements, and the resin kinetics param
@for kinetics of the form in Eq.~3!, but with K1050]. The para-
metric results were used to derive the optimum resistive hea
configurations that minimized the cure time while satisfying co
straints of the form in Eqs.~8!–~11!. The results were expresse
in terms of a dimensionless power density,Pd , defined asPd

5( l L
2wC /T0kL)(I /A)2, and dimensionless groups representing

kinetics parameters.
For the purpose of validation, the current cycle in the pres

formulation was taken to be a single stage, and the cure temp
ture cycle was fixed to be that used in Ref.@2#. Furthermore, the
carbon mat locations were prescribed to be the values used in
@2#. Thus, the decision variable in the optimization was reduce
only the stage current magnitude. The optimization framew
was used to solve for the optimal steady current, for varying re
kinetics parameters, subject to the same critical values of the
straint parameters@Eqs. ~8!–~11!# as in Ref.@2#. Figure 4 shows
an example comparison of the variation of the optimal curre
expressed as a dimensionless power density,Pd , with the
Damköhler number, Da—a dimensionless group which signifi
the ratio of the conduction time scale to the reaction time scal
defined as Da5K20l L

2/aL , whereaL is the thermal diffusivity of
130 Õ Vol. 125, FEBRUARY 2003
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the laminate. The plot corresponds to three embedded heatin
ements, and shows that the optimal dimensionless power de
increases with the Damko¨hler number. Overall, the optimization
results~markers in the plot! are seen to correspond closely to th
results from Ref.@2# derived using parametric studies~shown as
the dashed line!.

With the validated optimization framework as basis, the op
mization studies presented in this paper focus on three mat
systems: a fiberglass-epoxy resin system EPON 815 catal
with EPICURE-3274, an Owens-Corning fiberglass-polyester s
tem with Percadox 16N and benzoyl peroxide initiator~OC-E701/
P16N/BPO! and a polyester system, CYCOM-4102 of America
Cyanamid Company. The embedded resistive heating element
considered to be carbon mats, G-104, of Textile Technologies
The reaction kinetics for the resin systems are summarized
Table 1, and the physical properties of the material systems
also available in the references cited in Table 1. The tooling p
considered in the study is made out of copper with volume
specific heat (rC)T of 3439.2 kJ/m3 K, and thermal conductivity
(kT) of 395.0 kW/m K.

Optimization runs are carried out for fixed number of carb
matsnC , by initially supplying trial values of the cure tempera
ture cycle, the current cycle through each carbon mat, and
location of the carbon mat~s! across the thickness. The critica
values of the constraint used in the study are set to be identica
all material systems, as follows:

Tcrit5150°C; Ṫcrit50.6°C/s; DTcrit569°C; ecrit50.97
(14)

These values typify those commonly required in practice. Ho
ever, the effect of varying constraint values is also investiga
later in this section. The optimization procedure is executed u
the optimal cure time, and the corresponding temperature cy
current cycles, and carbon-mat locations, have been found. E
optimization run was repeated for ten different initial trial sol
tions, and the optimum results corresponding to the least cure
value among the ten trial results was taken to be the global o
mum solution. In most cases, it was observed that the global
timum solution was reached in several of the ten trials.

Figure 5 shows the optimal temperature cycles, in solid lin
and the optimal current cycles, in dashed lines, as well as
optimal locations of carbon mats (y* ) for curing a 1.27 cm-thick
fiberglass/EPON-815/EPICURE-3274 system with different nu
bers of embedded carbon mats,nC . The optimal cure time for the
process without resistive heating is 1710 seconds~Fig. 5~a!!. The
optimal cure times fornC carbon mats,tnC

* , nominally reduces as
the number of carbon mats increases: 1002 seconds for 1 mat~Fig.
5~b!!, 961 seconds for 2 mats~Fig. 5~c!!, and 948 seconds for 3

Fig. 4 Validation of the optimization results with the data from
Ref. †2‡, for the resistive heating configuration using three car-
bon mats
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Table 1 Kinetics model and parameters for systems used in the study

Material Kinetics Model Kinetic Parameters

CYCOM-4102 K1050 min21

Pillai et al. @3# K2053.731022 min21

E150 kJ/kmol
E251.663105 kJ/kmol
HR574.1 kJ/kg
m50.524; n51.476

OC-E701/P16N/BPO d«

dt
5~K10e

2E1 /RT1K20e
2E2 /RT«m!~12«!n

K1055.6931012 s21

Han et al.@5# K2058.613108 s21

E151.073105 kJ/kmol
E257.513104 kJ/kmol
HR5200 kJ/kg
m50.58; n51.42

EPON-815/EPICURE-3274 K1050 s21

Ramakrishnan et al.@1# K2054.183105 s21

E150 kJ/kmol
E2555.92 kJ/kmol
HR5384 kJ/kg
m50.25; n51.75
e
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mats~Fig. 5~d!!. Compared to the optimal cure time without r
sistive heating, the presence of one carbon mats reduces the
mal cure time by about 41 percent, which is a significant impro
ment in the processing time. However, the cure time reduction
further addition of carbon mats is somewhat small in proportion
the actual cure time, thus implying that for EPON-815/EPICUR
3274, increasing the number of carbon mats beyond 1 is see
be less economical considering the cost associated with the a
tional carbon mats. This points to one carbon mat being the p
tically optimal solution. The optimal location for the single carb
mat is aty* 51.22 cm, which is near the top plate. For the cas
with two and three carbon mats~Figs. 5~c! and 5~d!, respectively!,
the optimal location of one of the carbon mats is also at the id
tical location,y* 51.22 cm. This result confirms the intuitive no
tion that any additional heat source must be first located fart
from the peripheral heating to obtain the optimum solution.

The variation of the optimal number of carbon mats with t
kinetic properties of the material system is examined by con
ering the OC-E701/P16N/BPO and CYCOM-4102 resin syste
Transfer
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which exhibit faster kinetics relative to EPON-815/EPICUR
3274. Figures 6 and 7 present the results for OC-E701/P16N/B
and CYCOM-4102, respectively. Without resistive heating the
timal cure times are 1172 seconds for OC-E701/P16N/BPO
3012 seconds for CYCOM-4102~Figs. 6~a! and 7~a!!. Using one
carbon mat,nC51, the optimal cure time reduces to 418 secon
for OC-E701/P16N/BPO and 742 seconds for CYCOM-410
which constitute savings of 64 percent and 75 percent, res
tively, compared to the respective cure times without resist
heating. The Figures show that as the number of carbon m
increases fromnC51 ~Figs. 6~b! and 7~b!! to nC52 ~Figs. 6~c!
and 7~c!!, a significant further reduction in optimal cure time
achieved for both material systems: 334 seconds (nC52) for OC-
E701/P16N/BPO, and 509 seconds (nC52) for CYCOM-4102.
However, as the number of mats increases tonC53 ~Figs. 6~c!
and 7~c!!, the cure time reduction becomes less relative to tha
going from nC51 to nC52: 325 seconds for OC-E701/P16N
BPO and 487 seconds for CYCOM-4102, implying that two c
bon mats can be considered the practically optimal configura
Fig. 5 Optimal temperature and current cycles for curing a 1.27 cm-thick
EPON-815ÕEPICURE-3274 laminate embedded with „a… 0 carbon mat, „b… 1 car-
bon mat, „c… 2 carbon mats, and „d… 3 carbon mats
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Fig. 6 Optimal temperature and current cycles for curing a 1.27 cm-thick
OC-E701ÕP16NÕBPO laminate embedded with „a… 0 carbon mat, „b… 1 carbon
mat, „c… 2 carbon mats, and „d… 3 carbon mats
r

R
u

es
ates
e—
cal
up-

out

fect
ure
n-

on-
gure
the

nd
for both material systems. This result, together with the case
EPON-815/EPICURE-3274 discussed above, shows that as
reactivity of the material system increases, the optimal numbe
mats also increases. This trend was also reported based on
metric studies in Ref.@2#.

It is worth examining the form of the optimal temperatu
cycles~solid lines! and the current cycles~dashed lines! relative to
the constraints in the optimization. In the case ofnC51, the
gradual increase via multiple steps to higher current value in
current cycles shown in Figs. 6~b! and 7~b! may be attributed to
the temperature gradient constraint which limits the sudden
crease in temperature due to resistive heating by high current
the top surfaces. However, in the case of EPON-815/EPICU
3274 in Fig. 5~b!, the current stays constant at a lower val
through the process before it drops at the end of the cure cy
thereby satisfying all the constraints. In the multiple-carbon-m
ARY 2003
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cases,nC52 andnC53, the gradual increase in the current cycl
does not exist due to additional heat sources inside the lamin
which allows more homogeneous increase of temperatur
thereby maintaining temperature difference below the criti
value—throughout the laminate. This allows more heat to be s
plied to the laminates since the beginning of the cycle with
violating any constraint, thus enabling a faster cure process.

As discussed above, the critical values of the constraints af
closely the shape of the cure cycles and, in turn, the optimal c
time. Toward elucidating this effect further, studies were co
ducted to investigate the effect of the critical values of the c
straints on the optimal cure temperature and current cycles. Fi
8~a! presents the result for a reference set of critical values for
case of curing a 1.27 cm-thick CYCOM-4102, while Figs. 8~b!,
8~c!, and 8~d! present the temperature cycles, in solid lines, a
current cycles, in dashed lines, for different values ofTcrit , DTcrit ,
Fig. 7 Optimal temperature and current cycles for curing a 1.27 cm-thick
CYCOM-4102 laminate embedded with „a… 0 carbon mat, „b… 1 carbon mat, „c…
2 carbon mats, and „d… 3 carbon mats
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Fig. 8 Optimal temperature and current cycles for curing a 1.27 cm-thick
CYCOM-4102 laminate embedded with 1 carbon mat for different critical val-
ues of constraints
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and Ṫcrit , respectively. In all these cases, resistive heating us
one carbon mat was considered. Figures 8~a! and 8~b! demon-
strate that the optimal cure time increases as the critical temp
ture,Tcrit , constraint is tightened. The corresponding tempera
and current cycles demonstrate variations to accommodate
smaller value of critical temperature, highlighted by a step
crease in the current cycle at the end of the curing process.
ures 8~c! and 8~d! suggest that as the constraints of critical te
perature difference and critical temperature gradient are tighte
the optimal cure time,tnC

* , increases as expected due the fact t
as both constraints limit the rate of temperature increase, the
process requires longer time to complete. Further, Fig. 8~c! shows
that as the allowable temperature difference,DTcrit decreases, the
optimal temperature cycle is adjusted to provide slower temp
ture ramps. Figure 8~d! also reveals that a smaller value of th
allowable temperature gradientṪcrit causes the current cycle t
start from a lower initial value to avoid excessively rapid heat
rate.

To further illustrate the effects of tighter constraints on the o
timal curing process in the presence of resistive heating, the t
perature history at selected locations within the laminate are
sented in Fig. 9, which refers to a 1.27 cm-thick CYCOM-41
system with one embedded carbon mat,nC51, at optimal location
y* 51.22 cm. Figure 9~a! shows the optimal current cycle~bold
line! and the temperature history at three different locations ac
the thickness~thin lines!, corresponding to a critical temperatur
Tcrit , of 150°C. The temperatures near the base plate (y50 cm)
are similar to the prescribed temperature cycle, as seen in
8~a!. Without resistive heating element, the temperatures near
top surface (y51.27 cm) would be lower than those at other l
cations within the laminate. However, the presence of a car
mat near the top surface causes the temperatures in the midd
the laminate (y50.635 cm) to be the lowest across the secti
for this case considered. Figure 9~a! also verifies that the magni
tude of the increase in the current cycle is governed by the t
perature gradient constraint, since an increase in current c
magnitude causes rapid temperature change near the carbon m
that instant, as seen in the temperature history aty51.27 cm,
corresponding to various steps in the current cycle (t'50 s and
t'250 s). Figure 9~b! presents the temperature history plot f
critical temperature,Tcrit5125°C, showing that a decrease in th
magnitude of electrical current at the later stage of the cur
r
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process is necessary to avoid violating the critical tempera
constraint. Near the top surface (y51.27 cm), where the carbon
mat is located, the temperature variation exhibits a brief reve
in the increasing trend to that of decreasing at the time the cur

Fig. 9 Temperature history at various locations within the
laminate during curing process using the optimal temperature
and current cycles for a 1.27 mm-thick CYCOM-4102 laminate,
for critical temperatures of: „a… 150°C and „b… 125°C
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magnitude is reduced,t'700 sec, thereby allowing the proce
to continue without violating the constraint on maximu
temperature.

Considering the issue of optimal number of mats,nC* , for dif-
ferent material systems, it is helpful to summarize the results
function of the Damko¨hler number, Da. Figure 10 presents a su
mary of the optimal results for two different materials for whic
the kinetics model has only one pre-exponential factor and
activation energy~Table 1!. The Damko¨hler number is defined
based on this non-zero pre-exponential factor asK20l L

2/aL . The
variation in the Damko¨hler number within each material system
obtained by changing the laminate thickness, whereas the v
tion of Da from one material system to another reflects the cha
in the pre-exponential factor. They-axis of the plot represents th
ratio between the optimal cure time for curing withnC carbon-
mats,tnC

* , and the optimal cure time without resistive heating,t0* ,
and is a measure of the savings in the cycle time due to resis
heating. The Figure shows that as Da increases, which co
sponds to reduced reaction time scale relative to heat diffu
time scale, the value of the cure time ratio decreases, which tr
lates to an increase in the savings in optimal cure time by us
resistive heating. This may be attributed to the fact that as
reactivity of the resin increases, the presence of resistive hea
elements helps expedite the curing process to a greater extent
Figure further shows that as the number of mats increases
optimal cure time decreases as also noted previously. It ma
reasoned that while incorporation of additional carbon mats p
gressively reduces the optimal cure time, the savings in cure
has to be viewed relative to the cost/effort of inclusion of mo
heating elements. For larger values of Da, increasing the num
of carbon mats from one to two significantly reduces the c
time, while the effect of increasing from two to three carbon m
is seen to be much less significant on the cure time savings
spite an absolute decrease in the optimal cure time. For sm
Damköhler numbers, Fig. 10 shows that even an increase innC
from 1 to 2 offers less of savings in cure time.

In an attempt to determine the optimal number of carbon m
nC* , a cost analysis in terms of both cure time and power us
comparison is presented in Fig. 11. The power consumptio
calculated in this study as:

PnC
5(

i 51

nC E
0

tnC
*

I i~ t !2dt (15)

The Figure presents, as a stacked bar plot, the normalized
time savings,tnC

5(t0* 2tnC
* )/t0* , and the normalized power sav

ings, PnC
* 5(Pmax2PnC

)/Pmax, for different number of carbon

Fig. 10 Normalized optimal cure time as a function of dimen-
sionless Damko¨hler number
134 Õ Vol. 125, FEBRUARY 2003

: https://heattransfer.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use
s

s a
-

h
ne

is
ria-

nge

tive
rre-
ion
ns-

ing
the
ting
. The
the
be

ro-
ime
re
ber
re
ts
de-
ller

ts,
ge
is

cure
-

mats,nC , for all material systems used in this study. The ma
mum power,Pmax, corresponds to the power consumption f
nC53 for each material system. The sum of the normalized c
time savings and the normalized power savings is referred to
the cumulative savings parameter,gnC

. For the processing withou

resistive heating (nC50): t050 andP0* 51 independent of ma-
terial system, which leads tog051. It follows that for the pro-
cessing with resistive heating, it is desirable that the cumula
savings exceed that for the reference case of no resistive hea
i.e., gnC

.g0 . Sinceg051, the regiongnC
.1 is identified in the

plots as the desirable configuration for resistive heating. This
gion is indicated by the shaded area in Figs. 11~a!–11~c!. Based
on the consideration of time and power savings, Fig. 11 provi
for deciding the number of carbon mats that constitutes the o
mal configuration for each resin system. It is seen that the sin
carbon mat configuration offers the most cumulative savings
all the resin systems. Further, for EPON-815/EPICURE-32
~Fig. 11~a!!, one carbon mat is the only configuration that satisfi

Fig. 11 Normalized cure time and power consumption savings
as a function of number of carbon mats, for „a… EPON-815Õ
EPICURE-3274, „b… OC-E701ÕP16NÕBPO, and „c… CYCOM-4102
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gnC
.1, while for OC-E701/P16N/BPO~Fig. 11~b!! and

CYCOM-4102~Fig. 11~c!!, both one and two carbon mats satis
the criterion. Since additional carbon mats always reduces
cure time, the optimal number of carbon matsnC* could be defined
as the highest number of mats for which the cumulative savi
exceeds that of the process without resistive heating. Thus,
optimal number of carbon mats for EPON-815/EPICURE-3274
one, while for OC-E701/P16N/BPO and CYCOM-4102 two c
bon mats constitute the optimal configuration. It may be no
from Fig. 10 that the CYCOM-4102 system corresponds to hig
Damköhler number value in comparison to the EPON-81
EPICURE-3274 system for the same laminate thickness. The
sults in Fig. 11~a! and 11~c!, therefore, suggest that the cumulati
power and time savings,gnC

, increases with Damko¨hler number.
The paper presented a comprehensive discussion on the op

zation of temperature and current cycles for curing process u
resistive heating. The results in terms of optimal cure time, o
mal current cycles along with optimal location and configurat
provide a valuable reference for better process design. The
mization framework presented in the paper may be used to d
mine optimal temperature and current cycles for constraint va
other than those used in the study, although the physical tre
elucidated in this article are expected to be generally valid.

5 Conclusions
A systematic approach to optimization of a process for fabri

tion of thermosetting-matrix composites by the use of embed
resistive heating element was presented. The objective was to
termine the optimal temperature cycles, electrical current cyc
and the conductive mats configuration so as to minimize the
rication time subject to process constraints. A numerical mo
formed the basis of the optimization problem, which was solv
using a combination of simulated annealing and simplex sea
algorithm. Optimal cure times, temperature and current cyc
were presented for three material systems with different reac
kinetics. The optimal solutions are presented for various cond
tive mats configuration, as well as several process design
straints. The results showed that the approach of varying the
rent with time together with the cure temperature cycles lead
cure time reduction. In general, the cure time decreases as
number of mats increases, and for the material systems consid
in the study, one or two carbon mats were shown to be the p
tical optimal configuration, based on an analysis incorporating
electrical power consumption of the resistive heating eleme
The variation of the results with the resin kinetics and compo
thickness were reported in terms of a non-dimensional Damko¨hler
number, which showed that material systems with higher reac
ity or larger thickness experienced greater cure time reduction
the additional resistive heating elements.
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Nomenclature

A 5 cross-sectional area of conductive mat
CR0 5 initial concentration of the reactive resin@kg/m3#

E1 , E2 5 activation energies in the kinetics model@kJ/mol#
En , En11 5 energy states in simulated annealing

fi , gi 5 binary variables
gk 5 constraint values
h 5 heat transfer coefficient@W/m2K#

HR 5 heat of the cure reaction@kJ/kg#
I 5 electrical current@A#
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kCI 5 in-plane thermal conductivity of resin-saturated
conductive mat

ki 5 thermal conductivity of materiali @W/mK#
K10, K20 5 pre-exponential factors in the kinetic model@s21#

l i 5 thickness of materiali @m#
m, n 5 empirical exponents in the kinetics model

nC 5 number of carbon mats
p 5 probability factor in the Metropolis criterion

P* 5 normalized electrical power savings
R 5 universal gas constant@kJ/mol K#
t 5 time @s#

T 5 temperature in the composite at any timet and
spatial locationy @K#

Ta 5 annealing temperature@K#
v i 5 fiber volume fraction of materiali

x, y 5 coordinate axes
y* 5 optimal location of conductive mat@cm#

Greek Symbols

a 5 thermal diffusivityk/rC @m2/s#
g 5 normalized cumulative savings
e 5 degree of cure

wC 5 electrical resistivity of resin saturated conductive m
@Ohm/m2#

wCF 5 electrical resistivity of pure conductive mat
@Ohm/m2#

rC 5 volumetric specific heat@kJ/m3K#
t 5 normalized cure time savings

Subscripts

* 5 optimal value
B 5 base plate
C 5 resin-impregnated conductive layer
F 5 resin-saturated fiber layer
L 5 laminate
T 5 tooling

crit 5 critical value
max 5 maximum value
min 5 minimum value
nC 5 number of conductive mats
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