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ABSTRACT 1 tdme, [s]

Thit paper addresses the problem of detzrmining dras-cptimal T emperature in the compagite at miy dne "t and spatial
cure cycles for the manufacture of thermoset compasites. The ourc location (x.y [K]
cycle is considered 1o be 3 seriss of heating and sooling 2ones, and T. initlal temperature of the composite, [
the optimal values of the end-point temperatare and doradon of cach ty  fiber volume fraction
zome are ohtafed tsing nomerical optimization eehhigues, som- W width of the eompasits erass sectian (Fig. 1), {m]

- pined with a proesss moade] v sfmolate the core. The optimal cire W dimensionless width ofthe camporite cooss section = WAL
schedulesincorporate constratntz.on the maximum material temper- ¥, & coordingts axes
amrer, the maximom heating and cocling ratas, and the maximom ¥ dimensionless sparfal coovdinate, » /L, mesenred with
difference in the tamperatures Bcross The composite CTmss recksn, the centzr of the composite crose cection ax the arigin
The optimization resuls aye shown To fvprave signffeandy upon ¥ dimensionless spatial eoordinate, g/f, measured with
the ctre cyeles tecommended in the Herture and by the mansfag- the ceater of the composite cross section as the origin
turers, Parametric smdies are presented in ems of dimenstonless Greak Synibols
granps m order i arsers the effects af the produel and process —_—
variables an the optinial core cycles, o thermal diffustvity = kf () Imzfa]
¢ degmeeofetre={C4 — Cag) fCm
' 4 dimensionless emperance = (T = T.) /T,

HOMENCLATURE

e

volemetic specific hear, [7/m® K}
dimensionless ime = .t/ 12

{pe
Bo  dimensiouless parameter, defined in By, {3)

Ca  resin concenkatinn al any e v and spatal location
(ry) [Rg/m*) Snbszripts
Cae  indtial concentration of the resin, [k_q,l’m"]
£ By sctvation energies in the kinetice model (Bg., (1)),
. (kS o]
E;,E; ditnensimines actvebion energics dofincd ia Eq. {3)
AHn  heatof the core reacion, T/ k1]
%k themmal conduetvity, [Wm K]
% dimensionless thermal conductivity = &/ ey
K1, Ky Frequency factnrs in the klnetlez modal (Bq. (13, [s71]
T, K2 Damkshler numbers, defined in Eq. (2)
L rhiekmess of the compesite cross section [Flg, 13, fm] ¥
s emplirical expanentin the cure kineties model {Eq. (13

-

cure  Cuns gyl
crit  critical value
e effecdve value
ey cffcctive value along the y- (thickness} dirscton

i indox for enpe cyels srage
mar Maximwm value
min  Tmnimoem valoe

z  along the width of the cross section (x-direction)
along the thickness of the eposs seetion (y-direction)}
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INTRCDUCTION

tanufacturing aretnforced thermoset composits Trvolves many
stzpe, of which the cun is the mast erjtical. The care step invohcs
an irceversible exothermic chemical reactlon by which the com-
posite bay-up is wansformed from a soft, muld-layered mixtore of
fibers and resit, b a hard stroctoral component. The magninde and
the doration of the emperature variations {referred o as the care
temperatire eyclesydoring the manufactring process are important
parameters nflaencing the curs and the product qualicy.

Stage-of-the-ort manufacturing is based on & iTisl-snd-smor pro-
cedurs where nomerical models are nsed to sinelats the fabrication
process for several candidaie cure eycles, Most of the research
efforts have been direciad Inwards proposing/impraving process
model: and assessing the fears of frocess varizbles on the cuge
{Broyer and Macosko, 1976; Loos and Springer, 1983; Han et al.,
1984; Ratch and Macosko, 1988; Ham and Chin, 1988; Walsh and
Chatrpchi, 1988; Bopetd and Gillespie, 19913, Howsever, the trisl-
and-errar approaches, even if aided by gocprate process madels, do
notensuze the best poseible process prrameters, a5 a resalt af which
procassing is carred out under subopimal conditions that lead 1o
Increaged manufeciuring Hmoy and costs.

To overcome these problecss, rigomns process oplimmzabon
siralegies ara a very usefnl and a logical step which improves pro-
ductivity, and thereby reduces costs, Attempts towarls genetatdng
rapid cure cycles for advinced eompasie materials osing various
rule-based srategies havi baen injidated fn recent years (Pilla et
al . 1997; Clriecloll st al., 15%1; Abrams et gt 1987). Martinez
{1991) obtained cure eycles for a graphitefepory system, which
yizlded centerline temperatures matching an arbirary profile, cho-
gen by trial-and.arror £o a5 to reduce, but not necessarily minimize,
the core Hme.

Racently, Filchemani and Yao (19%923) presentad optimal core
ayeles in the ahsense of cansrainte, for the minimum-time manu-
fasmmre of protially cured prepregs. Since consiraints soch as the
maximom heating/cooling rales and the maximan allowable em-
peranne differmee in the conposits were not considered, the best
possible iIcmperahne profile was arpucd 1 be 3 constant tempera-
i impascd thoughoot the cure process. The comesponding fune
eyele dumaton was then teporied 24 the minimem possible man-
tfactoring dme. With the objective of achleving a homegeneous
partial cure of 50+5% across the prepres cross sooton, the magni-
tudas and duration of the cemsiant sure wmperatire were obtained
by means of extensive numereal simulations. However, owing
1 the vnconsiined nattre of the problem solved, thelr salutlon
serves anly ac a goideling for selecting cure cyclesin practice.

Althoegh the aforementioned approaches yield fasler-than- con-
ventonal enre cyeles, a systematic optimization of the processes
acconnting for practical constraints is still lacking, and it s the in-
tant af the present research o B1 this void. The problem congidered
hete is that of detarmining eptimal core eyeles for the manufactire
of thermoset commpasiie materials, using a figorous optimization
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progedurs. The objsctive 5t minimize the cycle tme while i
multaneansly satisfying practfical constraints on the maximum mwi-
terial temperatore, the matitum heating rate and the maximom
teperatire variation across the composits cross section. From an
optimization petspeative, the problem was posed as a differential-
alpebraic optimization problem, referred o 2s a DAOF (Riegler and
Cathirel], 1985; Vasantharajan and Blogler, 1988). The complex-
ity of the problem [ormolation renders the tolation of DAOP: —
which generally invalve decisions abont (a) optimal eantrol proile
andfor {h) scelar variables — a eompotafionally challenging task
In the shsence of scalar decision variables, a DAQE is squjvalent
to sm optimal control problem (Diwekar, 19423

The Maximora Principle (Poniryagin, 1956, 57; Eoltyansidi et
al., 1956)is one of the popuiar zoloton wechnigees, for solving op-
timal contrel problems, without involving wansformations and/for
discretization of the gevamning eqoations. Applieation of the Mazx-
jroum Principle invobras addition of adjeint variables (one adjoint
yariable per state variable}, the comesponding adjoint equations,
and & Hamiltonian in the modsl, The optimat deciston veetor (3.
a, the optimal cure cycle in the present problem) ean be obtained
dirsctly by extetizing the Hamiltonien. This spproach, although
alegant, it eampuiationally intensive since it necessitates an jtara-
tive solution of & two-point boundary valoe problem and the 2qoal-
ity constrains. Besides, the method can not handle constraint
on Lhe control variables, Moteaver, in the context of composire
mannfacuring processns the complex natore of the problem, con-
pled with its large dimenstonality, renders the Maximom Principle
computadanally inefficient.

Recent advenees in nenlinear programming (MLP] tachniques
offer & viable altermnative tool for solving opiimization problems.
One euch technigqes is Succaselve Quoadratic Progremming (Lang
and Biegler, 1987), which has besn used widely in the cptimization
of steady state chemical processes. In this approach, the conting-
oms contral profils is discretized into a finite set of scalar decision
variables which are supplied to the process model for the avalos-
tion of the objective function and the constramts. In the context
of the present problem, the contm! proflle 1= the core lenperatre
eyele, which is disoretized into a zerles of five heating =nd cooling
zones resulting in ton sealardeclslon variables namely, the flve zone
end-point lemperatures and the five zone dozatons. Furthermors,
the objeetive fupctian is the come cycle time, while the constraints
melude prectical limits on the material emperatures and the heat-
ingfcooling rates. Mo that m this approach, the process model
is Tegarded a5 a black box by the eptimizar and henes the soluton
methodology remains enaliered regardiess of the dynamic or steady
gtaie namre of the model, This eliminates the need for wamsforma-
tion of & dynamic model inke & set of =igebraic couatons, which
may be requited in other techniques (Diwelkar, 1992;.

From the process modeling peint of view, the core kinetes is
expressed using the empirical correladon of Han et ol (1986),
which was shown 1o werk well for both nasatmed poalyesier and
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Figure 1: SCHEMATIC OF CONTINUOUS (FULTRUSICON) AND BATCH (AUTCULAVE) PROCESSES FOR MAKUFAGTUR-
ING THERMDSET COMPOSITES. ALSO SHOWN IS THE CROSS SECTION OF A TYPICAL PRODUCT

epaxy sy¥izms. The thermochemica proceys model is formuolated
in a Lapranpian sense, and iz therefore applicable to both barch
procesaes, sich 38 antoclave curing, and confnuons processes, ex-
emiplified by pullasion, alike. Forthermore, the analysis is camied
odl in # dimensionless form for a ganeralized applicability of the
tesrle (Pikchomani smd Yao, 19923 Walsh end Charmchi, 19588).

Only the resolts for polyester systems are presented in this pa-
per. althoagh the analysisis reedily applicable i epoxy sysiems s
wall. The optimal enre schedules are compared with some of the
tecent resnlts in the liverantrs and are demonstrated to offer signif-
icant savings in the manufactoring time. Parameric plots of the
optimal comeeycles ag 2 fupesion of dimensionless groups formed of
the process and prodoet variables, are also presented and diseussed .

PROCESS MODEL
Figore 1 showe the schematic of a continnous and a bateh pro-
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cess for manulrciming thermoser composites, along with the eross
section of & wypleal product of width, W, and thickness, £ The
key sizp in the manofachuring procsss s the eors, which involves
axposing the resin-impregnatsd fitkers ta slevaizd emperatures for
a predetermined length of time, This inltiates and Festsins a cToss-
linking chemical reacton which ransforms the soft fiber-restn mix-
e oy 2 gtroctorally hard prodact. The imposed Emperatits var-
ations and (helr doradan, together conetitute & core (LaNparamye)
cyeie, which is an important design paramerer in the manufacture
of thermoset composites, A coze cycle is illustrated schemaically
in the poltrosion inset in Fig. 1, where the form of the temperature
profils comesponds 1 4 typical convenlional cure eycle,

The equations describing the. cure proaess are {4) the kinetics
mede] for the reaction i, in s of the temperamre and the
degree of cure, and (B) the enezgy equation in cartasian coordi-
nales far the eo-dimensional cross soefion of the compagim, Tn



rodeling the cure process, we employ the following assamptions:
{1 the process is at steady state, (2) the axial heal conducton i
smell compared 1y 1hat 3n the ransverse thickness direction, {3) the
velocity profile in the cass of piltruston is Dat, and {4} the diffosion
and local motion of resin during ¢ues is are negligible, Tt must be
mentiened thet while axial conduction of heat may be neglecied
in the modsing of an aulaclave curing process, in the case of pil-
troston, it may not be amall and must be taken into accoont fr an
accorate apalysis. However, since the main objective of the paper
iz to demonstrare a figoTons optimization approach o composiles
¢uring, mther than to present a detalled process moedel, thae axial
heat conduction effects are neglecked. They will be Incorporated in
a fotore stody.

The governing equations far the cure kinetics and the snergy
squation are presented here in & non-dimensional foom employ-
ing the dimensionless gronps reggested by Plichomani and Yao
(19824} The non-dimensional anatysis allows for a generallzed
assessment of the affects of the process and prodiet parameters
smmltanecesly. The kinetics model for the core reaction, inelud-
ing the effects of mitiators, is typeally described in terms of an
Arthenivs tfype rata equadon (Loas and Springer, 1983; Han et el,,
1926), This skedy emplays a twa-activation energy kinetics model
wiich bas bacn repoited 1o be reasonably accnrats in describing the
experimenially observed core rates (Han et al., 19848). The kinstics
egration, givan belaw, i5 also quits general in ils applicabilicy to 8
wide range of palyester, polyimide and =poXy sysiams,

de (Ta’ﬂ_?‘ +mﬁ%=m) -9 @

In the above cquation, m is @ ampincal exponent, which is ap-
proximamly equal to wnity for epoxy systems and about 0.5 far
polyesier syaterns. The ather terms 1t the equation are explained in
connection with Eq. (3) and are aloo listed in the nomenelamze.

Thaenergy cquatlon with lhe feaction eanrce term is formutated
it the Lagrangian sense, which allaws for a nified medeling of
batzh apd conbmoons processes. A non-dimenslenal form of the
equaton may be wiitten as follows:

(E%) + % (I,%) + B,

Exuatons {13 and (2] emplay the following important djimen-
Flonless gronps

a8 &

_ de
= x @

_ GapAHy R i T P A 1 A
Bs = e, (1_"1:];}{' = oy L,
B A= 2 ®

whare K, Iy and B, E; are reepectvely he pre-exponsmntial (fre-
queeney) factors and the activatian cnergies characterizing the core
reacton, & is the oniversal pas constant, and o4 i the fiber valume
fracfion. All the ather wnms appearing in the sbove equations ares
definad in the nomenslamrc,
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The quantitics key, trep and (pe)e Which are ured In Eqs. (1)
and (2} refer 1o the effective thermal conductivity and the efer-
tive thermal diffosivity aleng the thickness (y-} direction, and the
effective volimetric specific hear of the composite material, respes-
tively. The +feotive condoetivity (k) and diffosivity (o.p) may
be obtained from shodies In the lteratore on stmemre-propesty -
tationskrlps {for e.g., Pilchomani, 1992; Pitchamani and ¥ag, 1991,
19924}, The effective volometric specific heat { pe}y, is the volome
avetage of the volameiric specificheats of the fibay and the matrix,
(ipe) 7 and {pehm, respectively.

E- and Ey, in Eq. (2) are the thermal condectivitles along the
x- and y-directions, k- anid k, mspeotivaly, scaled with nepect
to the eifectlve thermal conduchivity ey, along the y- (fickness}
direction. En a generat cose, the conduetivitles k. and ky are fone-
tinns of the location within the composi: and can oot be removed
Eom inside the gradient operator. However, if the compesite wore
treated as an equivalent homogeneaus medium brving the effective
properties, ky equals k.y, and k, equals unity. Homogenization of
composiie media for transtent thexmal analyzis is generally stified
in most practical situations except in the manufactore of very thin
laminales whers the composite thickaess is on the order of hetero-
peneity dimsnsion (Pitchnmani md Yao, 15%2b). In this paper, we
considercompasits thicknesses where homegentzation 1= valid, and
accordingly, &, Is st to unity. Furthermore, in practice, compos-
{t= microstucires exhibit a uniforrn random arranpement of Ebety
(Fig. 1Y in which case, the propertles are wansveraely isarapic,
In other words, the efactve conductivities, k.o and k. are equal.
The isaropic effective propertics, 1.e., k,, = Fkqy, combimned with
homogenizaton of the composite medivim, i, bz = ka7, implies
that E, { = Bz ko) is al50 unity in Be. (2).

Tha key non-dimensional groops appearing in the cure model
are, Ky, K2, Br, Bz ad B, K1 and K are the Damkshler mum-
bers which provide a measure of how fast the reaction takes placs
relative b the condoction of heat from the auter layers af ithe com-
positz to the centra] core. Ey and £ are dimensionless activaion
enerpics, and H, has tre physical meaning of the non-dimensional
terperatitie Hee polentiol doe 1o the heat of the reaction, &8 s,

The initial and boendary condiions associated with Eqs, 1)
and (2) are a5 follows

8T, T.0) = oE,70) = 0
8 (T, =1/2.7) = 8{z.1/2,7) = ¢ (-W/2,7.7)

= {W}rzp‘i. T] = feure {T} {4}

where f.up. (T} is the dimensionless core temperature cyele, and
Tevre 18 the dimenslonless core ¢ycle diration,

The poverning equations, Eqgs. (1) and (2), and the associ-
ated copditions, BEq. (43, were solved nsing sn Alemadng Di-
rection Implicic (ADD finie difference scheme (Patankar, 19800
The soorce term was teeated jmplicitly, and way linearized with
respect o the previous fme step. The two-dimensional demain



-Wi2 474 W/f2ad ~1f2 < F & 1/ representing the
tmsformed composite crosy section, was discratized using 31 grid
points along both the T and 7 dimeetions, The valaes of the dimen-
stonless time &hsp, AT, varied in the range 107'=10"%, where the
ermailer values comespond to faster Teacting SYsiems, ie., syskems
with high Damkshler numbers andfor Jow dimensionless activa-
tion energies. The spatial aud temporal discretization was anived
at based o the fact that further refinements wsulied in o change
of at most 0.01% in the dimensionless termperamre and core profiles.

THE CPTIMIZATION PROBLEM

As previously stated, the goal of optimization iz to determine
tempesatere schedules, fope [7), for ciming compasite laminates
in the shortast passible ime. The objective function is therefor:
the cime eyole Bie, Tourg, and the optimization problem may be
wziten as

_Min’nni:c Teare L)
Benrs(T)

where the above ootation, used widely o the formulation of op-
Hmizstion prohleme, is read as "minimire the abjective fonction,
Teurss With respect to the control profile, Beure {-rl}."'

Eguatiod (4] is subject i the physical inequality constraints a3
deseribed below.

a  The nperature mside the material most pot sxesed the max-
imum material mit, fyrie, B the composite.

B(Z, T, 7} = Berie < O (6)

s The tamaparature difference across the eross section must ot
axeeed a preset maximem value, Ao

J’-‘L’E{T} — Alerit o a [T]

+ Tho heating aod enoling rates during the eive process monst
be within allowables limits, to prevent ondue thezmal slresses
md crackimg.

—ferit £ 0 (8)

dfure

dr

This constraint may also serve to lmil the residual stresses
which ofien result from & raptd cusing of the composits,

+ At the =od of the cute, the minimum curs in the compasite
must be greater than a critical value, £ceis.
tirit — Emin < 0 &)

In Bgs. (614%), the subscripts min, meg, mod erit refor to mmi-
munm, maxhoum and crites] values, respactively. The dimension-
less eritical valucs need 1n the stody are sermzrized in Table 1,

Table 1: CRITICAL VALUES OF THE CONSTRAINTS USED
i THE STUDY

Figure foie  Tirie  Bfuetr Al Besit Tarie
[*C] | [°C/4]
4 03%5 140 0034 40 L& 4,067
I 0243 140 0180 il 0.7 4.0
&7 0377 0200 113
Eoriz w (.95 m afl the cases studied

which alsa lists the physical valoes of the copstraits used m the
case studies prenmted jn the mext section (Figs. 4 and 5).

The cuge tamparature eycle, feare (7, i5 opresented as a segies
of fve piecowise linear segmenis, as shown schematiezlly in Fig. 2.
This reprasentation combines the simplicity of linear functioas with
the fAlexibility of deseribing camplex cure schedules by fncressing
the pumber of stages. In this study, we have chosen five stages,
which seems o be the typical number employed in practical cure
cycles (Pillal 2t al, 1992; Ham ct al,, 1986; Davd, 1990). The
oumber of stages may be increased in later sardies for more accurate
descriptions of the pure eyels, Flgure 2 also shaws the tan desision
varabks, {6, n)h 1 = 1,...,5}, defining the cure scheduls,
whem 8; is the end point temperature of siage 1, while 7 is the
stzge duration.

Sinee the eompasite laminate is regaired to be cured completely
at the end af the core cycle, the cum time, Teqrs, most identically
sqtta] the sum of the five stago durations, 7, ¢ = 1,...,5. This
utroduces the following equality constraint.

Toure ™ i n=0 {10}

ial

The optizmization problem described by Egs. (5)-{10) is salved
usfng a nonplinear programuning technique, specifically, the ol
of successive quadiatic programming (Vasantharajan aod Bisgler,
1988; Lang and Bisgler, 1987; Bicpler and Cuthrell, 1985; Powsl],
197%; Han, 1977; Wilson, 1463), Theunderlying conceptin the op-
Limizatlon scheme is presented below. A more efaborate discursion
on the suceesaive quadratie pmgramming algorifhim is beyend the
scope of this paper, butcan be found in the abovo-cited references.

The application of the nonlinear programming choigue to the
composite manufactiring process model is Mustated schematically
in Fig. 3. As seen in the fpure, the optimizer invokes the process
pwodel with the values of the bm decleton variables, {{&:, ), i=
L-...5}. The process model simulatas the curs for temperamne
schedule provided by the optimizer apd feeds back the values of the
cure e, Teura, (the abjective metion), aod the left hand side of
the consiraint equations, Egs. (G)-{10%. This information, tagether
with the parttal derivatives of the objective function (Bq. (30} and
the comstraints with respect to the decision variables, is wHlized
by the eptimizer to update the values of the decision variables,
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Figura 2: REPRESENTATION OF THE CURE CYCLE AS
A SERIES OF FIVE HEATING AND COOLING STAGES.
THE TEMPERATURE VARIATION WITHIN EACH STAGE
IS LINEAR.

The optimizer caleulales the partial derivatives by perurbing the
values of the decision varizbles and oheerving the eomrespanding
themgesin the obfestive function and the constrainis, The fterative
sequence shown in Fig. 3 is carried out until the optimality condi-
tions described below are satisfied. At convergence, the values of
the declsion variableg constituis the ime-optimat cure traperamre
gchedule.

The optimality conditlons meluda satsfying the soosirint o
Eqs. (6:(10) in addition v a “zsro-gradient™ eoodidon which,
using Lagrange maltiplisrs, meorporates the equality and inegoality
constraints. For mathematical ease of representing thess conditions,
we introduce the terms, b to denote the set of decision variables
[{di,m), i = L..u5}, hib) to denote the left hand side of the
equality constraint, Eq. {10}, and gy(h), i = L. . .4, 1 denome the
four inequality constraints, Eqs. (5)-{5), respectively. Using this
notytion, the optimality canditioms may be written as follows.,

Preure (B} + 37E (b) + i 4; %0 (b)) =0

{1

=1
L{by=0 {12}
pig; (P =0, 7=1,...,4 (13)

where i =0 if g; {b) <4
p 20 g (b)=0

Equation [11) 15 the “zoro-gradieat” conditing, or the Kuhe-
Tucker condition, where & and a7 = 1,...,4, ae the La-
grange multipliers for the squality snd the inequalily constamis,
tespectively. The 1eR hend 3ide of Bg. (113 is also refered to
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Figure 3: SCHEMATIC DESCRIPTION OF THE OPTIMIZA-
TONPROCEDURE.

an the Kohn-Tucker emor.  Equatinn (12} represcots he equal-
ity constraimt feasihility conditiom ot optimum, and likewize, Eq,
{13} & the ncquality constraint feasibility eondition at optimum.

RESULTS AND DISCUSSION

Before starting the optimization runs, the aceuraey of the gu-
merical process model was confirmed by comparig the twodel
resule with the data of Han et al. {1986) and Piflai 2t al. {1992},
The ezulis of the validation are not presented here for the sake of
brevity. The optimization tuns were initiated by supplying a trial
temperature protile, ie., the setof decizion variables, {(#;, n), i =
I....,5}, and the optimization procedure described earlier, was
wumnerically oxecutsd until the opiimal salution was found. All cal-
culations were petformed oo & Microvax-3200 worketation, The
CPU tme: required for convergence varied, depending upon the
kigetic parameters a5 well as the Euhn-Tacker error spacification,
Far a Kvhe-Tucker emor eqguozl to 1% of value of the objective
funetion, the ypiced CPU fpnes wese o8 the ooder of 1-2 his.

As a illustration of the applicativn of the optimization sratzgy
in practical systems, congider the eume of the polyester system,
CYCOM 4102, supplied by the American Cyanamid Comnpany,
The kinetc parametars for thiz system am piven in Pillai =t al.
{1992}, Figure 4 shows the optimal core cycle obiained from the
present mmalysis, for the cume of a 1 ioch thick laminate. The
constramie for this case are given m Table 1. The constraintof 0.067
s (4 “C/min.) on the lemperstue gradient sorresponds to the
typical marimem healing rate of autnelave ovens, ‘The consoaint
on e maximum omperabon diferapes, given io Table 1, was
chosen to be equal to the maximom temperainre difesence which
results from the core schedule of Pillai =t al. {1992).

For the purposs of comparison, the curs eyale oblained by Pillal
et al. {1987 using a henriste optmizabon approach, as well a3
the mmuiactrer recommended cure schedule are also included in
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Figura 4; COMPARISCN BETWEEN THE OPTIMAL CURE
CYCLE AND THE CURE CYCLE OETAINED BY PILLAl stal.
{1992} USING A HEURISTIC OPTIMIZATION TECHNIGQUE,
FOR A 1 iN. THICK AMERICAN CYANAMID CYCOM 4102
LAMINATE.

Fg. 4 3 may bo noted that ths optimal core cycle rasults i oa
considerably redaced cycle time of 53 min., in conttast o the curs
eyele times of 120 min, in the cose of the heuristic opiimization
resulls, and 300 min. for the manufaciurer's core ¢ycle. This
represents wsaving of about #2% with respect to the mannfaciozer’s
cycle and abant 56% relative to the cure cycle of PRlafet al. {1992},

Fignre § shows the opiimal eore temperatires for an Qwens-
Coming polyester {OC-E701)fiber glass composite system, mixed
with fpitlators for Tapid cuing. The maiegial properiies and the
kinetcs data may be ohrained from Hem et al. (1986). For com-
parisom, the ente cycle nsed by Han et nl. (1986) In their study
are alsa plotted in Fig. 5. To ensore a fair conparison, the eon-
siraints om the meximom emperatore gradient, Torse in Table 1,
and the maximen Lemperatire differenes, AT-mr, wers taken to e
aqual to their respeciive maximom values in the results of Han ot
al {1935), Itis evident from Fig, 5, that the optimal core cycle
yields n shoner eore time relative fo the cure cyele used by Han
et al. (1986). Neverthelass, It Is intereating to note that the cure
schedule need by Han o1 al, {1986} is acwally very close o the

cptimal cycls. Since an explanation on the choice of thelr core

oycle wes pot provided, further discsslonon its similatity with the
optimal syele is not possible.

The twa examplas presented above demensirate that a system-
atic optimizatdon approach offers significent savinpgs in the pracass-
ing dme than both the idal-and-sror and the heurstic approaches,
The Mustrations above correspond to two specific cases af prodist
and Kinetic pmametars. For an enhanced value, the Tesulls must
be genuralized to o wide rmgs of kinetic and poduct paramelts,
Tawnards this end, and further, to assess the influence of these param-
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Flgurs 5: COMPARISON BETWEEN THE OPTIMAL CURE
CYCLE AND THE GURE CYGLE USEDBY HAN at al, {1358)
FOR AN OWENS-CORMING POLYESTERFIBER GLASS
SYSTEM.

il 25 50

160

eters on Hie optimization resuly, parametric swdiss were camied
aut in terms of the non-dimensional groups Kr, K, Ei, Bz and Be.
The adizbaric Tezction wmperamre, Ba, was kept constant at 0.06,
which corresponds to a typical polyester system with a fber valume
fraction of 60%, The dimensionlzss valoes of the constaints used
in the parametic siudies ame given In Tabls 1. The exponent, m, in
the idncrics expression (Eq. (13) was kept constant, at a value of
0.56.

Figure é shows the dimensionless optimal ctire temperaiure
eycle, &5 2 fonction of the first Damkahler pomber-dimensionless
activation energy pair, Ji1-£1. kmay ba seenthat as the Damithler
nirrber increages, the cure eyl tme decreases. An increase in the
Damkohler namber implics & guicker reaction (righ cure rate), and
hence a shomer processing time, Similarly, o deerease in the valuc
of the dimensionfess activation shergy comesponds to an enhanced
reaciion raw, and therefore & shorter eycle tme, Also notawerily
tn the figure is the high sensitvity of the cone: Eme to the Damicdhler
number znd the dimansionless activation encrgy. Anincreasein the
valie of T01 by thres orders of magniteds redoces the processing
fime by 67%, and & 10% decreaze in the valoe of £ lowsrs the
cycle time by nearly 0%,

Figure 7 presents the effect of the second DamikBhler number-
dimensionless netivation energy pair, fa-Ez. on the aptimal core
schedule, The qualitatfve resporse of the core cyels 1o the changes
in Toa amd Ta are similar 1o those seen in Fig. 6. However, the
quantitative affecis are much e pronounced than in Fig. 6. An
jnerease in the valne of s by merely tva orders of magnibdelaads
[0 the cure Gme being onc-fourth of its original valoe, A similar
redoction is also szen when the dimensionless aetivaton enstyy is
reduced by about 15%. This suggests that the Fa-Ey pair plays 2
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Flgure 6; EFFECT OF E; AND Er ON THE OPTIMAL CURE
CYCLE, FOR Kz = 10" AND E; =30,

dominant role in the core process.

It i important 1o note that the parameric effects presented
in Figs. 6-7 inclode not only the ldnefe parametars bot also the
feetrnad propeatdes ard the product specifications of ke composite.
For example, itmay be recalled thai the Bambdihlar nnmber is 2 ratio
of the conduction to reaction Hme scales, Therefors, an increase
in tha Pamkéhler humber conld be doe to #ither an increase in the
kinedr frequency factor or poor thermal propertisg of tho compasite,

The processmodel used in this paper coneerns only on the ther-
machetrical aspect of the manofactring process. In en antoclave
however, extarnally spplied pressores, referred 1o as the cure pres-
sure, are nged in conjunction with the core temperature cycle, in
onder to Fquesze ok the excess rexin and voids, Although the void
dynzmics and resin Bow ate not medeled kere, the magninuds of the
oo prassare required may be calenlated by using the optimal cura
cycles in the following vold stabifiny cqnation (rprodeced Fom
Diavi (19907), 23 per the goidelines piven in Dave (1990).

Poin > 4962 e2p (}4391) (RE). {14

whete Tiyea is the optimal curc emperature in deprees K a5 a
fanction of dme, (AL, is the % relative hamidity 10 which the
composite layup is eqeilffriatad prior to processlng, md P 18
the minimom core pressare {in atm.) eaquired o prevant water
vapor void grawth by medsters diffusion.

Et must be mentioned that the parameiric studies reported here
constitite omly the praliminary resulis of the work. A more exhans-
tive anilysis spanning o wide fange of values will be of ndded
practical interest, and will be presented in a later work.  For-
thermore, this sdy focused om polyoster systems, for which the
heats of the cwe roacton are reladvoly small in comparison o
epoxy systems. It will be mieresting to see the nature of the
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Figura 7: EFFECT OF K3 AND E; ON THE OPTIMAL CURE
CYCLE, FOREy = 10" AND &, = 50.

optimization results for cpoxy gystams, i view of the intreased
heat genemation. From sn oplmizadon point of vew, the s
of global versus local opdtiality of the solotion alse needs
be examingd. These topics will be addressed in foture sdies.

COMCLUSIONS

A systemate process optimization was camied oot for the eu=
af thermeoset compogite gysiems, with the goal of dezrining the
fime-opitimal cure schedules, The cure oyele was modeled es a
geries of five heating and cooling zones and the optiimal tempera-
rs schedule was determined vsing the successive quadraic pro-
gramming opimization tschnique, The optimizafon appmach Is
indepedent of the process model, and i therefore valid for bath
poljrastu and epoxy systems. Focusing on polyester systems, op-
tmal core lemperature cycles were obtzined and compared with
the henrsic opiimization resolts in the literntre, and the manp-
faclrer recommended cure cycle, It was shown that the plpomous
aptimization oplimizaton approech yiekds cure cycles which are
cangiderably shorter in duraton than both the heuristic oplimiza-
don reselte by about 56%) and the manefacworer’s cure schedule
(by over BO%).

Peramesrie sthdies were carried oul (o aesess the effects of the
product and process variahfes on the optimal cure eyeles. In the
range of parameters sfudied, the ez padr i the kinetice model,
was found b have s mors pronounced cffect on the opimization
resulis, in comparisnn 1 the K -Ey pair.
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