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1 Introduction possible process parameters, and, in turn, leads to suboptimal
manufacturing times and cost. A rigorous approach to determining

Fabrication of thermosetting-matrix composites is accomy optimal cure cycle was reported by Rai and Pitchurf@iin

plished by subjecting the resin-fiber mixture to a prescribed ter\7/1\/'hich an optimization problem was formulated over a numerical

perature cycle |n_order to Initiate a_md sustain an irreversible cro 'ocess model and solved using a nonlinear programming scheme.
linking exothermic chemical reaction in the resin, called cure. T

the initial mixt o be t f d int e results were reported for a wide range of resin materials and
cure process causes the initial mixture o be transtormed INt,g,-os5 constraints. It was shown that the constraints on tempera-
rigid component whose structural integrity is retained upon t

- e ' Nfire and cure homogeneity fundamentally limit the magnitude of
withdrawal of the external temperature variation. The magnitugdg, temperature ramps in the optimal cycles. This constitutes a

and time duration of t_he |m_posed temperature variation, referrﬁ%damemm limitation of the curing of composites using periph-
to as the cure cycle, is an important process parameter affectjg heating.
the tgmperature dlst_rlbutlon and the progress of thg c_rosslmkmg—,—he foregoing limitation may be alleviated via an inside-out
reaction (measured in terms of a degree of qumithin the ¢yring strategy, where the inner layers are also subjected to a heat
composite. source that allows them to cure in synchronization with the outer
Initially during the cure process, the temperature of the outffyers. Such a strategy provides for temperature and cure homo-
layers of the composite which are exposed to the cure temperatyegeity through the composite cross section during the cure pro-
cycle increases more rapidly than that of the inner layers, and @sss, and in turn offers the potential to significantly reduce the
the process progresses, the exothermic cure reaction may bringdhee time. One approach toward realizing volumetric internal
temperatures of the inner layers to exceed those of the outer lagating is the use of microwave enerflyee and Springef9];
ers. Moreover, the heat released during the cure reaction may |§a@stensen and Chqa0]). This approach provides improvement
to excessively rapid rate of temperature increase, or the tempetaconventional curing; however, the problem of differential cur-
ture within the material exceeding an allowable maximum valuég persists since the microwave energy attenuates with thickness.
Maintaining spatial homogeneity in the temperature and degree ofThe objective of inside-out curing may also be realized through
cure distribution within the matrix, and maintaining the exothernthe use of conductive carbon fibers as resistive heating elements
induced maximum temperature and temperature gradient wittimbedded within the cross-section of the composite being cured.
allowable limits constitute the principal constraints governing thdamakrishnan et aJ1] and Zhu and Pitchumaf2] investigated
total time of the cure process. the approach numerically and experimentally for several resistive
Determination of cure cycles that lead to minimum cure time iReating configurations and demonstrated improved temperature
practice has relied on trial-and-error or empirical procedure whe?8d cure homogeneity, and significant savings in the cure time.
either simulations based on numerical models or experimental tfioe investigation focused on a prescribed cure temperature cycle
als are carried out for several candidate cure cy(Rilai et al. While varying the steady current supplied to the resistive heating
[3]; Loos and Springef4]; Han et al.[5]; Bogetti and Gillespie €léments. It may be envisioned that significant enhancement to the

[6]; Ciriscioli et al.[7]). This approach does not warrant the beg?rocess could be realized through the use of a time varying cur-
rent cycle, whereby the current supplied may be better tailored to
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Specifically, this paper considers the problem of determinirgurface and resistive heating are uniform along the length-width
the optimal cure temperature and current cycles so as to minimi@ane of the layers. The governing equations may be written
the fabrication time while simultaneously satisfying constraints cas[2]:

(a) the maximum material temperaturg,,., (b) the maximum

temperature gradient, ., (C) the maximum temperature differ-  dL(pC)iT] [ T Je 12,
- in — = oy | ki | FTiCroHR(L=vi) o g 7]

ence across the materiadl,T ., and(d) the minimum degree of ot ay\ ay at A

cure desired in the produat,,;,,. The decision variables consist of

the magnitude and duration of each stage of the temperature cycle i=B,F,C,T;

prescribed in the peripheral heating, the magnitudes and durations

of the stages of the electrical current cycles in the resistive heating  fg=fr=0, f=fc=1;, 0=0=0r=0, 0gc=1 (@)
elements, and the location of the heating elements within the lami- ] o ) ) )
nates. The optimization problem is solved using a simplex searth€reCro is the initial concentration of the reactive reshty is
based simulated annealing algorithm, combined with a numeridBf heat of reaction due to cureis the current flowing through
process simulation model to obtain both objective function arf@nductive layers with cross-sectional afedpC); andk; are the
constraints information. The optimization results are presented f@lumetric specific heat and the thermal conductivity of tfle
selected process constraints on three different resin systems. material, and the subscri'ptienotes the different material regions

The paper is organized as follows: The process model develdp-the problem domain as follows is the base platef is the
ment is presented in Section 2, followed by the formulation of th€sin-saturated reinforcement fiber layer§, is the resin-
optimization problem in Section 3. Section 4 discusses the opipregnated conductive layers, afids the top plate. The fiber
mization results along with the parametric studies. volume fraction in theé™ material is denoted as; and has sig-
nificance only fori=F and C. The termsf; and g, are binary
variables(having value of 0 or L and signify the presence or
2 Process Model absence of the internal heat generation due to exothermic chemi-

Figure 1 shows a schematic description of a process configucal reaction and the resistive heating at specific spatial locations,
tion with embedded resistive heating elements. The configuraticmspectively. In the base plate and top plate regibgs,fr=gg
consists of a lay-up of resin saturated fiber layers placed betweeg;=0 which denotes the absence of internal heat generation,
two tooling plates. Interspersed among the fiber layers are discritgplying a purely conductive heat transfer. In the resin-saturated
layers of conductive-fiber mats, placed at specific locations acrasinforcement fiber layers regioffiz=1 while g-=0 which re-
the thickness, where electrical current is passed through to pfiects the presence of exothermic cure reaction in the region. Simi-
duce resistive heating along those discrete planes within the crésdy, in the region of the resin-saturated conductive mé#gs,
section. Peripheral heating with prescribed temperature cyclesg.=1 the presence of heat generation resulted from chemical
applied from the bottom plate, while the top plate surface is exeaction and resistive heating combined. The tefiptsandy are,
posed to the surrounding allowing heat transfer througtespectively, the temperature, time and the distance from the bot-
convection. tom plate along the vertical axis. The electrical resistivity of the

Heat transfer takes effect from the cure temperature cycle imesin-saturated conductive matsg, is evaluated based on the
posed on the bottom plate as well as from resistive heating etelation between electrical resistivity and thermal conductivity ac-
ments embedded in the cross-section. The cure reaction procestsling to Lorenz law11],
simultaneously with the heating of the material, and the exother-
mic nature of the cure reaction generates heat which in turn helps oc ke
to accelerate further reaction. The dominant physical phenomena <P_CF_ k_u
in the process ar¢a) heat transfer associated with the heating
from the bottom plate as well as volumetric heating due to thehere ¢ and ke respectively denote the electrical resistivity
resistive heating at the conductive mats including the exothern@ad thermal conductivity of the pure conductive fiber material,
cure reaction, andb) the chemical reaction leading the curewhile k¢, denotes the in-plane thermal conductivity of the resin-
process. saturated conductive mat. In this study, the conductive mats are

Mathematical models for the process are formulated from enensidered to be of the plain weave architecture, where the values
ergy conservation and chemical kinetics considerations. The af-the in-plane and transverse thermal conductivities,andkc,
ergy transfer is assumed to be predominantly one-dimensioaaé obtained using the mosaic model proposed by Ning and
through the thickness of the laydgsdirection in Fig. 3, since the Chou[12,13.

The rate of cure reactiome/ dt, appearing in the energy equa-
tion, Eq.(1), is modeled using an empirical expression following
the approach adopted in the literatidg5]. The kinetics of an
. autocatalytic cure reaction is often described in terms of an

— Arrhenius type rate equation as follows:

196_ K El +K E2 m

gt | 0®R T RT) TR208XA T Ryl €
wheree is the degree of cure, defined as the fraction of the initial
resin concentrationCgg, that has reacted, such that0 corre-

. sponds to unreacted initial mixture, white=1 denotes comple-
tion of the cure reaction. The coefficieritsy and K, are fre-

)

Variable Power Supply

(1-e" (3)

yl .,  quency factorsE; andE, are activation energies, arilis the
Z & universal gas constant, whilm and n are empirical exponents.
Heater Carbon Mat Equation (3) models the cure of many practical resin systems,
T‘[ 5% including all of the resin systems used in this study. The exact
values of the corresponding kinetic parameters are presented later
in this paper.
Fig. 1 A curing process configuration with embedded resis- The governing equations, Eqd) and(3), are solved simulta-
tive heating elements neously, subject to the following initial and boundary conditions.
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The initial temperature is set to be at the room temperafiye, a)
while initially, the resin is completely unreacted, corresponding to

€=0. These conditions are stated as: 2
T(y,00=Ty, (Osy<lg+l +I7) 1
e(ylo)zox (IB$y§IB+|L) (4) -
wherelg, I, andl; are the thickness of the base plate, the § I
laminate, and the top plate, respectively as shown on Fig. 1. The 5§
temperature at the bottom of the base plate corresponds to the©

prescribed temperature cycle, while convective heat transfer oc-
curs at the exposed surface of the top plate. These boundary con-
ditions can be expressed as:

T(Ort)ZTB(t) (5) | | 41
t1 t2 3
al Time, t
7KTW(|B+IL+IT’t):hTT(|B+|L+IT't)7TO (6) ’
. . b
A numerical simulator was created based on the model pre- ®)
sented above. The governing equations along with their boundary T
conditions were solved using an implicit one-dimensional finite- 4

difference scheme with a control volume formulat[dd,15. The
mesh consisted of 50—-59 numerical grids along ytdirection,
depending on the number of embedded conductive matsthe

time stepAt was determined such that the mesh Fourier number,
aAt/Ax? based on the thermal diffusivity of every material in

the domain, was less then unity. The stopping criterion for the
numerical simulation was based on one of two factors namely, all
sections of the laminate attained a desired minimum degree of
cure, or the end of the specified cure temperature cycle was
reached; the corresponding time was the cure time for the process. T T T T
In addition to the cure timé,,.and the minimum degree of cure, & t, t, t, t,
€min, the process model also yielded the values for the maximum Time, t
temperatureT ¢, the maximum temperature gradiefit,,,, and

the maximum temperature differend®eT .y, within the laminate Fig. 2 lllustration of (a) the three-stage piecewise constant
during the process. These values were used as the constrainteU[g currentcycle and  (b) the four-stage piecewise linear curve
the optimization problem described in the following section. ThgMPerature cycle considered in the study

numerical simulator, therefore, constituted the basis of the optimi-

zation problem.

Temperature, T

calculated in terms of the other stage durationssas>;t/— (t}
L +t'2). Thus, in the optimization problerrl]'3 is not included as a
3 The Optimization Problem decision variable, and the current cycle is represented in terms of
The objective of the optimization is to determine the temper&-decision variables. Additionally, decision variables representing
ture cycles, current cycles, and the location of the conductiViee locations of the conductive elements were also considered part
mats, for minimizing the time for curing composites using embe@f the design problem in this study. For a configuration with mul-
ded resistive heating elements. The optimization is subject tiple embedded conductive elements, the study allows for different
physical constraints on the temperature-related parameters andagent cycles to be prescribed in each conductive element. Con-
degree of cure during the process. The cure temperature cyclessgguently, the number of decision variables is @, which
expressed as a series of piecewise linear segments, as presenggdases with the number of embedded conductive elemegts,
schematically in Fig. 2. A temperature cycle is represented by theThe objective function to be minimized is the cure timg.
end point temperatureE; of each stage and the respective stagand the optimized variables are the parameters that comprise the

durationst; . In this study, the temperature cycles consist of fowemperature cyclé'j(th), j=1,...,4, thecurrent cyclel k(tL), k
stages, which provide for a reasonably accurate representation=of . . 3, and thdocations of thenc conductive mas) y , i
cure temperature schedules yet maintaining the number of deciq n.. Thus, the optimization may be written mathemati-

sion variables sufficiently small to minimize computational efforgajly as:

for the optimization. Additional stages may be introduced albeit at o

the computational expense associated with the increased number Minimize teyre (7
of decision variables in the optimization. T,-(th>,lk(tL),yi*

The cure temperature cycle is represented in the optimizatig[]b-
. I . i . ject to

problem in terms of 8 decision variables: the end-point tempera-
tures of the four stages,, T,, T3, T4, and their corresponding 01= Tmax Teir<0 (8)
stage time durations] , tJ, t3, andt}. On the other hand, the . .
current cycles are expressed as a series of three piecewise constant 92= Tmax— Terie<0 ©)

men hown in Fig. 2, and are represen in terms of th
segments, as sho g. 2, and are eprese ted tg s of the 9= AT o AToy=<0 (10)
stage currents,, |,, I3, and the respective stage duratidhs
t,, t;. However, the cure process requires that both temperature 04= €crit™ €min<0 (11)

and current cycles complete at the same it/ ==t;. To where the subscripts max, min, and crit refer to the maximum,
achieve this requirement, the last stage duration of the curreainimum, and critical values, respectively. The temperature-
cycle,t'3, is chosen to be a dependent variable whose value canretated constraintiEqgs. (8)—(10)] pertain to limiting the residual/
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rithm, including parameter selection for the various movement
and tie-breaking rule§f two vertices of equal objective function
value are evaluatedmay be found in Ref.18].

In the Nelder-Mead method, the decision to accept or reject
each movement is made based solely on the criterion of reducing
o the objective function value. This could potentially result in the

contraction entrapment of the solution in a local minimum. However, if the
. Nelder-Mead method were combined with a simulated annealing
“@'l technique, the moves in the design exploration will be subject to a
potential /* probabilistic acceptance criteriorithe Metropolis equation
s which offers a better opportunity to arrive at a global minimum.
The optimization approach in the present application, therefore,
uses a combined Nelder-Mead simplex method and simulated an-
nealing algorithm, as discussed below.

worst vertex

@
the
simplex

primary vertex

(b) primary vertex . . . L. . . . Lo
3 Simulated annealing is an optimization technique which mimics
A higgfzmalgi'“v the physical process of annealifelow cooling of metals[19], in
= = reconfiguration which the molecules are free to move at high temperatures, but as
the annealing temperature slowly decreases, the molecular move-
- Wl S S ment becomes increasingly restricted before finally settling down
g to a configuration of the lowest energy state. Relating to the opti-
% = = q mization problem, the molecular configuration represents the de-
fg - cision variables, while the energy state represents the objective
£ wals it '°‘g"’s’i‘:";|‘:)'("y function to be minimized. Starting at high temperature in the an-
2 ¥ reconfiguration nealing schedule, an initial trial simplex undergoes reconfigura-
-anda{\ tions based on the movements defined in the Nelder-Mead
S e method. Each reconfiguration of the simplex is accepted based on
Number of steps an associated probabilify, given by the Metropolis criteriof20]
Fig. 3 Schematic diagram of simulated annealing optimization E...—E
combined with simplex search algorithm p= min( ex;{ - % ,1) (12)
a

where T, is the annealing temperaturie,is the Boltzmann con-

stant, E, is the objective function corresponding to the primary
thermal stresses induced during processing, as well as to maigftex prior to reconfiguration, arfg, . ; is the objective function
taining temperature and property homogeneity across the secticorresponding to the new primary vertex in the reconfigured po-
Constraint Eq(11) ensures curing of composite to a desired minitential simplex. IfE,, ;<E,, the probability of acceptance is
mum degreee; - unity, as per Eq(12), which implies that a reconfiguration result-

The optimization problem represented by E¢#—(11) was ing in a lower objective function value is always accepted. In

solved using the Nelder-Mead simplex methidd] combined addition, Eq.(12) also allows for an occasional acceptance of an
with a simulated annealing technique to improve the effectivenesghill move (i.e., E,,>E,), based on the corresponding prob-
of the searcii17]. The simplex method is an algorithm that perability, p. The probability of accepting an uphill move is greater at
forms continuous search for selecting a new point during an optiigher annealing temperatufg , while asT, decreases the prob-
mization iteration which guarantees objective function improvexbility becomes progressively smaller.
ment. A simplex is defined as a convex hulldf- 1 vertices in an A simplex reconfiguration following the foregoing procedure is
N-dimensional space, representing tNedecision variables that defined as a walk. At every annealing temperatiitg, a certain
govern the objective function evaluation. The vertices are ranketymber of walks are executed before the temperature decreases
from best to worst, based the corresponding objective functi@ecording to the prescribed annealing schedule. Thus, the anneal-
evaluations, and the best vertex is defined as the primary vertayg schedule and the number of walks at each temperature consti-
Since a primary vertex represents a set of decision variables whiake parameters of the simulated annealing optimization. The over-
corresponds to the lowest objective function evaluation, the findH integration of the simulated annealing algorithm with the
ing of a new primary vertex constitutes an improvement to thigelder-Mead simplex method is presented in Figp) 3initially, at
objective function evaluation. Thus, the algorithm searches forhégher annealing temperature, the simplex undergoes reconfigura-
new simplex by replacing the worst vertex by a potential netion at a higher probability according to E(L2), which in turn
primary vertex, through a set of predefined simplex movementd|ows the simplex to explore more of the design domain. As the
which include reflection, expansion, and contraction, illustrated mumber of steps increases, the cumulative effect of the various
Fig. 3(a) for a two-dimensional simplex. The primary movemensimplex movements reduces the size of the simplex, and simulta-
is the reflection of the worst vertex, while expansion and contraneously, the annealing temperature also decreases, which reduces
tion are secondary movements dependent on the result of thethe probability of simplex reconfiguration. Near the end of the
flection. If the reflection results in a new vertex that is better thesthedule, the low annealing temperature causes the probability of
the current primary vertexi.e., has a lower objective function accepting an uphill move to be extremely low. The simplex move-
value, an expansion of the reflected simplex will follow, recogments continue until the algorithm reaches a stopping criterion,
nizing that a further movement of the new vertices in the directiomhich is either the annealing schedule has been compléted
of the reflection might lead to a much better vertex. If the refleterms of a specified maximum number of walksr the simplex
tion of the worst vertex does not lead to a new vertex that is bett@duces to a pre-determined infinitesimal size. The maximum
than the current primary vertex but still better than the next worsumber of walks can be determined in proportion to the number
vertex, the new simplex is accepted. However, if the reflection of decision variableEl7], or by trial runs to yield an expected rate
the worst vertex does not result in a vertex that is better than thEconvergence. At the stopping point, the decision variable values
next worst vertex, contraction of the original simplex is executetbrresponding to the primary vertex of the simplex constitute the
to reduce its size. Additional details on the Nelder-Mead alg@ptimum solution.
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The Nelder-Mead simplex method combined with simulated an- _ 50.035 —— —

nealing is designed to solve non-linear unconstrained optimiza- n‘_ n.=3 E

tion. Since the optimization problem in hand has several con- £ 0.030 |- A -

traints [Egs. (8)—(10)], those constraints are incorporated 2 E ¢ Optimization Resuits ]

Str: Ok LEOS. , re incorpora G oosb " Zhu and Pitchumani [2] ]

using a penalty methd®1] into an augmented objective function —aQ °9< [ e

to be minimized, such that the optimization problem becomes & - .

unconstrained: 3 0020 R

a s Lo® 1

o w» 0.015 | . -

Minimize tget Ek N\ max(gy,0) (23) K : P ]

UICRIPCARY 5 0010 | e ‘ :

where) are the penalty coefficients, whose values were selected % 0.005 F B

for each constraint equatiagy such that if the constraint was not £ - ]

satisfied the constraint penalty contributaggy is equal to 100 O g gpobrin L TR R -

times the expected value of the optimal cure time. If the constraint 10 . 10

gy is satisfied, maxd,,0) evaluates to zero, sineg is negative, Damkohler Number, Da

and constraing, does not contribute to the penalty. ) o o .
As described previously, the number of decision variables in t t ‘Ez]vfii)“rdt%téopegifstt?\?ethé:;]ithé%:frigil:ﬁ OV;'tSSEES ?har?ef?aT

optimization problem varies depending on the number of condugs, mats

tive mats,nc. For example, optimization of a process with one

embedded carbon mat would require 14 decision variables: 8 vari-

ables representing temperature cure cycles, 5 variables represgi-|aminate. The plot corresponds to three embedded heating el-
ing one current cycle, and one variable for the location of the malments and shows that the optimal dimensionless power density
Thus, the simplex is formed in a 14-dimensional space, and CQHereases with the Darvikter number. Overall, the optimization
sisted of 15 vertices. The initial guess on the values of the degisqjt5(markers in the plotare seen to correspond closely to the
sion variables corresponds to one of the vertices of the simple¥g s from Ref[2] derived using parametric studiéshown as

and the other 14 vertices are created by adding scaled basis Wit yashed line

vectors e, —where g is a scaling factor, such that the hyper- \th the validated optimization framework as basis, the opti-

surfaces of the simplex are linearly independent of each other. The, 4ti0n studies presented in this paper focus on three material

numerical process simulator is invoked to determine the augystems: a fiberglass-epoxy resin system EPON 815 catalyzed
mented objective function corresponding to each vertex at ev

A . th EPICURE-3274, an Owens-Corning fiberglass-polyester sys-
step of the optimization procedure. At the completion of the optiay, yith percadox 16N and benzoyl peroxide initid@C-E701/
mization algorithm, the primary vertex of the final simplex reprepq gn/BpQ and a polyester system, CYCOM-4102 of American
sents the optimal decision variables, and the corresponding Obje‘ffanamid Company. The embedded resistive heating elements are

tive function evaluation represents the optimal cure titfig,. considered to be carbon mats, G-104, of Textile Technologies Inc.
] ) The reaction kinetics for the resin systems are summarized in
4 Results and Discussion Table 1, and the physical properties of the material systems are

The optimization approach presented in the previous sectiglsC available in the references cited in Table 1. The tooling plate
was validated in two parts: First, the numerical simulation modefonsidered in the study is made out of copper with volumetric
which forms the core of the framework, was validated with exsPecific heat §C)r of 3439.2 kJ/miK, and thermal conductivity
perimental data on a variety of resistive heating configuratio T) O_f 395.0 KW/mK. . )

The validation results are presented in R& and are not re-  OPtimization runs are carried out for fixed number of carbon
peated here. Secondly, the optimization framework utilizing tH8@tSNc, by initially supplying trial values of the cure tempera-
process model was validated using the results presented in Fiﬁf? cycle, the current cycle through each carbon mat, and the
[2]. In their study, the process consisted of a fixed cure tempefdcation of the carbon m@) across the thickness. The critical
ture cycle, and a steady current was used for the resistive heatﬁ.ues of the constraint used in the study are set to be identical for
Parametric investigations were conducted by varying the numidf material systems, as follows:

of embedded heating elements, and the resin kinetics parameters _ o~ T N RO _RrQOC- S

[for kinetics of the form in Eq(3), but with K,,=0]. The para- Pe=150"C; Teq=0.6°Cls; ATeq=69°C; ecr't_o'gzL)
metric results were used to derive the optimum resistive heatin% ) o )
configurations that minimized the cure time while satisfying conthese values typify those commonly required in practice. How-
straints of the form in Eqs(8)—(11). The results were expressedeVer, the effect of varying constraint values is also investigated
in terms of a dimensionless power densiBy, defined asP, later in this section. The optimization procedure is executed until
:(IE(PC/TOKL)(”A)Zv and dimensionless groups representing e optimal cure time, and the corre'_spondlng temperature cycle,
kinetics parameters. cur_rer_lt cycles, and carbon-mat Iocatlons_,, have _been fo_und. Each

For the purpose of validation, the current cycle in the presefiptimization run was repeated for ten different initial trial solu-
formulation was taken to be a single stage, and the cure tempeigPS: @nd the optimum results corresponding to the least cure time
ture cycle was fixed to be that used in RE]. Furthermore, the Value among the ten trial results was taken to be the global opti-
carbon mat locations were prescribed to be the values used in BBfM solution. In most cases, it was observed that the global op-
[2]. Thus, the decision variable in the optimization was reduced {num solution was reached in several of the ten trials.
only the stage current magnitude. The optimization framework Figure 5 shows the optimal temperature cycles, in solid lines,
was used to solve for the optimal steady current, for varying resiid the optimal current cycles, in dashed lines, as well as the
kinetics parameters, subject to the same critical values of the c@ftimal locations of carbon matg{) for curing a 1.27 cm-thick
straint parameterfEgs. (8)—(11)] as in Ref.[2]. Figure 4 shows fiberglass/EPON-815/EPICURE-3274 system with c_ilf'ferent num-
an example comparison of the variation of the optimal currerRers of embedded carbon matg,. The optimal cure time for the
expressed as a dimensionless power denddy, with the Process without resistive heating is 1710 secdifdg. 5a)). The
Damkchler number, Da—a dimensionless group which signifiegptimal cure times fonc carbon matst; _, nominally reduces as
the ratio of the conduction time scale to the reaction time scalethe number of carbon mats increases: 1002 seconds for (Figat
defined as Da K, E/aL, whereq, is the thermal diffusivity of 5(b)), 961 seconds for 2 mat&ig. 5(c)), and 948 seconds for 3

130 / Vol. 125, FEBRUARY 2003 Transactions of the ASME

Downloaded From: https://heattransfer.asmedigitalcollection.asme.org on 07/02/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Table 1 Kinetics model and parameters for systems used in the study

Material Kinetics Model Kinetic Parameters

CYCOM-4102 K1o=0 min~?!

Pillai et al.[3] Ko=3.7x1072 min~!
E,=0 kJ/kmol

E,=1.66x 10° kJ/kmol
Hr=74.1 kd/kg
m=0.524;n=1.476
OC-E701/P16N/BPO de . . K1o=5.69< 10?571
Han et al 5] g~ K T Kpge 2 e M) (1) Koo=8.61x 10 51

E;=1.07x 10° kJ/kmol
E,=7.51x 10* kJ/kmol
Hr=200 kJ/kg
m=0.58; n=1.42

EPON-815/EPICURE-3274 Ki=0s*
Ramakrishnan et aJ1] Ky=4.18<10° st
E,=0 kd/kmol

E,=55.92 kJ/kmol
Hz=2384 kd/kg
m=0.25;n=1.75

mats (Fig. 5(d)). Compared to the optimal cure time without rewhich exhibit faster kinetics relative to EPON-815/EPICURE-

sistive heating, the presence of one carbon mats reduces the dfi?4. Figures 6 and 7 present the results for OC-E701/P16N/BPO

mal cure time by about 41 percent, which is a significant improvend CYCOM-4102, respectively. Without resistive heating the op-

ment in the processing time. However, the cure time reduction kiynal cure times are 1172 seconds for OC-E701/P16N/BPO and

further addition of carbon mats is somewhat small in proportion 8012 seconds for CYCOM-410Figs. Ga) and {a)). Using one

the actual cure time, thus implying that for EPON-815/EPICUREcarbon matn-= 1, the optimal cure time reduces to 418 seconds

3274, increasing the number of carbon mats beyond 1 is seerfdp OC-E701/P16N/BPO and 742 seconds for CYCOM-4102,

be less economical considering the cost associated with the addhich constitute savings of 64 percent and 75 percent, respec-

tional carbon mats. This points to one carbon mat being the praiely, compared to the respective cure times without resistive

tically optimal solution. The optimal location for the single carbomeating. The Figures show that as the number of carbon mats

mat is aty* =1.22 cm, which is near the top plate. For the casdscreases froomc=1 (Figs. §b) and 7b)) to no=2 (Figs. €c)

with two and three carbon mafBigs. 5c¢) and d), respectively, and 7c)), a significant further reduction in optimal cure time is

the optimal location of one of the carbon mats is also at the ideaehieved for both material systems: 334 secomgs=2) for OC-

tical location,y* =1.22 cm. This result confirms the intuitive no-E701/P16N/BPO, and 509 secondg€2) for CYCOM-4102.

tion that any additional heat source must be first located farthésowever, as the number of mats increases¢e=3 (Figs. Gc)

from the peripheral heating to obtain the optimum solution.  and 7c)), the cure time reduction becomes less relative to that of
The variation of the optimal number of carbon mats with thgoing fromnc=1 to nc=2: 325 seconds for OC-E701/P16N/

kinetic properties of the material system is examined by consiBPO and 487 seconds for CYCOM-4102, implying that two car-

ering the OC-E701/P16N/BPO and CYCOM-4102 resin systerh®n mats can be considered the practically optimal configuration
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Fig. 5 Optimal temperature and current cycles for curing a 1.27 cm-thick
EPON-815/EPICURE-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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for both material systems. This result, together with the case cdsesnc.=2 andnc=3, the gradual increase in the current cycles
EPON-815/EPICURE-3274 discussed above, shows that as tloes not exist due to additional heat sources inside the laminates
reactivity of the material system increases, the optimal numberwhich allows more homogeneous increase of temperature—
mats also increases. This trend was also reported based on p#rareby maintaining temperature difference below the critical
metric studies in Ref(2]. value—throughout the laminate. This allows more heat to be sup-
It is worth examining the form of the optimal temperaturelied to the laminates since the beginning of the cycle without
cycles(solid lineg and the current cycleglashed linesrelative to  violating any constraint, thus enabling a faster cure process.
the constraints in the optimization. In the casemf=1, the As discussed above, the critical values of the constraints affect
gradual increase via multiple steps to higher current value in t#sely the shape of the cure cycles and, in turn, the optimal cure
current cycles shown in Figs(§ and 7b) may be attributed to time. Toward elucidating this effect further, studies were con-
the temperature gradient constraint which limits the sudden iducted to investigate the effect of the critical values of the con-
crease in temperature due to resistive heating by high current ns@aints on the optimal cure temperature and current cycles. Figure
the top surfaces. However, in the case of EPON-815/EPICUREa) presents the result for a reference set of critical values for the
3274 in Fig. %b), the current stays constant at a lower valuease of curing a 1.27 cm-thick CYCOM-4102, while Figgh)8
through the process before it drops at the end of the cure cyddéc), and &d) present the temperature cycles, in solid lines, and
thereby satisfying all the constraints. In the multiple-carbon-matirrent cycles, in dashed lines, for different value3 gf, AT,
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Fig. 7 Optimal temperature and current cycles for curing a 1.27 cm-thick

CYCOM-4102 laminate embedded with (&) 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

and T, respectively. In all these cases, resistive heating usiR§ocess is necessary to avoid violating the critical temperature
one carbon mat was considered. Figuréa) &nd 8b) demon- constraint. Near the top surfacg<1.27 cm), where the carbon
strate that the optimal cure time increases as the critical tempefat is located, the temperature variation exhibits a brief reversal
ture, T, constraint is tightened. The corresponding temperatuirethe increasing trend to that of decreasing at the time the current
and current cycles demonstrate variations to accommodate the

smaller value of critical temperature, highlighted by a step de-

crease in the current cycle at the end of the curing process. Fig-

ures &c) and &d) suggest that as the constraints of critical tem-

perature difference and critical temperature gradient are tightened,

the optimal cure timety;_, increases as expected due the fact that 1601

as both constraints limit the rate of temperature increase, the cure
process requires longer time to complete. Further, Rig. shows

that as the allowable temperature differenad,,; decreases, the
optimal temperature cycle is adjusted to provide slower tempera-
ture ramps. Figure (8) also reveals that a smaller value of the
allowable temperature gradiefit,;; causes the current cycle to
start from a lower initial value to avoid excessively rapid heating
rate.

To further illustrate the effects of tighter constraints on the op-
timal curing process in the presence of resistive heating, the tem-
perature history at selected locations within the laminate are pre-
sented in Fig. 9, which refers to a 1.27 cm-thick CYCOM-4102 i
system with one embedded carbon nmgt= 1, at optimal location 160/ —~+—+———+—+—+——+—+———+—+—+T+++50/0
y*=1.22 cm. Figure &) shows the optimal current cycl@old -(b)
line) and the temperature history at three different locations across
the thicknesgthin lines, corresponding to a critical temperature,
Tqit, Of 150°C. The temperatures near the base phateQcm)
are similar to the prescribed temperature cycle, as seen in Fig.
8(a). Without resistive heating element, the temperatures near the
top surface y=1.27 cm) would be lower than those at other lo-
cations within the laminate. However, the presence of a carbon
mat near the top surface causes the temperatures in the middle of
the laminate y=0.635 cm) to be the lowest across the section,
for this case considered. Figuréa® also verifies that the magni-
tude of the increase in the current cycle is governed by the tem- I
perature gradient constraint, since an increase in current cycle o5 '2('30'
magnitude causes rapid temperature change near the carbon mat a
that instant, as seen in the temperature history=atl.27 cm,

Correspondlr_lg to various steps in the current Cyd:_le."(Os and Fig. 9 Temperature history at various locations within the
t~250 ). Figure @) presents the temperature history plot fofaminate during curing process using the optimal temperature

critical temperature] .= 125°C, showing that a decrease in theind current cycles for a 1.27 mm-thick CYCOM-4102 laminate,
magnitude of electrical current at the later stage of the curirigr critical temperatures of:  (a) 150°C and (b) 125°C
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magnitude is reduced,~700 sec, thereby allowing the process
to continue without violating the constraint on maximum
temperature.

Considering the issue of optimal number of mat§, for dif-
ferent material systems, it is helpful to summarize the results as a
function of the Damkbler number, Da. Figure 10 presents a sum-
mary of the optimal results for two different materials for which 0.0
the kinetics model has only one pre-exponential factor and one c)
activation energy(Table ). The Damkdler number is defined

'’

o
]
N
W

o
o

Cumulative Savings, y
o

i
| CYCOM-4102

i Desirable -

based on this non-zero pre-exponential factoKag?/a, . The [ Configuration |
SR . L . . 151 1.415

variation in the Damkbler number within each material system is ’ 77 &
obtained by changing the laminate thickness, whereas the varia- i / 1.185 ]
tion of Da from one material system to another reflects the change £ Z :
; h . 1.000 i
in the pre-exponential factor. Theaxis of the plot represents the 0838

ratio between the optimal cure time for curing witly carbon-
mats,tﬁjc, and the optimal cure time without resistive heatitig,

and is a measure of the savings in the cycle time due to resistive
heating. The Figure shows that as Da increases, which corre-
sponds to reduced reaction time scale relative to heat diffusion
time scale, the value of the cure time ratio decreases, which trans- ! ez
lates to an increase in the savings in optimal cure time by using 1 2 3
resistive heating. This may be attributed to the fact that as the Number of Mats, n,
reactivity of the resin increases, the presence of resistive heating

elements helps expedite the curing process to a greater extent. Figell Normalized cure time and power consumption savings

Figure further shows that as the number of mats increases, #sea function of number of carbon mats, for (&) EPON-815/
optimal cure time decreases as also noted previously. It may BRICURE-3274, (b) OC-E701/P16N/BPO, and (c) CYCOM-4102
reasoned that while incorporation of additional carbon mats pro-

gressively reduces the optimal cure time, the savings in cure time

has to be viewed relative to the cost/effort of inclusion of more ts.n~ for all material tem d in this study. The maxi-
heating elements. For larger values of Da, increasing the numbagts:Ne ., for all materia sys(tja S usr:a S study. 1he af

of carbon mats from one to two significantly reduces the CUIIQULTI ;;ower, F;]max’ co.rrlespon S toht € pOV\?erhconsumpl).tlog or
time, while the effect of increasing from two to three carbon mag;_S or each material system. The sum of the normalized cure

Cumulative Savings, vy
o >

L

\
D\

is seen to be much less significant on the cure time savings, gi¢_Savings and the normalized power savings is referred to as
spite an absolute decrease in the optimal cure time. For smal ?_cgmulatlvg savings parametg, F*or th(.e processing without
DamkKchler numbers, Fig. 10 shows that even an increase.in resistive heatingr{(c=0): 7o=0 andPg5 =1 independent of ma-
from 1 to 2 offers less of savings in cure time. terial system, which leads tg,=1. It follows that for the pro-

In an attempt to determine the optimal number of carbon maggssing with resistive heating, it is desirable that the cumulative
ng, a cost analysis in terms of both cure time and power usag§@vings exceed that for the reference case of no resistive heating,
comparison is presented in Fig. 11. The power consumptionii§- ¥n.> Yo- Sinceyo=1, the regiony, >1 is identified in the

calculated in this study as: plots as the desirable configuration for resistive heating. This re-
ne . gion is indicated by the shaded area in Figgal411(c). Based

P, =z t"cli(t)zdt (15) on the _cqnsideration of time and power savings, Fi_g. 11 provide_s

c =1 Jo for deciding the number of carbon mats that constitutes the opti-

. . mal configuration for each resin system. It is seen that the single
The Figure presents, as a stacked bar plot, the normalized cB&@hon mat configuration offers the most cumulative savings for

time savings,7, = (t§ —t3 )/tg . and the normalized power sav-|| the resin systems. Further, for EPON-815/EPICURE-3274
ings, P;C:(Pmax—Pnc)/Pmax, for different number of carbon (Fig. 11(a)), one carbon mat is the only configuration that satisfies
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Y1, while for OC-E701/P16N/BPO(Fig. 11(b)) and ke, = in-plane thermal conductivity of resin-saturated

CYCOM-4102(Fig. 11(c)), both one and two carbon mats satisfy conductive mat .
the criterion. Since additional carbon mats always reduces the ki = thermal conductivity of material [W/mK] L
cure time, the optimal number of carbon mafscould be defined Ko, Kao _ prg-exponentlal fa(;tprs in the kinetic modsl ]
as the highest number of mats for which the cumulative savings P thlck_n_ess of materlal_[m] I
exceeds that of the process without resistive heating. Thus, the m n B empirical exponents in the kinetics model
optimal number of carbon mats for EPON-815/EPICURE-3274 is Nc B “””t‘)bgfl.?f fcartbon_ "][ﬁtSM ¢ lis criteri
one, while for OC-E701/P16N/BPO and CYCOM-4102 two car- b = probability factor in the VIEropolis criterion
bon mats constitute the optimal configuration. It may be noted P* = no_rmallzed electrical power savings
from Fig. 10 that the CYCOM-4102 system corresponds to higher R = universal gas constafikJ/mol K]
Damkdhler number value in comparison to the EPON-815/ t = times] . . .
EPICURE-3274 system for the same laminate thickness. The re- T= temperature in the compasite at any tinend
sults in Fig. 11a) and 11c), therefore, suggest that the cumulative 3 spatial locatiory [K]
power and time savingsfnc, increases with Damlder number. Ta _ ?ngag?gn;[:n;rz?:?gg%]mater'al

The paper presented a comprehensive discussion on the optimi- XU;/ _ cloord\{naltjte axes I !
zation of temperature and current cycles for curing process using ko optimal location of conductive matm]
resistive heating. The results in terms of optimal cure time, opti- y P
mal current cycles along with optimal location and configuratiofereek Symbols
provide a valuable reference for better process design. The opti-  — thermal diffusivityk/pC [m?/s]
mization framework presented in the paper may be used to deter- ,, — normalized cumulative savings

mine optimal temperature and current cycles for constraint values . — degree of cure
other than those used in the study, although the physical trends , . — electrical resistivity of resin saturated conductive mat

elucidated in this article are expected to be generally valid. [Ohm/nf]
oceg = electrical resistivity of pure conductive mat
[Ohm/nf]
5 Conclusions pC = volumetric specific hedkJ/n?K]

. o . = normalized cure time savings
A systematic approach to optimization of a process for fabric

r
tion of thermosetting-matrix composites by the use of embeddgﬂi’bscr'pt
resistive heating element was presented. The objective was to de- *
termine the optimal temperature cycles, electrical current cycles, B = base plate

and the conductive mats configuration so as to minimize the fab- C = resin-impregnated conductive layer
rication time subject to process constraints. A numerical model F = resin-saturated fiber layer
L
T

S

optimal value

formed the basis of the optimization problem, which was solved = laminate

using a combination of simulated annealing and simplex search = tooling

algorithm. Optimal cure times, temperature and current cycles crit = critical value

were presented for three material systems with different reactionrmax = maximum value

kinetics. The optimal solutions are presented for various conduc-min = minimum value

tive mats configuration, as well as several process design con- nc = number of conductive mats

straints. The results showed that the approach of varying the cur-

rent with time together with the cure temperature cycles leads f

cure time reduction. In general, the cure time decreases as %ﬁ% erences
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